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Heavy ion program at RHIC in BNL
Motivation for heavy flavor physics

Open heavy flavor
— Charm mesons: DY
— Non-photonic electrons

Quarkonia

— Jhp and Y measurements
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Relativistic Heavy lon Collider

RHIC site in BNL on Long Island, USA RHIC has been

exploring nuclear matter
at extreme conditions
over the last few years

Lattice QCD predicts a phase
transition from hadronic matter
to a deconfined state, the
Quark-Gluon Plasma

Colliding systems:
p1+p?, d+Au, Cu+Cu, Au+Au

Energies

Vsyn = 20, 62, 130, 200GeV
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Probing of Dense Matter with jets

p+p Collision Au+Au Collision
* nuclear modification factor R, , :
Yield(A+ A
R, (pr)=— ( )
Yield(p + p) x<N00H>
TT

Average number of NN collisions in AA collision

* No “Effect” of nuclear matter:
. % leading paricle o eadingparice R, . = 1 at higher momenta where
\% hard processes dominate
* Suppression: R, <1

5
2
H
P~
quark or gluon & quark or gluon

» Partons interact with medium
gluon radiation/energy loss

* measuring high-p particles in
Au+Au vs. p+p to extract the
properties of medium

!
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Hadron suppression in central Au+Au

18F A NS * Hadron yields:
16 - O p+p strongly suppressed
e ¥ Kk in central Aut+Au at 200 GeV
1.4F W ¥ Kg
C Wyl = Kaon w/ jet conversion
X - 1.2F [~ || - Kaon wio jet conversion| Large energy loss of light partons
N < 11— in the formed nuclear matter
0.8 ek, |1l
0.65 gOO Energy loss depends on
F ¥ - properties of medium
0.4¢ nl ﬁ ’g@ (gluon densities, size)
0.2F L properties of “probe”
- STAR preliminary
oh | | | | | | (color charge, mass)
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Hadron suppression in central Au+Au
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« Color charge dependence: g /q (C,/
C=9/4)

* Gluons loose more energy than quarks

* At high-p; protons are produced mainly
from gluon jets

* At high-p; pions are produced mainly
from quark jets

=> Expected Rya(9->p) < Raa(g->m)
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Heavy quarks as a probe

Radiative energy loss

e p+p data: _
— baseline of heavy ion measurements > %\h’g‘“\
— test of pQCD calculations y /’Tm\\
AEQ
. B
* Due to their large mass heavy quarks .
are primarily produced by gluon fusion in I,
early stage of collision ol MowterePr 00 Sim. A=t
— production rates calculable by pQCD E[GeV]
M. Gyulassy and Z. Lin, PRC 51, 2177 (1995)
Hr Y lvwv}\ég\;tall, N'uc;. P;rysl. Al78¢lt (2'00;) 4'26_
*heavy ion data: e
0.6 %, _
=+ Q; K
« Studying energy loss of heavy quarks 2 [ %
— Independent way to extract properties '
of the medium 02|
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Open heavy flavor

Direct: reconstruction of all decay products
D'—-Kana*",D'—=K'n",
B.R.=3.80x0.07%

Indirect: charm and beauty via electrons

c — e* + anything (B.R.: 9.6%)
b — e* + anything (B.R.: 10.9%)
issue of photonic background
charm (and beauty) via muons
c — u+ + anything (B.R.: 9.5%)
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Direct D-meson reconstruction at STAR

T “:c_’sLlll_oillllllIllllllllllllll
- % [D°+D° > K+xn p_<3.3 GeVic 1
i DO d+Au SNN=200 Gev mlltuas All+All 200 Gev g - - Rotating + LinearTBackground

4 | DO(DI}) S Kn + — g 5 e} Rotating Background Sublracl; |
3 - (a) + (&) Gaussian+Linear Fit

Gaussian Fit

A4
" SIIN ~ 47

L p,<3GeVie #M | -
| |fl|<1 +#: | 4
- #+ 7 ndf 5935/68 | T [
+ Yield 2.409% 0.496 3

: Mean  1.86780.00190 |_] i

+ o 0.0080 + 0.00081 i

5\
o
—
=

ly|<1 g 2
€ p3 9.170 = 0.067 5
S pé 42.9688+0.17916 | 7| 2
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Cu+Cu minbias

Counts (x 10%(10 MeV/c?))

1 p;<3GeV/c P 452572:023955 3 4 S = 200 Gev
- ol - 1 .
0 % ? 0*.'If_"?j-"A"'»:éz'??i'*i':i'f?f* ’ . } §_¢¢_ ¢ﬁ N@ %¢ & ¢
L Phys. Rev. Lett. 913 (2005) | STAR arXiv:0805.0364 | v ;
1.8 1.9 7 18 19 a1 Ak g,, STARFEIMINGY L
M, (K7) (GeV/c?) Kr invariant mass (GeV) rsoo8 a8s e 1es 2

K & Invariant Mass (GeV/c?)

 Kx invariant mass distribution in d+Au, Au+Au minbias, Cu+Cu
minbias at 200 GeV collisions

« No displaced vertex used for open heavy flavor
I\ -
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Measurement of charm STAR

J\, =

STAR
N

STAR charm measurement:

D% in d+Au, Au+Au, Cu+Cu 200GeV
low p; muon in Au+Au 200GeV

non-photonic electrons in p+p, d+Au,
Cu+Cu, Au+Au 200GeV

90% of charm total kinematic
range covered
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Measurement of charm PHENIX

Total Heavy Flavor

L AR RS RS A RN I LA RS IS R
Q

“"> 102 p+p — (&' + €)/2 + X at\'s=200 GeV (a)
S

o 10°

£ * PHENIX data

m: 10* FONLL(total)

g . FONLL(c — e)

o5 10 FONLL(b — )

w FONLL(b - ¢ — e)

N

DATA/FONLL
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—
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p, (GeVic)

Phys. Rev. Lett. 97, 252002 (2006)
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Open Heavy Flavor: Charmonium Subtracted

6:10.1 UL I I R I IR I
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£ +  PHENIX data
o 10°E — FONLL(total)
s ——— FONLL(c — e)
o 10TE FONLL(b — e)
Woagel g FONLL(b ¢ > e)
107
10°®
10°
10-10
L0
= 2.5 -
2 2 =
< 1.5 =
- E E
a I -
0.5k . . , , ) ) ) ——
C 1 2 3 4 5 6 7 8 9

T
@
@
<
-~
O

~

*New study takes J/y— e* contribution into account
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Open Charm Cross-section

— 2 N .
'g - 2_'1-_22 gu»;_cu_ STAR Au+Au Central STAR
;}1.8_— reliminary STAR Preliminary DO, eleCtronS
o 16 - ® PRL 94(2005) 062301
§ F D% muons
g 1.4 STAR d+Au + + arXiv:0805.0364
(0] L NLO U Bound )
o 1.2F | per Boun PHENIX:
S 1B Single electrons
- 9? PHENIX p+p (2003) STAR Au+Au MinBias PRL 97(2006) 252002
8 STAR Prelimi .
0-8¢ refiminary Electron pairs
0.6C" @ PHENIX p+p (2005) ®oHENIX AusAu 544 33688%[; 6" (12%% S’y;:)si 200 (model)
0.4 NLO Prediction
0.2~ NLO Lower Bound
0 _I L1l I 1 L 1 L1 111 I L 1 L L1 111 I L L 1 L1 111 I

10 102 10°
Number of Binary Collisions

« Large discrepancy between extracted total cross-section from STAR and
PHENIX

« Large theoretical uncertainties
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Suppression of non—photonic electrons

STAR, PRL 98 (2007) 192301

T T T | T T | LI | T T T I T T T I T

«  Au+Au 0-5% (x1000)

1
i v Au+Au 10-40% (x100)
ﬂ +  Au+tAu 40-80% (x10)
102 ul d+Au

p+p (right axis)

-
o
A

1IN, 112z p_ dzNIde dn (GeV/c)?
5

10°
10°
-8
-10 scaled FONLLD > e 10
10
scaled FONLLB —» e
led FONLL (D+B) - -
.12 |||slca|e||I|||eI||||||||| 1010
10 2 4 6 8 10
P, (GeVic)

(2 2.A®D qu) dp/$Sho.p3

STAR, PRL 98 (2007) 192301

2 [ : STAR hadrons P, >6 GeVic
DVGL Rad ng/dy =1000
——— BDMPS c+b §= 14 GeV%fm
— DGLV Rad+EL

van Hees Elastic

BDMPS charm

——=— Collisional dissociation

1
P, (GeVic)

- Large suppression of non-photonics electrons similar to hadrons

- No satisfactory theoretical description yet

|-

STAR
\ Central Au+Au 200GeV

L dN,/dp
N,, dN, idp

coll

R, (p)=
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Bottom contribution to electron spectrum

2.5 < P4(trig) < 3.5 GeV/c, P_(asso) > 0.3 GeV/c

g_’n =" e from e-h correlation -
o2 08— ® from e-D correlation o - STAR Preliminary 72 | ndf 35.71/ 3¢
< [ FONLL S o 0.25 B/(B+D) 0.3055 + 0.057
w o F B
o 06— P é + % B
- " O 0.2f
041 - ii I o % )
0.2— PpP@200GeV & . - Al
- STAR preliminary \:0.1 5|
150 PRL 98 192301 =
« he ¢ e non-ye 0.1
- O hadron '
o5k ‘. 0.05
r * o
C AuAu@200GeV Tl w e %u 0 .

L I R R B S S

8 9
P, (GeVic)

« Difficult to interpret suppression without the knowledge of -
charm/bottom

- Data show non-zero B contribution consistent with FONLL
Charm and bottom contribution comparable at p; of 5 GeV

- B meson is also suppressed
J\_ =
STAR

I
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PHENIX forward muons

LI

Ed%/dp® (mb GeV2c?)

PHENIX u~ <y>=1.65 PHENIX Preliminary
FONLL total <y>=1.65
FONLL D — lepton <y>=1.65

FONLL B — lepton <y>=1.65

5_
j FONLL upper / lower bound
= 4e.
S HNRLLE
N 14§11
<
5 S -
D —_—
1
0

3 35 4 45 5

P, (GeV/c)

-k
A 0 N

Cu+Cu @\/s, = 200 GeV
0 - 20 % centrality

I:{AA
e e o = [
- O R

o
[S)

(=]

- Uncertainty on T
AB

o watld<ly|<1.9
pT to pT uncor. error

Systematic uncertainty

- IIIIIII|III|III|III|IIIIIII|III|III|III

|1-5| Ll |2| I 1

3.5 4
P, {GeV/c)

« Significant forward heavy flavor suppression
« Smaller than at midrapidity

* Factor 4 larger yield than FONLL at low py
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Quarkonia

Matsui-Satz: screening the potential
T<T, T =12T,
:I:I]:I:I]:I] I Rt T Screening in ‘ Q and Q cannot
oo ' a deconfined “see” each other
1 medium: ro <rQQ
’ v’ ’ effective
VAN Y % YX, VY Y %Y chece o6
and Q 'b
T= 3 TC reduced . . “
H. SatZ, Nucl. PhyS A (783) TTE TRETEEE . .
249-260(2007) TR I Rt
Y T Assume: medium effects described with a T-dependent potential
Y A. Mocsy St
Jhp—>e'e
Y 2>e'e
- How they melt in hot/dense nuclear matter?
« What is production mechanism at RHIC?
d\_
N STAR | o 16
) jaroslav.bielcik@fjfi.cvut.cz




PHENIX J/% in p+p 200 GeV

x10°
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PHENIX QM09 arXiv:0907.4696 y
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*  both mid and forward results well described by the s-channel cut Color Singlet Model (CSM)
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The “RHIC J/ ¢ puzzle”

NA38, S+U,0<y<1, E. Scomparin (QM06), nucl-ex/0703030
NAGB0, In+In, 0<y<1, E. Scomparin (QM06), nucl-ex/0703030
NAS50, Pb+Pb, 0<y<1, E. Scomparin (QM06), nucl-ex/0703030
RHIC, Au+Au, |y|<0.35, PRL98, 232302 (2007)

RHIC, Au+Au, 1.2<|y|<2.2, PRL98, 232302 (2007)

RHIC, |y|<0.35, Global error = 12%

RHIC, 1.2<|y|<2:2, Globél error=7%
SPS, 0.0<y<1.0,:Global error = 11%
Mg |
L a ®
| T

0.4_ m ..................... (t i i e

_ H E E 4
02 ......... $ ............
0_|||1|||||11|||||||||11||||||||||

0 50 100 150 200 250 300 350 400

J\_ =
STAR
v/\\

Number of participants Au+Au

Suppression doesn’t increase

with local density

— Rpa (Iy1<0.35) > Ry, (1.2<]y|<2.2)
—  Rpa (RHIC, |y|<0.35) = Ry, (SPS)

Possible candidates
— Suppression (gluon diss.)
— Sequential melting
— Regeneration
— Gluon saturation
— Some combination of all



Jp in p+p and Cu+Cu 200 GeV

9
B \I =2 \Vj m Cu+Cu MB trigger i 200 [1] === AdS/CFT+Hydro
©10° Fe0008 B Cu+Cu HT trigger 4% STARGEGu0-20% [2] eeeees 2-Component
99 STAR Cu+Cu 0-60% ?
% 102 Cu+Cu PHENIX 3V urtu 0 [3] —— charm quark
g o o .0 . : p+p ill;-y trigger2200(§)56 5 O PHENIX Cu+Cu 0-20% [4] -...-. heavy resonance
= : = ° p+p trigger -
i 1 ; : ¥ p+p HT trigger 2006
= . p+p PHENIX
4 — MRST, mc=1 .2, u=2m

-Z_IJ 0 - ----MRST, m_=1.4, p=m 1 —l- -------- -
10 2 08 C Vi

— \\
810 00 Qe T %-‘
610—4 04 - -.-.-v-.:.s._A-A---------~-"'"""""" PR
~N e
© -5 . L ~

10 . . . o
@ o3 STAR:arXiv:0904.0439 " STAR: arXiv:0904.0439 “~«.

02 PR [N R NN S N TR N S|
0 = 4 6 8 10 12 14 0 1 2 3 4 5 6 7 8 9 10 11

Transverse momentum P, (GeV/c) pr (GeVlc)
* Raa(P>5 GeVic) = 1.41 0.4+0.2 A. Adil and I. Vitev, Phys.Lett. B649, 139 (2007), private c.
. ) ] ) S. Wicks et al., Nucl. Phys. A784, 426 (2007), and W. A.
« Consistent with no suppression at high p; Horowitz private communication.

» Expectation of Jy suppression at high p; from strong open charm suppression
from color octet model

*Two component model+JAip form. time+ B feeddown describes the trend well
R. Rapp, X. Zhao, nucl-th/0806.1239
_JL_ [
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L

Counts

Y(1S+28+3S), B- do/dy (pb)

STAR Y measurements in p+p

. b 2R oo Y(15+25+38) ;
E_ ------- Like-sign ‘ﬁt T E * STAR, p*p
50 - @ CFS, p*A
a0 + ¢ — - W E605, p+A
: | 8 102 4 CCOR, p*p
30~ . =
: T, o [ Y R209,p+p
20 ' i _L .
: } —
100 ST ; E 10
: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 b E
0 6 ) 16 PIT) 16 © N O R806, p+p
m,. (GeV/c?) ' L —
a O UAT, p+p
. | A CDF, p#
Ja0k- %* STAR, |y|<0.5 1 S PP
- p+p,\5=200 GeV N, - 2NN - — NLO CEM, MRST HO,
120 Y —e’e NLO pQCD do/dy I m=4.75 GeV/c?, m/u=1
100: DCEM 10.1 | 1 |||||l | | 1 |||||| | 1
- e CSM 3
- oo~ 10? 10
80— ng‘\’ \'s (GeV)
L J >
- el 1708
60 . {60
: H @Eb ‘_50 \"
40— .. D 140 ES do
C .- J30v B,—| =114+38(stat)"2;(sys) pb
20 B 5 J202 d
- ’.',. ‘ .."3:' :10 % y=0
——— I e |0 > 20
—I I | I . I L1 11 | L1 11 | L1 11 | L1 11 I L1 1 1 I 1

-3 -2 -1 0 1 2 3

STAR: arXiv:1001.2745



Y signal in d+Au 200 GeV collisions

STAR Preliminary
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.
-o-

[ —— Raw Counts

L X
N
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- —N— STARRun8 d+Aus, =200 GeV y|<0.5

I anti-shadowing(EKS98)+no absoption, R. Vogt

S

d+Au 200 GeV
STAR Preliminary

I[I|IIII|[IIIII[II|IIII[IIIII[IIIIIIIIII

« Strong signal (8o significance) extracted

Bee

do
X _
( dy

Y+Y'+Y"

) =35+ 4(stat.)+£ 5(syst.)pb
y=0

R, =0.98 +0.32 (stat.) =0.28 (sys.)

Rapidity

f

400
350
300
(2]
250¢
-
(=]
200%
150
100

50

 Consistent with N, scaling of cross-section p+p —> d+Au 200GeV
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Quarkonia Production & Suppression — Upsilons in p+p

N§ 10° § ptp @ Ns=200 GeV |y|<0.35 B ptp <035 J5=200 GeV
8 —8— Measured Yield 8 L
= 03_ - -~ . correlated B
s10°E |
'§ 6:._ . Drell-Yan
\g Y (1S+25+3S) 4 |
% 10 552 Correlated ¢t and bb B . Y (15+25+3S)
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10 2 |
0
1
-2t \ | | | | | \ | |
6 7 8 9 10 11 12 13 14 15 16
2 3 4 5 6 7 8 910 . .
e*e” invariant mass [GeV/c’] e*e invariant mass [ Ge V/CZJ
Nucl.Phys.A830:331C-334C,20009.
E N Vogt NLO CEM GRV98HO .
* Cross section follows world trend &0 - :?i’f;ﬁf;ffﬁfm
¢ Basellne fOl' AU +AU l.? | —=-— P?ENIX’preliminary
&P Y(15+25+3S)
- C
'E [
dG Bw i
+46 = 10
w | = :
BR 1¥]<0.35 1147, pb L E
dy S
] o | | | |
\__ [ — 10° 10
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Upsilons Suppressed in Au+Au

PHENIX PRELIMINARY
ptp @ Ns =200 GeV
lv|<0.35

+ -
++ee

i 5 6 7 8 9 10 1II 12
e*e invariant mass [GeV/c?]

Ryua, [8.5,11.5] < 0.64 at 90% C.L.

S’{AR

Q
=10

’ ?- PHENIX preliminary
E S S Au +Au at \[s =200 GeV
B == ® e'e
102 ? =g=$ —z— e:e-’ + .e'e;’
— e e mixe
YE +
: % +,
e Au+Au T
- _q]_—qj—
.1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I—él— 1 1
1074 5 6 7 8 9 10 11 12
m,. (GeV/c?)

PHENIX preliminary

Raua, < 0.64 at 90 % CL

002 04 06 08 1 12 14 16 18 2
Raua, for my, € [8.5,11.5] in (GeV/c?)

Nucl.Phys.A830:331C-334C,2009.




Conclusions

* Heavy flavor is an important tool to understand medium properties
* RHIC results are interesting and challenging
charm measurement
» Three different channels: D ,u, electrons
non-photonic electrons

« Bottom relative contribution consistent with FONLL
 Strong high-p; suppression in Au+Au
« Heavy quark energy loss not fully understood

J/IPsi

- Consistent with no suppression at high-p;
Upsilon

« Cross section measurement in p+p and dAu
* Follows N, scaling

jaroslav.bielcik@fjfi.cvut.cz
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.g i * STAR u+e in Au+Au (12% most central) -
> " % STAR DY%pu+e in Au+Au (min. bias) ]
zb'"1o4 =¥ STAR DO+e in d+Au =
- 0 PHENIX e in Au+Au >
" @ PHENIX e in p+p ¥ T
.| & SPS/FNAL _
10°E ¢ Pamir/Muon .
- O UA2 i
10° F E
10 — NLOpQCD (u_=2m,) -
- ---- PYTHIA .

lIl, | | L1l Ill | | | L lllI | |

.10 107 10°
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High-p; J/ip - hadron correlations

§ 2.5 200GeV p+p pJ,q, > 5 GeV/e STAR Preliminary
Z PYTHIA8.108 T ociate
e --- Prompt J/y Py > 0.5 GeV/c
g 4 ---BoJiyX
© — Sum
S~
s 1.9
prd
5,

1
’
A
’
.
.
’
*
i ~
= -
. “~
oK o N
o - -
~ nt o -
rmmm - il PR T -
N g Ty . " ‘-
b ‘e, -~ .
S . - -,
- dC I PP AL N -
L | L — 1 i L I

2
A¢

* Near-side correlation due dominantly to B — J/hp+X

* B-meson feeddown to inclusive Jhp production of 13%* 5%
at p; > 5 GeV/c.
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Color screening and sequential suppression of

quarkonia
T <T, T=12T Matsui-Satz: screening the potential
[ 1T (11 o
VAN Y XpY Xy v Y XpY ;g::g:;-,gn:d “see” each other
T= 3T medium: .‘ o < rQg
C ff .
H. Satz, Nucl. Phys. A I Sh::;:ifQ
783):249-260(2007 Lo ! and Q .b
( ) ( ) Y reduced ‘ . " '
Assume: medium effects described with a T-dependent potential
_%er i
A. Mocsy Pt
Jp suppression at low p; maybe from excited
stats (y’, ) F Karsch, D. Kharzeev and H. Satz, PLB 637, 75
(2006); B. Alessandro et al. (NA50), Eur. Phys. J. C 39 (2005) 335; R.
Arnaldi et al. (NA60), Quark Matter 2005; PHENIX: Phys.Rev.Lett.98,
232301,2007.
60% from direct Jy: not suppressed
30% x. and 10% v’: dissociated
._JL |
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