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Motivation

Charm quarks:
: : . . t
* Produced early in heavy ion collisions at 105, Ecctrovent ety breakig o
RHIC, mostly through hard scattering >
s . b
TD’ 10 ®
* Experience the whole evolution of the § c
system -> good probe for medium < 10° y °
. ]
properties > @
» 10
()}
. S
Physics interest: T, d QcD Vacuum
‘ X, Symmetry breaking
. . u
* High pr:test different energy loss 1 e
mechanisms:radiative vs collisional e oo o 1 10
QCD quark mass (MeV)
: . X. Zhu, et al, Phys. Lett. B647, 366(2007).
* Low p:extract medium properties from
motion of heavy quarks in medium

(Brownian motion),e.g.

diffusion coefficient

initial state

QGP and

hydrodynamic expansion

hadronic phase
and freeze-out

. . “}‘ .
|||

pre-equilibrium
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Recent developments and understanding

RHIC and LHC: D-meson R <<1 at
high pr-> strong charm-medium
interactions

LHC: DO v, results are compatible with
light flavor v,.Charm thermalized?

v, and Raa can be used simultaneously
to constrain models

What is occurring at low prat RHIC?
Low pt v; is especially sensitiveto the

partonic medium: scattering strength,
transport properties
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+ + O 190-10% PHENIX
e O h*0-5% ALICE -

® D 30-50% ALICE |
O h*30-50% ALICE |

Transverse Momentum P, (GeV/c)

STARD?: PRL 113 (2014) 142301
PHENIX m°: PRL 101 (2008) 232301
ALICE D: PRL 111 (2013) 102301
ALICE D: JHEP 03 (2016) 081

Michael Lomnitz, SOM2016 3



Time Projection STAR experiment

Chamber:
Tracking,
PID (dE/dx) -1<n<1, O<p<2m Vertex Position
Detector:
Time Of Flight: -+ | Min-bias trigger
4 N

PID (1/B)
-

|
= “‘-‘ [}

Heavy Flavor Tracker:
* Silicon Strip Detector

* Intermediate Silicon Tracker
« PiXeL

P\

/i 78 1".
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STAR Heavy Flavor Tracker (HFT)

* Thinned Monolithic Active Pixel
Sensor technology

 Low material budget
0.49% X,for PXL Cu cables
*  0.39% X,for PXL Al cables

Acceptance coverage:
-1<n <1
O0<p<2m

Tracking inwards with
gradually improved

resolution:
« SSD -Silicon Strip a0 o =~1mm
Detector v
SSD  r=22 [ N~ N\
ta 77 | o-"300um
. PXL - Pixel Detector T (/ \)
PXL r,=8 4+ 10 d 0=~250um N
4 \\\\‘o“‘. \ "g'%“"‘,"'
r=2.8 | 4 //] 0 =<30um 5
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HFT Performance vs design goals

DCA,,  Au+Au@ 200 GeV DCA,
) OProton | & O Proton
=2 ® Kaon = ® Kaon
> o N
<& o O Pion < [ O Pion
° o
o o a) oQ
o 0 [ JO)
PSe)
EIOO
10%fF 0a° 102}
e 'e) : De©
Ue o CD4 Kaon Goal i |:|.O CD4 Kaon Goal
----------- Es O------------------ IEEEEEEEE i- (-)------------------
@gﬂgo o ﬂO
0 ®=00 _
e . ohsagecy
oce
STAR Preliminary
10 L | J 10l L !
0 0.5 1 1.5 2 0 0.5 1 1.5 2
P, (GeV/c) P, (GeV/c)

« Kaon track pointing resolution exceeds the requirement <55 um at 750 MeV/c

* Pointing resolution in the region with Al-cables ~ 45 um
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DO reconstruction

* Direct topological
reconstruction through channel:

D°(DY) — KFr#

o

9'. CM Frame
y Detail

B.R. 3.9% ¢ ~ 120 um

Primary Vertex

« Topological cuts optimized T T T e e e

' i 700E STAR Preliminary 3
usmg TMVA (Toolkl’F for ~ T0F ALSAU Yoy = 500 GeV =
Multivariate Analysis) S 600} RHIC Run 2014 =

[} — -

= 500 —

(@) — -

) )  400F 1 g 1 —

* Greatly reduced combinatorial | & 300512;; s ; T + f
background (4 orders of £ F .t 3 ]
) 5 200F "1 5 =
magn |tude) 8 - With HFT Cuts 125M MinBias Events J
100 °°F —— 3 SWS+B =18 —

- I1'.7 ' 1'.3l e l 7 21 | | | | -

0==47 175 18 18 19 195 2 205 21

Invariant mass, mg,, (GeV/c?)
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DP reconstruction using HFT

so[ Au+Au 200GeV, 0-80% MB -
s [ 1.0<p_<2.0GeVic ] . . pe
2 o) T e cameent « Significance greatly enhanced compared to
R = —unlike, V' ] .
S, _iike, same ovt ] STAR previous,2010+2011 results.
S 20 he S —unlike, mixed evt -
s I - w/o HFT w HFT
2 Thema, 1
35 1ol #D°=8038 = 360 e 2010+ 2011 2014
E [ s/s+B=223 T
8 sk ] # events(MB) 1.1 B /780 M
STAR Prel/m/nary analyzed
PTITE SRR S P | P -
9.7 1.75 1.8 1 85 (1GQ V/1 9)5 2 2 05 2.1 Slg niﬁcance 1 3 5 1
ev/c
e per billion
sool- Au+Au 200GeV, 0-80% MB E events
180;750<pT<8.0 GeV/c E
G 160 —unlike, same evt & | STARAu+Au200 GeV MinBias
% vaob- #D° =417 = 29 —like, same evt E ~ 20l 0<p. <8GeVlc -
= 120; S/\S+B=14.4 —unlike, mixed evt - X (a) bl < ;' 0.80%
‘\-’100; 4 82 151 ® same event (SE)—
£ .k + } : g —— mix event (ME)
- imj, = SE-ME [x 200
é eof- ++ STAR Prellm!nary 3 10} x200]
a0l —j STAR 2010/11:PRL 113
20l it artT Yyt 5} (2014) 142301
i@*ﬁw—f&wﬁ; ﬁiﬁﬂﬁ%ﬁ#ﬁ
9.7 1.75 . 1 .85 (G V/1 9)5 205 21 0 R '
ev/c + —— L .
05 10 15 20 25 3.0

o My, (GeVi/c?)
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V,.event plane method

* Event plane reconstructed using
charged hadrons within STAR TPC

acceptance (nl<1)

Au+Au 200GeV, 0-80% —

0]
3
Tllllm

o Corrected for detector acceptance 3<pp<4GeVic
800~ __ -- v3* = 0.080 =+ 0.023
=2 = .
* Yields in ¢—W bins corrected for 2 750 g
event plane resolution 3 700k E
) 5> t z
bs O 650 7
vy = v5°° X - .
2= % <E.P. Resolution> = | :
600 —
 Hadrons |An| < 0.15 around D° csof.  STAR Preliminary E
candidates removed from event F...|...|...|...|...|...|...|...|.;
0 02 04 06 0.8 1 1.2 14 1.6

plane reconstruction
o-W

 Non-flow estimated from measured
D-h correlations in p+p 200GeV

Methods for v,: A.M. Poskanzer and S.A.

< cos(2 _ S < + Voloshin. PRC 58 (1998) 1671
pontrlow — Zh ( (ngO gbh)) PTP Event plane resolution: H. Masui and A.

h
My <€ Au+Au Schmah
STAR: PRL 93 (2004) 252301
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V,:two particle correlation

Event-by-event v, for
foreground and

background
< cos(2pp1 — 2pp2) >= (v)?
I < cos(2¢p — 2pp) >
7/2 —

B \/< cos(2¢p1 — 2¢p2) >
h1 in M < O,hz in T]>O
Statistically subtract

background from
foreground to obtain DO v,

Corrected for detector
acceptance

—— ' ' . |
0.01_L —
- @Foreground Cl* i
0.008}— -
-~ ©&Background ¢ i
A 0.006}— —
= i @ )
ﬁ | + ]
a i ‘@ i
O . ]
V 0.002|- -
- @ e _
STAR Preliminary i
-0.002 _
—_— a4

1 2 3 4 5 6

Transverse Momentum P, (GeV/c)

Methods for v,: A.M. Poskanzer and S.A. Voloshin.

PRC 58 (1998) 1671
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DP meson v,

0.3 B L

[ Au+Au 200GeV, 0-80% Non-flow est. ]

025f @ D°EP -

0.2 —

0.15}- T -

Al - .

> - + * )

0.1 :— * il —:

0.05F =

T 3

: STAR Preliminary ’

- ...l . .- - . .| .../ ./ ... | .

~0.05 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)
« DO v,significantly above zero for pt > 2 GeV/c

« B->D feed down is negligible at RHIC energies (<5% relative contribution)
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vV, method comparison

03 L L L

[ Au+Au 200GeV, 0-80% Non-flow est. ]

0.25f @ D°EP -
O D°v,{2} " .

0.2 —
0.15 P T =
Al - .
> - + b 4 .
0.1 - & i E
0.05f I —

- D .
Op--------- el o N

- STAR Preliminary .

- ./l . . . .- /. . . . 1., " . 01, - .4, . g, 7
-0.05 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)

Good agreement between EP and 2 PC methods within uncertainties

2 PC systematics large, will focus on results from event plane method
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Comparison to light quarks

o3 T T T T T T T T T Co- R0
F Au+Au 200GeV, 0-80% Nofio — AutAu @ 200 GeV 0-80% oD’ O¢
i 0 -flow est. B ~ 0.1+
025f e D°EP . > 0Q  OKg
F O Ks . T
0.2 E 09® O ¢
| ﬁ I S S PRt
0.15~ @@@@ ol = ] @p
= I 0% == ¢ | 0.05 [ 1
B (= o . K 3
0.1 S = % - - i -
: e -
B e ¢ ]
005 e E i
8 5%
oF S IR — 0 f= e
E | | | STAR Preliminary - - STAR Preliminar,
0. 05 e i, | | 1 | | !
0 1 2 3 4 5 6 7 0 05 1 15 2 25 3

Transverse Momentum P, (GeV/c)

(m,-mg) /n_ (GeV/c?)

« DOv,is below light quarks for 0.5 < (m+-mg)/ng < 1.5 GeV/c

« Suggests something different than hydro

STAR:PRC 77 (2008) 54901
PRL 116 (2016) 62301
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Model comparison: TAMU

Full T-matrix treatment, non-
perturbative model with internal
energy potential

Diffusion coefficient extracted
from calculation 2aT x D = 2-11

Good agreement with D meson v,
at low pr.Data favors model
including c quark diffusionin the
medium

Theory:arXiv:1506.03981 (2015) & private comm.
STAR: PRL 113 (2014) 142301

RAA

STAR Preliminary
Y . S S S A
0 1 2 3 4 5 6
Transverse Momentum p_ (GeV/c)

' LI I L B B B R
1.8 Au+Au 200GeV, 0-10% -
16 O D 2010/11 =

e D°2014 .
1.4 — TAMU .
1.2 -
| N L EEEEE R -
0.8
p+p uncert.

N B
[ Au+Au 200GeV, 0-80%

025 e D°
[ —— TAMU w c diff.
0.2F — TAMU w/o c diff.

IIIIIIII|IIII.TIIII|IIII

Non-flow est.

\lIIIIIIIIIlIIII|IIII|IIII|IIII|IIII

I pp norm. uncert.
AuAu Ny uncert.

0.4

0.2 . =
STAR PII’ellmmlary | | | . |

00 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)
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0'3_' L e
Model comparison: SUBATECH s SO0GEY, 807 Non-flow est. -
; SUBATECH ]
0.2 =
0.15- T E
« pQCD+HTL calculation with latest Y + =
EPOS3 initial conditions - * * T .
0.05} A
« Diffusion coefficient extracted ] ERRREREED /4 =
from calculations 2xT x D ~ 2-4 o STARPrelminary
~0.0% 1 2 3 2 5 5 7
T M t GeV/

* Good agreement between model ransverse Momentum p, (GeVic)
and experiment for both v, and 18 1 AusAU200GeV, 0-10%
Raa In entire pt range 1.6 ® D°2014 =
o D°2010/11 -
1.4 I SUBATECH E
1.2 % —

0.8 % + p+p uncert.

$ I pp norm. uncert.
§ % AuAu Ncou uncert.

STAR Pqel/mmlary ¢

O
0 1 2 3 4 5 6 7

Transverse Momentum P, (GeV/c)

Theory:arXiv:1506.03981 (2015) & private comm.
STAR: PRL 113 (2014) 142301

=S

RAA
I
| i
m | ] | | | | | | ] | | | ] | | | I*
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R e L
[ Au+Au 200GeV, 0-80%

Model comparison: Duke W Sl Non-flow est. _

- —— D°DUKE ]

0.2 -

015 T =

=" - + ® i

» Diffusion coefficient is a free o Il E
parameter, fixed by fitting to Ra 0.05F l # -

at high pr b E

« Input value for diffusion E e STAR Preliminary
-0.0% 1 > 3 4 5 5 7

coefficient 2xT x D = 7 fixed to fit
LHC results

Transverse Momentum P, (GeV/c)

1.8 Au+Au 200GeV, 0-10%

» Model with 2xT x D = 7 doesn’t 1.6 ® D° 2014 -
. . . o D" 2010/11 ]
describe the magnitude of v, in 1.4 — DUKE .
experimental data 1.2 =
I S A L

0.8~ + p+p uncert. E

0.6 U$$ Il pp norm.uncert.

§ AuAu Ncoy uncert.

0.4 ]

Theory: PRC 92 (2015) 024907 & private comm. 0 8 0 3 .
STAR: PRL 113 (2014) 142301 b stAR Preliminary .,
00 1 2 3 4 5 6 7 8

Transverse Momentum P, (GeV/c)
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Charm diffusion coefficient scan

~ 0.2
> i
A - Au+Au— D’ @ 200 GeV L
0.15 —
i ®
0.1 1
- Dxoar=1| () H
0.05 |- ? .
i Dx2rT=7
S ® STARO0-80% |
i STAR Preliminary —— Duke: D x2rT =1...7
_0.05 I I (R N R SR SR S
0 1 2 3 4 5 6 7 8

Transverse Momentum P, (GeV/c)

Scan different values of the diffusion coefficient to find best agreement to data
Best agreement for diffusion coefficient2ZnT xD=~1 -3
This model seems to underestimate the data for pt > 3 GeV/c

Theory: arXiv:1505.01413 & private comm.
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Diffusion coefficient

— 40 40
Cﬁ : ® | attice QCD: Banerjee et al. I (fl ]
X - O Lattice QCD: Ding et al. chD_\:Q ______ :;
') 30 W SUBATECH e - = |30
L omam T T
- " ﬂ
B T N\a\\'\xF P é
20 |- - <20
B <
R ‘
B . 1y U-pot
10} MU 110
| | |: 0

o
(6)]
—
—h
(6)]

STAR Preliminary

T/T,

Values for the diff.coefficient (left) extracted from models as a function of T/T.and
(right) inferred from comparisonto STAR data

Lattice calculations,although with large uncertainties,are consistent with values
inferred from data
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SUBATECH 10-20%

* This trend will be observablein the e i
centrality dependence of v; 0.15p

U} U}
DO trla ngular ﬂ.OW ENO-O"" Pb+Pb @ 2.76 TeV %0-04’ Pb+Pb @ 2.76 TeV
U\IJN 0.02} U\IJ"’ 0.02} o
o o
SOk = of--- @ m e
* Fluctuations in initial conditions and R — .
interactions with the medium could | * i | . o
lead to a finite DO v; o 004
16 2‘0 36 46 56 16 2‘0 Sb 46 56
. Centrality (%) Centrality (%)
« Models suggest that a QGP with o o
higher t ture/ | l v, /€, for different centralities in Pb+Pb @
igher temperature/ larger volume 276 TeV
will transfer more bulk flow to heavy 0,05
quarks. B S
- ® DOEPO0-80% 1
0.2j ]

 First measurement of D° vs current
data uncertainties too large for any
firm conclusions

Theory:PRC91(2015) 014904 & private comm. - STAR Preliminary
_OT) 1 2 3 4 5 6
pT(GeV/c)
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Outlook A0

S Runie 10<p <120

- 57.3M 0-80% Events .

. — <~ 4 Run14 Reproducti S/{S+B =13 I

- Improved HFT tracking efficiency after °‘§ 4r 2;_';,\,, 0_332,0 ;:e':{; Coun:s=1324 +1021
disqovering and fi)ging a decoder issue in PXL 2 - Projected Run14 S/{S+B =220 S/{S+B =33
offline reconstruction o 3F Counts = 2387 + 82—

- C Scaled S/{S+B =56 ]

3 R ]

- Factor 2-4 improvement in DOsignificance 2 2F STAR Preliminary
expected with reprocessed data § 8 .
O ]

1le,

« Preliminary results are consistent with the i i
results obtained with the available re-processed W R B DA I WA B b/t b

samp[e 1.7 1.75 18 185 1.9 1.95 22 205 2.1
Invariant Mass m,_(GeV/c®)

© Run 14 o ) System Events(MB)
+ Re-processed full statistics available soon
Run 14:
« Run 16: A %
+
« Full aluminum cables for inner layer of PXL UTAY :
- Factor 2 -3 further improvement for D° Run 15:
significance @ 1 GeV -> centrality D+p 1B
dependence for v,
p+Au 0.6B
Run 16:
Au+Au ~2.0B
d+Au ~0.3B
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Summary

0.3 - 40 40
B e B B B L = i _ _ ]
EAu+Au 200GeV, 0-80% Non-flow est. 7 N i u Latt!ce QCD: Bfaner]ee etal. J_>|
025 e D° - X O Lattice QCD: Ding et al. pQCD_\_—Q ______ =
[ — TAMU ] O 30 [ ® susaTecH e [ = ;30
0.2F — SUBATECH - L woamu T -
- — Duke B - -\—_N\aﬂl\x F_pot. (:"B
0.15 [ - [ o ]
= 20 - 20
0.1 [ G
- 5 % ‘
0.05 - E 10 B A% U-p0- | F 110
of S \[— [ i B
£ STAR Preliminary ] [ F ]
o o T A N A B 0 | | 0
0 1 2 3 4 5 6 7 0.5 1 1.5 o
Transverse Momentum P, (GeV/c) T/T, STAR Preliminary

DO v, is finite for pt > 2.0 GeV/c and lower than that of light quarks for 1< pr< 4.0
GeV/c

First implementation of MAPS based vertex detector in a collider experiment
Data favor model scenario where charm quarks flow

DO v, and Ras can be described simultaneously by models with values of 2xTxD
between 2 and ~11

Looking forward to improved significance from 2014 and statistics from year 2016
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Thank you!

Michael Lomnitz, SOM2016

22



Back ups
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Xmin
2

X

min

Diffusion Coefficient from DUKE

- STAR Preliminary
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Comparison to ALICE

0.35
0.3
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-0.05

® D°STAR 0-80% STAR Preliminary

Vv ALICE 0-10%
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