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Relativistic Heavy lon Collisions

Au+Au Vs, = 200 GeV

UrQMD Frankfurt

* ¢, b — produced early

M(cc) ~ 3 GeV
M(bb) ~ 9 GeV



1. Open heavy flavor vs
quarkonia

— different tools



Quarkonia

— color-neutral object in the Quark-Gluon Plasma

(complication: produced via intermediate color-octet state?)

Open heavy flavor

- heavy quark in QGP - color charge
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Sequential melting

— Temperature of
QGP
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Open heavy flavor

energy loss — transport properties

_dE :
,. ~ (IS<C]"(L)> = O 3L Ann.Rev.Nucl.Part.Sci.

dx 50 (2000) 37-69

g-hat - mean momentum transfer= per collision
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Open heavy flavor

energy loss — transport properties

elliptic flow — medium thermalization
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Quarkonia

— color-neutral object in the Quark-Gluon Plasma

- thermodynamics properties
(in color screening scenario)

Open heavy flavor

- heavy quark in QGP - color charge
— transport properties, thermalization
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2. We cannot measure
heavy quark production



Quarkonium
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Quarkonium

Events / GeV
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ISsues:
— ~0.5 GeV vy reconstruction

M(x,,, ) = 9.9 GeV/e?,
M(Y(1S)) = 9.5 GeV/c?

M(y,) = 3.6 GeV/c,
m(J/y) = 3.1 GeV/c?
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| E >03GeV

e Same Event
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* Phys. Rev. D 85, 092004
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Open heavy flavor

leptons from semi-leptonic
<«— heavy flavor hadron decays

Direct open charm or bottom

- :
reconstruction

Courtesy of David Tlusty
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Open heavy flavor

- Indirect access to parent
<« kinematics

- ¢/b mixture (difficult to

separate)

«——— - hardto trigger

Courtesy of David Tlusty
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3. Understanding of
reference (p+A)
IS crucial



Phys. Rev. Lett. 111, 202301 (2013)
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nuclear PDF # free proton PDF

1.6
2 — 2 process (gg —» QQ): 1_4§— antishadowing Fermi
1.2
©
> ) 0.8:— had .
VM*+p; / \J
X1,2 — \/ e L EMC effect
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X, , depend on: Depends on Q*

- mass and p;

- rapidity

- beam energy

- production process 23



“Cronin effect”

IIII|IIII|IIII|IIII|IIIIEIIII|IIII|IIII|IIII|IIII

© R a, NLO c quark, Int.J.Mod.Phys. E12 (2003)

0.6 — Parameterization
[T IR NI NN NN N SRR L1
0'50 2 4 6

Multiple collisions with partons/nucleons

— random kicks — larger <k > than in p+p
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Quarkonia: final state “absorption”

D nuclear absorption

“co-mover” absorption

D

Typical approach: nuclear PDF + effective absorption c_
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Quarkonia: CNM effect

nuclear PDF + effective
absorption ___ —>

ISsue:
PA — AA not straightforward
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Open HF - CNM effects
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d+Au — reference or “mini QGP”
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4. Color screening is
a hypothesis
(one of many)



.JI\|1 suppression at SPS and RHIC
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Significant suppression, similar at 39 — 200 GeV

— |dea: color screening + secondary production in QGP

Model: Zhao, Rapp Phys Rev C.82.064905
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Jly suppression at SPS and LHC

midrapidity forward rapidity
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Y at LHC = J/y at RHIC
Y(1s) at LHC
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5. Heavy Flavor production
suppressed at LHC and
top RHIC energy

... but not at lower energies



etF: Cold vs Hot Nuclear matter at RHIC

" €, Rya 170 Rya
it 0
e, -Ran T Rap

AA
IIII|IIII|I|II

0.5-

vl [
w ¥ E g &
)
V@ g EIE HIH v @ @

0 1 2 3 4 5 6 7 8 9
pT[GeVIc]

e (b - e, c - e) suppressed at high p_ in Au+Au 200 GeV

34



charm suppression at RHIC and LHC
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Heavy flavor v, in at RHIC and LHC

0.4 | | o L]
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& 03

N : % & & N i
= o B ] F 4
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PRL 111, 102301 (2013)

How much charm vV, In D-meson v2?
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Jet quenching at RHIC

STAR Preliminary s 7.7GeV
Stat. errors only 11.5GeV
10—  Not feed-down corrected 19.6GeV
“h*+ h 4 v 27GeV
- » 39GeV
o T B 62.4GeV
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v Ty
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- .
Nparz: S
- (0-5%)/(60-80%) O 4
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Light hadrons suppressed at high p_at 39 - 200 GeV
eHF — no suppression at 62 GeV



Elliptic flow at RHIC

(a1) 10 - 20% © (b1)20-30% | (c1)30-40%
DE‘ = Fit to 200 GeV data . 1 ¢ .
F o ’% 8, A
<  0.15} -Q T : '+|
N "
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0.05} m62.4 GeV A 11.5GeV
039 GeV

. . A 7.7 GaV
T
L (b2) Ratio to fit function | (c2) Ratio to fit function ]

14k {]az} Ratio to fit function]

Ratio

0 1 2 3 0 1 2 3 0 1 2 3
Phys. Rev. C 86 (2012) 54908
N (GeV/c)
Light hadrons suppressed at high p_at 39 - 200 GeV

Positive v, of charged hadrons, small difference for 39 — 200 GeV
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e"" R, and v, at\s,, =62 GeV
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v, lower at 39 and 62 GeV than at 200 GeV for p. <1 GeV/c
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1. Open heavy flavor vs quarkonia
— different tools

2. We cannot measure heavy quark production
— model-dependent interpretation

3. Understanding of p+A reference is crucial

— so far no evidence for “mini-QGP” from HF perspective
— pA — AA not straightforward

4. Color screening is just a hypothesis
— stay open-minded

5. Heavy Flavor production suppressed at LHC and top
RHIC energy but not at lower energies

— Interesting physics below LHC regime
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Charm cross section at 200 GeV

400_IIII| | ] IIIIII| | | IIIIII| | | IIIIII| | | III_I
i d+Au Sax =200 GeV
B (Dﬂ+e) i
- Sys. error .
— 300 B NLO err N
L0 " e e e e e e e e e =
> - (PP P
e [4D¥ Au+Au (DY) ]
> B P
% 2001 =
~ iy ————— —— == — H
%D'S i r runi2 [ ﬁ | I |
© ! P
100 [ +idmo i
B FONLL inp+p |} |
- o -
L STAR Preliminary  ronLLen | -
0 I N R

1 10 10° 10°

number of binary collisions Nbin

[1] STAR d+Au: J. Adams, et al., PRL 94 (2005) 62301
[2] STAR p+p Run 9: Phys. Rev. D 86 (2012) 72013
[3] FONLL: M. Cacciari, PRL 95 (2005) 122001.

[4] NLO: R. Vogt, Eur.Phys.J.ST 155 (2008) 213

Charm cross section follows
N, . scaling
N

— Charm quarks produced
mostly in initial hard scatterings
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ehF v, in at RHIC and LHC

o 0.5
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High p. suppression at RHIC

—
<
<

Nuclear Modification Factor (R

A}

—t
&)

o
o

o

STAR Preliminary Z. Ye, QM 2014

M U+U193GeV D’ |y|<1,3<p.<5 GeV/c

@® Au+Au 200 GeV D°: |y|<1, 3<p,<8 GeV/c, arXiv:1404.6185 (submitted to PRL)
Au+Au 200 GeV ©: |y|<0.5, p_>6 GeV/c, PLB655, 104 (2007)

— P+p
norm
Ll
| ! | | | ! | | |
0 100 200 300 400
<Npart>

DY Similar suppression in U+U and Au+Au collisions

Similar trend vs system size as for pions

DY suppression suggests strong charm-medium interaction




Non-photonic electrons
e K '
Proxies for heavy i K* Ay
flavor quarks E
DU
l"\_\/‘DﬂI j

,f" —
C
@ / / (b) / €|
'Illlc / ’ ."I; ’f |
&« /\ W
D’/ <«

B+
/ Phys.Lett.B671, 2009

Background:
- photonic electrons: y — ee, n° - eey, n — eey
- K, (K = mve)



R pPo

1.8

1.6

ALICE Collaboration, arXiv:1405.3452 [nucl-ex]
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HF production via coalescence

minimum bias Au+Au
200 GeV

50% of D v, could be
from light quark

II|IIII|III|IIIIII|III‘|III|IIII|II

0.2
0.15—
al .
> T w
Lo -0 -0 _ &
0.05 / D w/o —:
0 T S
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Phys.Lett. B595 (2004)
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How much charm V, IN D-meson v2’?

0-4 [ | I | I I I | I | I | I | I I_
| ALICE Pb-Pb, s =2.76 TeV |

¢ Charged particles, v,{EP,|An[>2} 1
m Prompt D°,D*, D average, |y|<0.8, v,{EP}
Syst. from data

-0.2 — Syst. from B feed-down —
R (N TR NN N N TR NN TR NN S N SR N S SR N
0 2 4 6 8 10 12 14 16 18

P, (GeV/c)

PRL 111, 102301 48

(2013)



Non-photonic electrons
Proxies for heavy i \%K* . 3 \/'E
flavor quarks E n
p, shift compared to /o y
parent quark }“ﬁ”

(@) .-’HEH"II (b) /b)
lc/ /o
¢ angle smeared mf? ;"5/’
a/\ W
D° / «

B+
/ Phys.Lett.B671, 2009



Jet-like o -
' - Ap~0— cos ~
correlations o ¢ $)

A~ T — cos(2A¢) ~ 1 \/DD

An in v {EP} reduces jet-like
correlations

However, effect of jets on event
plane estimation not really known




e . represents parent momentum

direction well when: pe. ~1.5 -2 GeV/c
pe. >1.5 GeVic for D

for charm v, study
pe. > 3 GeVic for B

A L z“’m - ® e-h correlation
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Electron p(GeV/c)
W. Xu QM 2011 At “‘2 GeV, Up '[O 40%

from B — p. shift and v, smearing
What effect of D/B suppression?
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Hp FPb
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p-Pb \ s, = 5.02 TeV, p*« c,b decays
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d+Au: reference or “mini-QGP” ?

Charged hadrons

J 1 L L] L] I 1 L LI T I L] 1 L L] I LI 1 L L] I L L] Ll I I Ll I 1 L L
030~ @ PHENIX, 200 GeV, d+Au, 0-5%, |An|e [0.48,0.7] —

— [ ATLAS, 5.02 TeV, p+Pb, 0-2%, |An|e [2,5] 3
0.25p —
0.20F —

C o .

N s i —
= 0.15F + -"+ ~
i o O & O
0.10— *;,,.~f“'+. O %‘ —
e O hydro., d+Au s, =200 GeV -

*T:I msenens - Bozek, priv. comm., 3

0.05 Bzdak, et al. 1304.3403, priv comm: =~
n's = 0.08, IP-Glasma, N, = 20 -

s = 0.08, MC-Glauber, Npm= 20 ]

UFUD 1 L L 1 I 1 L i L I 'l 1 L '] I 'l 1 L '] J L L i L I 1 1 1 L r
0.5 1.0 1.5 2.0 25 3.0 3.5

pi" (GeV/c)

Phys. Rev. Lett. 111, 212301 (2013)



Open heavy flavor

— AE(g) > AE(q) > AE(C) > AE(g)
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PXL at 2.5 and 8 cm
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Heavy Flavor Tracker at STAR -
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STAR data with Heavy Flavor
Tracker

~ STAR I
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1 Q. B i
| ¢ Charged particles, v,{EP,|An|>2} ] O 5 T ]
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-0.2 [—[__] Syst. from B feed-down ] E [ | | | L | | | | | . | |
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HFT Conceptual Design Report
PRL 111, 102301 (2013) Pt 'gn &ep



STAR data with Heavy Flavor
Tracker
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Y at LHC = J/y at RHIC

I W TN J/\V at RHIC

<
<{
2 1'4: Pb-Pb |s,, =2.76 TeV, inclusive Y(1S), p_>0 = 1_2 o lyl<0.35 syst oy =12 %
1.2F e ALICE: L, =69 pb",25<y<4 osl o VE[1.2,2.2] sgystglobalzi 7 % |
- m  CMS: L =150 ub’, Iyl <2.4 ' $
L | ¢ ittty i 1
(]B: H 0.6 - @ @ =
0.6:— EI I EI " 4 earenx (@ 3 @ @ @ |
0.2[- &
:III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II2512__ I:I::::I::::It::::_l+:1:4:;/l::::l::::I::::
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(N o By ool 9
arXiv:1405.4493 c @ @
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0.2_—
PR ST D T SO ST

Phys.Rev.Lett.98:232301,2007
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B ALICE Preliminary, Pb-Pb, '|||'S_NH=2.?5 TeV, |v|=0.8, centrality 0-40%
¢ PHENIX, Au-Au, 5'5_W=U.2 TeV, [v|=0.25, centrality 0-40%

i+ % STAR, Au-Au, |/5,,=0.2 TeV, |y|<1, centrality 0-60%
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Au+AU 62.4 GeV

0.5 20<Centrality<40%
e Inclusive e v,
0.4 = Photonic e, v,
, v Heavyflavore v,
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arxiv:1405.3301
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PRL 111, 102301
(2013)
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ALICGE

Pb-Pb, |s,, =2.76 TeV

Centrality 0-10%

® Prompt D’ |y|<0.8, v,{EP}
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Phys. Rev. C 90 (2014) 034904
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,Hot" matter created

| =T 0P
in collision N

C
e

2 do

d’p

2m AT
" dN;

/ ‘ 3 J do
Jo d°p

27 dN;
COS @
0

vp = (cosng) = -

Spectators
regions

Two-particle distribution = sum of an uncorrelated distribution and two-
particle (direct) correlations

dNj. ~ dNj dNy
Bprd3p,  dPpy dBp-

(1 +Cjr(p1.P2))

(cosn(p,—d,)) =V +nonflow

nonflow: jets, resonance decays, HBT .. 65



If nonflow 6 = 0 and negligible fluctuations (c = 0):

Using 2-particle correlations: v, {2}2 = <COS n ((])1 — ¢2)> — <Un>2

Using 4-particle correlations:

v, (4} =2(cosn(¢p,—¢,))—(cosn(¢,+¢,—d;—¢,))
=2(v)* —(v,)'=(v,)’

If nonflow 6 # 0 and non-negligible fluctuations (c # 0):

v, {2}2: <Ui>+02+6 L. Yi, et al. arxiv: 1101.4646

(assuming Gaussian fluctuations)
v, (4)'=((v,)"+0%) 20"

— upper and lower limit on elliptic flow
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Initial k. broadening

Arises from multiple scattering of the projectile partons in the target:

(k1)a = (k1)p + ((v) = 1) A% ()
(k2), =1 GeV?

[d*bT5(b) 3 o number of collisions
(V) = onnN [ d2b T;l(b) 9 5NNPoltA in a p-A interaction

In?(p/GeV)
I+ In(p/GeV)

A% (1) = 0.225 GeV?

p= 2mg -scale,m_ =12 GeV
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Bottom R, at LHC
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HAA
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