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Charm quarks seem to acquire the same flow as light quarks!
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Introduction

Large collective flow and modification of yields for charm hadrons in A+A
collisions!!!

Understand heavy quark production, transport and hadronization in the

presence of QGP
0 0.5 5 10
II II II ’I> . 2
T [fm/c] - Hadronization
N, Ds
* In medium energy loss
* initial cond. DO
(shadowing, < ¢c-quark diffusion : g :
Cronin), in QGP liquid  * c-quark - Medium modifications to
pre-equil. fields hadronization °D-meson .
diffusion in yields
hadron liquid D* +/-

« Total charm cross-section

New extensive measurements
ﬁ

by STAR! - Mass dependence of energy

loss
B (from non-prompt DO)
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The STAR Detector

- 2 layers of Si pixels
Time Projection Chamber Time Of Flight _
with MAPS and 2

layers of Si strips
 Full azimuthal
coverage

Phys. Rev. Lett. 118 (2017) 212301

Total Momentum p (GeV/c)

STAR Heavy Flavor Tracker (HFT) provides excellent vertex resolution and
allows reconstruction of charm hadron decays
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/\c and Heavy Flavor Hadronization

_ _ STAR: QM17
- Strong enhancement of Ac/DP ratio seen in w T T T T T
Au+Au collisions by STAR o
- Enhancement predicted from coalescence R (D*+D") |
hadronization c | .- Ko diquark ';
8 11 0-5%‘)”_“”..'_.":f,~ 10-60% -
- An enhancement relative to PYTHIA also seen g " Kot three-quark
in p+p and p+Pb collisions at LHC c
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og) L in A+A collisions?
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Boosted Decision Trees (BDT) for /\¢; Signal Extraction

- Simple cuts on variables have limitations on signa

- Supervised learning algorithms can do better!

- Boosted Decision Trees: successive binary
cuts on attributes

- Good performance for classification
problems

« 7 topological variables as input

- For training: signal from MC (with detector
effects), background from data
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Boosted Decision Trees (BDT) for /\c Signal Extraction

- Simple cuts on variables have limitations on signal-background separation
- Supervised learning algorithms can do better!

QM18

160 — AutAu @ 200GeV
C 10-60%

— 140

‘o STAR Preliminary
S 120

2 [ 2014+2016
o

= 80

| i 1 i ! i 1 i I I I I I I E I I I |

3.0<pT<6.0 GeV/c
~- pK7* + pK'
—— wrong-sign

#(A,) = 233+ 22
Significance = 10.8

2.1 2.2

2.4 2.5

M., (GeV/c?)

Counts/(10 MeV/c?)

QM17
1201~ Au+Au @ 200GeV 3.0<p.<6.0 GeV/c
- 10-60% —- pK7* + pK'nT
100 - 2014 A — wrong-sign
80 !
. + * #(A;) =108 £ 21
S Q. “ Significance = 5.1
oy U0
60 II il ,._IF
My ..,l
B II‘ -y
40 T 2 "!r‘ TSN
" - n o
STAR Preliminary + +
20 B | L I | I L L L | L i A i
2.1 2.2 2.3 2.4 2.5
2
Mok, (GeV/c?)

« More than 50% improvement in signal significance with TMVA BDT.
- Also new data from 2016 —> Effectively 4x more data compared to QM17

Sooraj Radhakrishnan
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ot Dependence of /\¢/D° Ratio

OD | = Ko: three quark (0-5%)

ot | =:Ko:di-quark, (0-5%)

e =+ Greco (0-20%)

=, PYTHIA STAR Preliminary
1 O -
pt Au+Au, sy, = 200 GeV
< | 10-80% _

e RS |  Ko: Phys.Rev.C 79 (2009) 044905
~ Greco: Eur.Phys.J.C (2018) 78:348
- N~ 1  SHM: Phys.Rev.C 79 (2009) 044905

25 3.5 5 8
P, (GeV/c]
 Strong enhancement of /\c production compared to PYTHIA calculations
- Enhancement increases towards low pr
- Coalescence model predictions are closer to data, but the observed
enhancement is larger than that predicted by models, particularly at higher pr
- Ratio not described by Statistical Hadronization Models
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Centrality Dependence of /\c Production

o Au+Au, \/SNN =200 GeV, 3 < p, < 6 GeV/c

& ALICE, p+p, 's=7 TeV, 3 < p, <4 GeVic

i + 1 ALICE: arXiv:1712.09581
i STAR Preliminary i

O | 1 | 1 1 | 1 1 1 | 1 1 | I | 1

0 100 200 N300

part

* First measurement of centrality dependence of A: production in heavy-ion
collisions

* N\¢/DOratio increases from peripheral to central, indicative of hot medium
effects

- Ratio for peripheral Au+Au consistent with p+p values at 7 TeV
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« Ds/D0 enhancement expected in central A+A collisions, from strangeness
enhancement and coalescence hadronization

O 1 L | L LI | I L L I I | 1 | I | I I L I L
Q | —e-010% Au+Au @ 200 GeV
o - D I - _ANO° .. .
> 1oL D (p+p) x N_y; - 0-10% - 10-40% 08l 10-40% STAR Preliminary b
% D, (Au+Au) @ 0-10% e 10-40% | — ee/ppl/ep average i
O /Sy = 200 GeV -~ [l PYTHIA(ver. 6.4) I
s 0.6 — I TAMU(b=7.24fm) 1 -
210°F i :
-cl_ @‘ = q ~ =
ol . i ® -
3107*F 0.4} — = + —
Z = : . * o —
g, 10t STAR Preliminary N
Z 2. i i
S | = 0.2 —
qo6leee Lo bl i |
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Ds yield (relative to D) is enhanced in A+A collisions
Enhancement is larger than model predictions, particularly at higher pr
Ratio close to SHM predictions

ep/pp/ep avg: M Lisovyi, et. al. EPJ C 76, 397 (2016)
TAMU: H. Min et al. PRL 110, 112301 (2013)
SHM: A. Andronic et al., PLB 571 (2003) 36
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DO Spectra and Raa

- Updated results from STAR for DO extending to low prand non-central collisions

15 |- Au+Au @ 200 GeV  STAR Preliminary - Mistake found in efficiency correction for
N ® O 2014 .
Y e | 2010/11 TPC analysis
B M .
S :t:: - O 201011 - Affected low pt values mainly
05 [ in SR 808 97 o @wx| - Will publish erratum
s )
2:: L& ; _ (b) 10-40% } 2:|STARIAU+AUI—) Do-li-X@l200 GIeV Cehtral 0:10%__
T ”5 ----- e | o Old i
0.5 |- ”iv&ug- Ei s o o . 15 Re-analyzed 20T0/TT -
9,0 = Q C T -
15 F — ﬁ | :_ ____________ ME _______________________________________________________________________ :
— — T ™ (c) 40-80% 1— + M t
| S S A PR z
05 | :_,' o T T - s 0.5- 1 1L % $ -
2= e i
0 2 4 6 8 oL - . | | | |
P, (GeVic) 0 2 4 6 8
» Raa in central events < 1 at all pr p; (GeVic)
) Suptpr?tssmn athigh princreases with .| pa_analyzed results are consistent
centrality with HFT measurements.

See: Poster #81 (Xie, Guannan)
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DO Cross-section and BW Fits to Spectra
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- Total D9 cross-section is nearly independent of centrality, and smaller than in

T (GeV)
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‘.PJIJ<QP 0-1 %
°
® CC“Q*
70-809,
0-59

Au+Au @ 200 GeV

p+p. However, decreases towards central collisions for ptr > 4 GeV/c

- Blast Wave fits to DO spectra:

- BW fits to pt < 5 GeV/c. Both standard and Tsallis BW fits tried

Sooraj Radhakrishnan
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D” Production in Au+Au Collisions

* Measure D™*/DO ratio
- D™+ feed-down contribution to DOyields (D** —» D°ng, ., )
» Hot medium effects:
« Shorter life time in medium (?). Lifetime in vacuum is ~2000 fm/c,

but spectral functions predicted to broaden in medium (R.Rapp et.al
Phys. Rev. C (2018)97, 034918 )

- Rescattering can lead to loss of yield which was already seen for K
(STAR, Phys. Rev. C (2011)84, 034909)

hadronization Chemical Thermal
begins > freeze-out freeze-out
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D” Production in Au+Au Collisions

Q : - :g E +' I I T j T T
£ 1ab Au+Au @ 200GeV STAR Preliminary 1 ZSo9fF D /D" (2 <p_<10 GeVic) K*/K (p, >0 GeV/c)
L E —e— 0-10% : E —¢— AutAu @ 200 GeV —— AutAu @ 624 GeV
1.2 F —#%— ALICE,0-10% Pb+Pb @ 5.02TeV - 0.8 PYTHIAS (STAR-HF Tune) —#— CutCu @ 62.4 GeV "
—+— PYTHIAS (STAR-HF Tune) ] 0.7 & I é“:‘éugzgg gez E
1F - ] 3 utCu vV 3
X . 0.6 : Phys. Rev. C (2011)84.3: 034909 -
0.8 4 05 3
0.6 :_ | | — h | | i 0.4 z—; + —z
: : 1 o3ff 5§ 4 . H :
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- D™*/DPO ratio consistent with PYTHIA and with ALICE data at higher pr.
- Ratio of the integrated yields shows no strong centrality dependence.

See: Poster #87 (Ji, Yuanjing)
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Total Charm Cross-section

* Total charm cross-section is estimated from the various charm hadron

measurements

- DOyields are measured
down to zero pr

- For D+~ and Ds, Levy
(power law) fits to
measured spectra are
used for extrapolation
(systematics).

 For /\;, three model fits
to data are used and
differences are
iIncluded in systematics

Charm Hadron

Cross Section do/dy (ub)

Au+Au 200 GeV D*
(10-40%) -
A+

Total

p+p 200 GeV Total

41+1+5
18+ 1+3
15+1+£5
78 + 13 + 28*
15213 29

130 £ 30 = 26

* derived using A’/D’ratio in 10-80%

» Total charm cross-section is consistent with p+p value within uncertainties.

Sooraj Radhakrishnan
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Non-prompt DO

- Charm quarks interact strongly with the medium. How about bottom?
- Is there mass hierarchy for energy loss? Is AE. > AE, ?

< IIII|IIIIIIIIIllIII|IIII|IIII]IIII|IIII| IIIIII

&~ | AutAu |5y =200 GeV STAR Pr;eltmmary ]
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Illll_

1
[ O 1
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L O 1
L O 1
L O 1
1
7@

|55}
0.2 _==FONLL B—D" uncertainty #
| | I 1111 l | | [ 1111 I 1111 I 1111 l 11 | I 111 I 1 1

1 1 llll
1 2 3 4 5 6 7 8 9
Transverse Momentum (GeV/c)

* Raa of B mesons estimated from the
measured non-prompt DO fraction

* Need better statistics and improved
precision to understand mass
dependence of energy loss.
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Non-prompt DO

- Charm quarks interact strongly with the medium. How about bottom?
- Is there mass hierarchy for energy loss? Is AE. > AE, ?

* Improved signal significance for non-

T ety prompt DO fraction using BDT
oten o R0G ® 50’ wanrroNLL) » New results with 2014+2016 data on
inclusive D
o | the way

_ + E 2014 AutAu @ 200GeV @ data: Sideband

e i 20 0-50% ® data: Fit B

B _ - O - 1 <°O 2<pr<3GewC A data: Count =

"~ O0Jo0 o =7 n . & — Fit .

B Qu ., &= O | % — prompt D° 7

L s ? o > 10° — D’ from B decay =

QF '—' B | © STAR Preliminary ;

0.2 == FONLL B—>D" uncertainty i # ] 10 X fndf = 13.8/1] =

T T Y T T T ITITI IT? NI Dg_dmy/Dﬁm=0.039i0.0lO =

1 2 3 4 5 6 7 8 9 ]

T M 4 -

ransverse Momentum (GeV/c) 10 ! + * =

- Raa of B mesons estimated from the 10 2

measured non-prompt DO fraction & 2p S

- Need better statistics and improved 2 +—t + + F

precision to understand mass 2 0.5 £

o -

dependence of energy loss. ] 1) B (L /S— 1 1 a1

D’ DCA (cm)
See: Poster #541 (Chen, Xiaolong)
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- Extensive measurements of charm hadron yields in heavy-ion collisions by
STAR
- Combined 2014+2016 data
 Improved significance from supervised machine-learning algorithms

 Strong modification of charm hadron spectra and hadrochemistry in A+A
collisions!
« Total charm cross-section consistent with p+p within systematic uncertainties.
» Strong enhancement seen for A/DO ratio ratio in Au+Au. Suggests
coalescence hadronization of deconfined charm quarks in the medium
 Strong suppression of DOyields at higher pt in most central collisions

* Non-prompt DO Raa study has been performed, need better precision
measurements to understand mass dependence of energy loss
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Back Up
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1 g%_ STAR preliminary ® D' 2016
1 :63_ AutAu | s, = 200 GeV O D°2014
1 4F Centrality 0-10% Bl D 2016 Glob. Sys.
< 1 2;_ Glob. p+p uncert.
' 0 g— ““““““““ e I
062— - ] & ?[-] ; ;_ ;- p+p uncert.
0.42—[:]DFI'I“ "--[.jé_[_lé i -
0.2; | I I I I | I B I I I:':':I
® 12374 5 6 7 8
p_ (GeV/c)

« Similar suppression for D% and D+-
« Spectra measurements important for total charm cross-section

See: Poster #84 (Vanek, Jan)
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Erratum detaills

Erratum: D® in AuAu (2010/2011 TPC Analysis) - |
PRL 113 (2014) 142301

1. Two mistakes were discovered in calculating TOF related efficiency corrections
- Hybrid PID: algorithm inconsistently implemented in data analysis vs efficiency calculation

- a transverse distance of closest approach cut efficiency was included in the correction
two times

2. p+p measurement: no issue (D° at p,<2 GeV/c + D* at 2-6 GeV/c, PRD 86 (2012) 072012), but the p+p D°
baseline used for R, is updated with latest knowledge of charm frag. ratios
- considering the pr dependence of D*/D° frag. ratio
- latest world average of ¢ —> D° and ¢ —> D* frag. ratios

% ol T T 1 l 1 T T I T T I T T T I T T 1 &:‘\ I T I T [ T I T l T ]
= 1 © [ p+p200Gev O D°/0.565
L i i % O D*/0.224
\%08_— M o E N ® D°/0.61 -
e - i 3 gz T ®m D*/0.24/FR B
Ll i i - S W TR Levy fit .
0.6 ' -.,..-" o ~ | —— power-law fit N
i ‘Q"... ] -c*_ B -
[&® o 7 (o)
‘ 0.4 — o 10% —
i TOF Matching i o - New do_/dy (ub): 8
' i . S — Power-law: 155+ 43 —
0.2 TOF Matching + DCA - N [ Foweraw -
‘ : XY i o= Levy: 130+ 31 na
_ i % 10° —
e St I R R R U S B
0 2 4 6 8 10 - 0 1 2 3 4 5 6
P, GeV/c P, (GeV/c)
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Total charm cross-section: procedure

T

(\'l T T T T I T T T =
0} AuAu 200 GeV, 10-40% -
> -1 L ,
é 10 < N D" cross section (1b)
= ) 'l::t: Fit: 41.7 + 0.5(stat.)  4.6(sys.)
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o " | e | Levy
C107 £ N Power-law E
= K,
g .
5107* = x E
Z .
= =
NZ 1 0—5 L - '..“‘x ]
=} LY
10° £ E

1077 ; STAR Preliminary

| T R

0o 2 4

8
P, (GeV/

10

c)

T

ey

d*N/(N_dp. dy) (GeV/c)™?

T T ' T T ]
L AuAu 200 GeV, 10-40% ]
1 ()‘1 T : D! cross section (ub) .
. <, Count: 14.5 + 1.0(stat.) + 4.5(sys.)
1072 _:.'-_ =2 Levy
‘ ------- Power-law
—
10° & 1Y N
107 - : oo E
- STAR Preliminary N,
1 0_5 = Sys. Error ﬁrom cxtrapolzluion: 3.7 Tf

0 2 4

- Extracted for 10-40% centrality.
- Yields for D+ and /\; are scaled to 10-40% centrality using measured ratio to

DO,

 Uncertainty evaluation and propagation:
* In the prt range with data points:
* point by point statistical error propagated
* point by point systematic error propagated
- In the pt range without data points
- uncertainties from fit to points with statistical + systematic error
- extrapolation uncertainty from variation of fit function
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BDT vs Rectangular Cuts Comparison

- Simple cuts on variables have limitations on signal-background separation
- Supervised learning algorithms can do better!

BDT (QM18)
140
- AutAu @ 200GeV 3.O<pT<6.O GeV/c
_ 1201 10-60% KT + PK'T
N§ 100 :_ STAR Preliminary — wrong-sign
D N
2 [ 2014 #(A) = 123+ 16
o B Significance = 7.6
3 60 -
< N
o 40F |
@) N
+ T ; 5 e S
2.1 2.2 2.3 2.4
2
M,y (GeV/c?)

2.5

Counts/(10 MeV/c?)

Rectangular Cuts (QM17)

1201~ Au+Au @ 200GeV 3.0<p.<6.0 GeV/c
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100 - 2014 A — wrong-sign
80
. + * #(A;) =108 £ 21
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60 II il ,._IF
My ..,l
B II‘ -y
40 :" a '.!r‘ ] ..'lillt
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20 B | ] ] | ] ] L ] | ) .
2.1 2.2 2.3 2.4 2.5
2
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« More than 50% improvement in signal significance with TMVA BDT.
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BW fits to DO spectra

C\T\
> —
o Au+Au |s,, =200 GeV
S~
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>
o
|_
Q
©
Q_}_
& 1074
> g.) 0-100/‘; (/1)
s - O 10-20% (/2)
I ® 20-40% (/4)
6|
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— Blast-Wave Fit
— ® 60-80% (/16)
N — Tsallis Blast-Wave Fit
1 0_8 — | | | | | | | | ] | | | | I
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» Fit values shown were from BW fits
- TBW gives lower temperatures for all particles, but similar radial flow
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Raa of B through different channels
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RAA
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* The decay kinematics need to be unfolded for a fair comparison among
different channels.
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