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Relativistic Heavy lon Collider

RHIC energies, species combinations and luminosities (Run-1 to 19)
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Center-of-mass energy Vsyy [GeV] (scale not linear)
* Extremely versatile: has collected data colliding a large array of different heavy ions
e Peak luminosity Au+Au 200 GeV : 155 x 10 cm?st; p+p 200 GeV : 115 x 1030 cm? st

Only polarized proton collider in the world

Beam polarizations P~60% for p+p 200 GeV

http://www.agsrhichome.bnl.gov/RHIC/Runs/




STAR experiment

DAQ
Trigger




Heavy FIavor Tracker (HFT)

Took data in 2014-2016.

o o=~1 mm e First application of Monolithic Active
g o 4 SN Pixel Sensors technology in collider
+ 20 =380 G experiments.

IST r=14 <+ \ =

Radiation length: 0.4 % X, for the 1%

PXL 1,=8 -+ 10 o-~250um { ‘ .
1 \ layer of pixel detectors.
"\ 0 =<30 um ™\,

e Pointing resolution ~50 um for
p ;=750 MeV/c Kaon.

STAR PRL 118 (2017) 212301
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Probing Quark Gluon Plasma with charm quark
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STAR: PRD 86 (2012) 072013, NPA 931 (2014) 520
CDF: PRL 91 (2003) 241804; ALICE: JHEPO1 (2012) 128
FONLL: PRL 95 (2005) 122001

Produced in hard scatterings at the early stage of e Its production rates are well

nuclear collisions = experience the entire evolution of described by pQCD in elementary

medium collisions
We aim to understand charm quark energy loss in the

medium, charm quark transport and hadronization



Open charm hadron reconstruction

Data from Au+Au collisions at Vs, = 200 GeV collected with HFT
in years 2014 and 2016

HFT allows direct topological reconstruction of open-charm
hadrons via their hadronic decays

K-

Significant suppression of combinatorial background ™
Decay channels used:
m D' —= Kn'nt, ct=(311.8+2.1) um
BR=(8.98+0.28) % D' Decay
N
s D° — KTt, ¢ = (122.9 + 0.4) um
BR =(3.93 +0.04) % ,’:E' 1“1
! 1iD&ay Length
s D, 2o, d = KK, ct=(149.9 £2.1) um I)C‘Aki;f:’ iif} ‘t‘;\ > Deeay dend
BR = (2.27 £ 0.08) % DCA[?-"D“

Primary Vertex

m A, 2 Knt*p, ct=(59.9 £ 1.8) pm

BR = (6.35 +0.33) %



Nuclear modification factor R 44 of D° and D%
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- D mesons suppressed in central Au+Au collisions 3.5 G
- Suppression of D° mesons at high py comparable to |* ™[ " " " 0 star 200 Gev
light-flavor hadrons at RHIC and D mesons at LHC i O h*0-5% ALICE 2.76 TeV
« Itis reproduced by models incorporating both
radiative and collisional energy losses
 Similar level of suppression for D* and D°

- Strong interaction between charm quarks B epe— * 02016
. 1 6; Au+Au sy, = 200 GeV O D°2014
and medium 1 4E Centrality 0-10% I 0 2016 Gilob. Sys.
1 2f_ Glob. p+p uncert.
9 i
Tos -
06; i - 0 g %Q “ + p+p uncert.
W R 1 ,
0 2:3:] ) LI u
DY (STAR): Phys. Rev. C 99, 034908, (2019). "
1% (STAR): Phys. Lett. B 655, 104 (2007). b 19 34 5 5 7 8

D (ALICE): JHEP 03, 081 (2016).
h* (ALICE): Phys. Lett. B 720, 52 (2013). P, (GeV/c)

LBT: Phys. Rev. C 94, 014909, (2016). .
Duke: Phys. Rev. C 97, 014907, (2018).



Centrality dependence of D°R,, and RCP
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Erratum: Phys.Rev.Lett. 121 (2018) no.22, 229901

D2010/11 (STAR): Phys.Rev.Lett. 113 (2014) no.14, 142301,

DC2014 (STAR): Phys. Rev. C 99, 034908, (2019).

* Ry, DO with low p; < 2.5 GeV/c suppressed

for all centralities

« Suppression at high p; increases with centrality

* Rep D2 with low p; < 3 GeV/c no suppression

* Rep DY at high p; suppression observed

similar to light flavor-hadrons




D /D" y|eId ratlo enhancement

ep/pp/ep avg: EP] C 76, 397 (2016)
TAMU: PRL 110, 112301 (2013)
SHM: Phys. Lett. B (2003), 571, 36-44

+ 0 10% Au+Au @ 200 GeV
—@— 10-40% STAR Preliminary
—— ee/pp/ep average
Bl PYTHIA(ver. 6.4)

0.6 Il TAMU(b=7.24fm) I

DS/D0

0.8

[ l 11 | ] |

0.4
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» Observed strong enhancement of the D, /D° yield ratio, compared to:
Average of fragmentation ratio from ee/pp/ep collisions
PYTHIA version 6.4 p+p baseline

e Enhancement in 10—40 % centrality is stronger than the TAMU model
calculation with charm quark coalescence

 Importance of coalescence hadronization of charm quarks together
with enhanced strangeness production




Barvon/Meson Ratios
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Ko/SHM: PRC 79 (2009) 044905
Greco: Eur.Phys.).C (2018) 78:348
ALICE: JHEP 04 (2018) 108
STAR:PRL 108 (2012) 072301

100 200

Clear enhancement observed compared to PYTHIA/fragmentation baseline and p+p,
p+Pb at LHC

Enhancement of ratio increases towards central collisions

A./D° ratio is comparable to baryon-to-meson ratios of light-flavor hadrons
Models incorporating charm quark hadronization via coalescence are consistent with

data although at high p; they underpredict the data

Importance of coalescence hadronization of charm quarks
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Charm production cross section

p; integrated total DO cross-section per binary collision is

smaller in Au+Au than p+p

Total charm production cross-section per binary collision in
Au+Au extracted from measurements of open-charm

hadrons

e Au+Au result is consistent with that measured in p+p
collisions within uncertainties

e Redistribution of charm quarks among open-charm

hadron species

Coll. system Hadron do/dy [ub]
DO 41+1+5
A D* 18+1+3
a0 ey [T o | Iasies
AW 78+13+28*
Total: 152 + 13 £ 29
p+p at 200 GeV Total: 130 £ 30 + 26

*\. cross-section was derived using A/D° yield ratio
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D0 2014 (STAR): Phys. Rev. C 99, 034908, (2019).
D02010/11 (STAR): Phys.Rev.Lett. 113 (2014) no.14,
142301, Erratum: Phys.Rev.Lett. 121 (2018) no.22,
229901.

p+p (STAR): Phys. Rev. D 86 072013, (2012).
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D° azimuthal anisotropy

v, D (2014): Phys. Rev. Lett, 118, 212301 (2017)
v,, light flavor: Phys. Rev. C 77, 054901 (2008).
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D° v, and v, follow Number of Constituent
Quarks (NCQ) scaling
Strong collective behavior of charm quarks

Charm quarks may have achieved local
thermal equilibrium with QGP

o
—

0.0 T T T ]
F Au+Au 200 GeV 0-80% ]

0.05- @D° vt .
AEET ~

- U ¥ BE =

g [ 7
Oy 0.03| e e G
— ﬁ_ﬂ:—_p_m_ ]

-szooz— JJ%EE?‘ =+ {%:J -
= e 1
0.01F i 3

B qﬁfg_{ii E
OB =

B STAR Preliminary

-0 0-«’ Ly e e ey by b
Y70 02 04 06 08 1 12 1.4 16

Anisotropy Parameter, v2/ N,
o
o
o (43}

T
by
[—=]
—.

L oD% oA STAR Au+Au |5, = 200 GeV
[ T oK 2014 + 2016, 10-40%

Non-flow estimation i
I@cf@i% EI ? TE _~ -
& { i

STAR Preliminary
1

0.5 1 1.5 % 25
(mT -my) / n, (GeV/cH)

(m_-my)/NCQ (GeV/c?)

12




DY directed flow - motivation

« Hydrodynamics
m Difference between tilt of bulk and
Chatterjee, Bozek: Phys Rev Lett 120, 192301
longitudinal density profile of heavy (2018)
flavor production
m Additionally, drag by the titled bulk
can induce large v, for charm quarks
m Expected larger magnitude for slope
of rapidity dependence of v, (dv,/dy)
for charm hadrons than for light flavor
hadrons

—fff—

Das et. al., Phys Lett B 768, 260 (2017)

 Initial EM field from passing spectators
Cartoon by P. Bozek

= Predicted negative dv,/dy slope for
DY%and positive for DO

° Hyd rOdynamiCS + EM ﬁeld Chatterjee, Bozek: arXiv:1804.04893

m Expected larger magnitude of the
slope dv,/dy for D° than DO ,though .
the sign stays negative for both



DY directed flow

First evidence of non-zero directed flow (v,) of
D° and DO as function of rapidity (y)

Negative dv,/dy slope for both D%and DO

Significantly larger dv,/dy slope than that of

kaons

No EM-induced splitting observed
within uncertainties

Measurement of D° directed flow can be used
to probe difference between tilt of QGP bulk
and longitudinal density profile of heavy flavor
production
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DO: arXiv:1905.02052, submitted to PRL.

Kaons (STAR): PRL 120, 062301 (2018)

Hydro+EM: Chatterjee, Bozek: Phys Rev Lett 120, 192301
(2018); Chatterjee, Bozek: 1804.04893v1

AMPT: Singha, Nasim: Phys Rev C 97, 064917 (2018)

EM: Das et. al., Phys Lett B 768, 260 (2017) 14




RAA

Nuclear modification factor of bottom quarks
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DUKE: PRC 92 (2015) 024907
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STAR measured B production via non-prompt J/{, D° and electron decay
channels in 200 GeV Au+Au collisions

e Strong suppression for B> J/i and B->D%at high pr.

Indication of less suppression for B->e than D->e (~2 0):

consistent with expected mass hierarchy for parton energy loss AE: > AEs
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Summary

STAR extensively studied production of open-charmed hadrons thanks to the
successful HFT period in 2014-2016

D? D* meson R,, and D° v, , v, in Au+Au collisions:

— Indicate strong charm-medium interactions

— Charm quarks are possibly in local thermal equilibrium with medium

A./D° and D./D° yield ratios are enhanced in Au+Au collisions with respect to
p+p collisions

— Coalescence plays an important role in charm quark
hadronization

D° mesons have larger v, slope than light-flavor mesons
— Probe of initial longitudinal density profile of heavy flavor production

Indication of less suppression for B>e than D—>e
— Consistent with expected mass hierarchy of parton energy loss
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