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]
Outline

o STAR detector

o Heavy quarks

[

Heavy-flavor electrons

@ Recent results:

o Inclusive e* from open HF hadron decays in p+p @ 200 GeV Phys. Rev. D 105, 032007 (2022)
et from open HF hadron decays in Au+Au @ 200 GeV JHEP 06, 176 (2023)

Elliptic flow of HFE in Au+Au @ 27 & 54.4 GeV Phys. Lett. B 844, 138071 (2023)

Mass ordering of ¢ and b quark energy loss Eur. Phys. J. C 82, 1150 (2022)

D% Raa in isobar collisions @ 200 GeV

DO-hadron femtoscopic correlations in Au+Au @ 200 GeV

DY-jet fragmentation function and radial profile in Au+Au @ 200 GeV

DO-jet angularity modification in central Au+Au @ 200 GeV

© © 6 6 ©¢ ¢ o

o STAR Heavy Flavor program for Runs 23-25

o Summary
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The Solenoidal Tracker At RHIC (STAR)

Credit: https://nsww.org/

Time Projection Chamber (TPC)
o Tracking and PID (dE/dz, p)

BEMC o Acceptance |n| < 1
o Barrel Electromagnetic Calorimeter (BEMC)
HFT o High pt electron identification and triggering
o Acceptance |n| < 1
VPD o Time-of-Flight Detector (TOF)
—> o PID (1/8)

o Acceptance || < 1
@ Beam-Beam Counter (BBC)

o Minimum bias trigger
BBC o Acceptance 3.4 < |n] < 5

Vertex Position Detector (VPD)

o Minimum bias trigger
o Acceptance 4.21 < |n| < 5.1

o Heavy Flavor Tracker (HFT)

o Topological reconstruction of heavy-flavor hadrons
o Acceptance |n| < 1
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Heavy quarks (c and b) as probes of QGP

o Heavy quarks: mqg > Aqcp, mq > Tqep
@ Dominantly produced in initial hard scatterings — Ideal probes of QGP
o Participate in the whole medium evolution

o Production cross-sections can be calculated in perturbative QCD
Heavy-flavor (HF) 0 05 5 10
L yi

Vi
@ Open heavy-flavor - carry 7 T [fm/c] !

one c or b quark

N

o Quarkonia - c€ or bb

Heavy quark diffusion Energy loss

@ Nuclear modification factor
(Raa, Rcp)
o Mass ordering

o Thermalization, diffusion

o Elliptic flow (v2)

Ondfej Lomicky (STAR) 12th June 2024 4/21



|
Heavy-Flavor Electrons (HFE)

o Electrons from semi-leptonic decays of heavy-flavor hadrons ° 1 V\"
o A pr-dependent mixture of electrons from both D and B hadron decays DO
o HFE branching ratio (BR) > hadronic decays of open HF hadrons BR

o D% - K= 4+ 7t; BR = (3.93 £ 0.04) %
o D% — et + anything; BR = (6.49 4+ 0.11) %

o Widely used to study heavy quark production
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Inclusive e* from open HF hadron decays in p+p @ 200 GeV

—~107° T T T T T T T 1

B @S pip 757300 Gev ! o Good agreement among the different
£ 10 —e- STAR 2012 NPE, o ly<0.7 STAR and PHENIX results

L 10 —a— PHENIX PRL97 NPE, o yye:¥1<0.353

—¥- STAR PRD83 NPE, , yypoe:|YI<0.5
—— Power-law fit

o Precision improved at pt > 6 GeV/c
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STAR: Phys. Rev. D 105, 032007 (2022)
STAR: Phys. Rev. D 83, 052006 (2011)
PHENIX: Phys. Rev. Lett. 97, 252002 (2006)
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Inclusive e* from open HF hadron decays in p+p @ 200 GeV

10 ey 107 e . — ;
ST SR pap 52300 Gev 1 % e Stan pp V5 = 200 Gev o Good agreement among the different
510 o STAR 2012 NPE,  yyoely|<0.7 S 10 ~eo- STAR 2012 HFE |y|<0.7 § STAR and PHENIX results
81075 —&— PHENIX PRL97 NPE, | yye:lY1<0.354 8 10 —igm&(uuperlimit) E . .
gws jgx:‘rmﬁaN"Ewawmos-lyl<°-5 12, FONLL (lower limit) o Precision improved at pt > 6 GeV/c
;;10’7' 1 %ok 1 o Consistency with the upper limit of the
%10? 3 %10_5,7 3 FONLL uncertainty
Ewi F Global uncertainty: 8% 3 mE o
100 F b b pre e 1025’ preeepreerprppebeoeq] | @ Further constraints on theoretical

= 15F 1 o 2sf 3 .
s § i i = 2;(b) § ) ; 3 calculations
P candem g k. 0. 8. Bl O P8 l® 8 8 .
§ ﬂﬂﬂ i 1 igﬂﬁ H @ T 15t Lare. o Precise reference for Raa

08k il S e J— - — measurements for heavy-flavor

3 4 5 6 7 8 9 10 ST T s e T e e o d
ecayed electrons
p (GeVic) p. (GeVie) Y

STAR: Phys. Rev. D 105, 032007 (2022) dc 11 Nnpe d’o

STAR: Phys. Rev. D 83, 052006 (2011) dod ~ 2L 2o ApAu dp3

PHENIX: Phys. Rev. Lett. 97, 252002 (2006) P pTopTAY P” / LvMDE or HDE
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|
e* from open HF hadron decays in Au+Au @ 200 GeV

= DUKE
== PHSD

L4 AusAu (5= 200 GeV  0-10%

12E —e— STAR (this analysis) ~ 0-5% (STAR PRL106)

—8— PHENIX PRC83
—fe— STAR PRL106

208 -
& 06 N y E
- - b 3
04 S MK 4 E
02 X = — 4
0 AUTUTUEUUTTUUUTT, - SUUS A T
14 40-80% e

12BN~ ™ -60%(PHENIXPR083*E

S08 o = s
¥ o
& 06 o g TEY :
0.4 r = E
P4 L E
0.2 X E
1 SSOSoTUSOTUOOTIUOITIS VOO OO
2 3 5 6. 1 9 10
P, (GeV/c)

1 dNZ, /dprdy

R = —
M T New * dNZ,/dprdy

@ Suppression by factor of 2 in central
collisions within 3.5 < pt < 8 GeV/c

o Significant energy loss of heavy
quarks in QGP

STAR: JHEP 06, 176 (2023)

PHENIX: Phys. Rev. C 84, 044905 (2011)
STAR: Phys. Rev. Lett. 98, 192301 (2007)
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|
+ from open HF hadron decays in Au+Au @ 200 GeV

== DUKE
== PHSD
L4 AutAu s =200 GeV  0-10% R 1 dNZa/dprdy 2 SRR RN ARER RS
12 =—@— STAR (this analysis) 0-5% (STAR PRL106) AA — — —_— E ]
Lo PexpRcas | e, Neon ~ dNE,/dprdy 18 STAR Au+AU Sy = 200 GeV 3
! ~fe— STAR PRL106 16 Duke —e— STARforp >5GeV/c 3
Z08 ©OF  —PHSD —B—PHENIX!orp >4GeV/e ;
& 06 - ; " - ; E 1‘45_ Ilppuncenamty E
04F S MY 4 4 o Suppression by factor of 2 in central 12;‘ i
» Ly E 1E
03 ¥ n =5 1 collisions within 3.5 < pt < 8 GeV/c o sk N uncer
1.4 4080% § o Significant energy loss of heav 06F
g gy y
12BN A . -60% (PHENIX PRC83)JH . 04F
R U, JRR ooy i quarks in QGP 02f E
< - £ . . E 1 1 1 1 1 1 3
o 8'2 oL T 1o A hint of HFE Raa decreasing from % {50 100 159, 200250 3001 350
04 T+ "': = 4 peripheral to central collisions part
0.2 - E . heral tral
o o= 8 T o Stronger parton energy loss in central peripher cenre
2 3 4 5 6 7 8 9 10 isi
», Gevic) collisions
STAR: JHEP 06, 176 (2023) o Consistency with PHENIX results
PHENIX: Phys. Rev. C 84, 044905 (2011) Y L
STAR: Phys. Rev. Lett. 98, 102301 (2007) o Qualitative description of data by Duke and

PHSD models
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Elliptic flow of HFE in Au+Au @ 27 & 54.4 GeV

=' 02—~ ¢ 200GeV |yl<0.7 Au+Au Collisions |
w
w ® 54.4GeV |y|<0.8 0-60% dN
o T m 27GeV|y<0.8 7 Py ox1+2 Z v, cos[n(¢ — Pn)]
non-flow E ¢
o1 o S
M IS (L]
r o - 1 o 54.4 GeV - significant vy of e"f
- - = o Strong interaction of ¢ quarks with QGP
o Hints of close to thermal equilibrium with the
L i medium
01l (@) . _| @ 27 GeV - v is consistent with 0 within
) | . L L L uncertainties
0 0.5 1 1.5 G V? o Hints of deviation of ¢ quarks from local thermal
pT (GeVrc) equilibrium?

STAR (27 & 54.4 GeV): Phys. Lett. B 844, 138071 (2023)
STAR (200 GeV): Phys. Rev. C 95, 034907 (2017)
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Elliptic flow of HFE in Au+Au @ 27 & 54.4 GeV

i

;Nm 51— STAR ALICE
S 4L ‘ + @ Indication of vy of heavier particles drops faster
‘3 L ' with decreasing collision energy
Soos I
w . / ke
ok oo Mass hierarchy
i ] ¢D° @ PHSD model: The QGP volume and the fraction of
-0.051 ¢cF @D (k) energy in the medium to the total collision energy
i Kr ) deposited are smaller at low /snn
-0.1+ <k;>=0.93 GeV/c
E paal Lol Lol L L ‘U’
10 100 1000

Collision Energy (GeV) @ The influence of QGP medium on final-state
particle dynamics is reduced as the collision

energies decrease

STAR: Phys. Lett. B 844, 138071 (2023)
STAR: Phys. Rev. C 95, 034907 (2017)
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Mass ordering of ¢ and b quark energy loss

L4F TARmnAuF 200Gey W evboe E 2
12 :_(a)i 0-80% & PHENIX c+bose 0.92%—] .Rlnd _ 1 % dNaa/dprdy
1Fr : Nen ~ dNZ,/dprdy
;c 08E-%00 3
06 H%0%0 . R be _ RIS
3 ;8% ¥ E’a* g % A * Ran b/ 1E
01;_ 4o =) O ) _; . Rc—)e _ (1 _ b )/(1 _ ) Rlncl
0_ 1 1 1
14 ;—' Duke PHSD *' bose E AA _ . .
. ?{i b0 —boo o E 1y fraction measured in Au+Au
p 0;?41\ E o Compatibility with PHENIX measurement
wsf g $\$ o E o Larger suppression of c-decay e® than b-decay e™
04 e R - S E .
02F LI o 3 @ Improved precision
05 3 ; s 0 o Good agreement with both Duke and PHSD models

P, (GVIo)

STAR: Eur. Phys. J. C 82, 1150 (2022)
PHENIX: Phys. Rev. C 84, 044905 (2011)
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Mass ordering of ¢ and b quark energy loss

3 ;‘(a) STAR AutAu sy =200 GeV 0-80% E
. asE ~ --PHSD --Duke ]
13 F o Null Hyp. ]
1< o T e-al ] R

< F .-l 7 b—c _ AA pp incl
o 1S e b el E Rax = fo "/ fE° X Raa
F f ~d ] c—e AA PP incl
y e ] Ran®=(1—fo")/(1 = f§?) x Raa
2 4 6 10
pT(GeV/C)
b—e c—re
3 T R T = ] RAA > RAA
as s v @ Significant deviation of both Rcp from unity
¥e 3 = Evidence of mass ordering at RHIC
S E
;\a 15 =3 o Good agreement with both Duke and PHSD models
-9
o
0.5 0-20%/40-80% P-HS-D -
0 0-20%/20-40% LT I § %S .

4
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STAR: Eur. Phys. J. C 82, 1150 (2022)
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D% Raa in isobar collisions @ 200 GeV PRELIMINARY

967, 96 197, < |
2oZr 2aRu <= AU
60-80% 0-20%
I L] . L] L] Au+Au
Motivation
@ Moderate size collision system between Au+Au and Cu+Cu 102|60-80% 0-10%
o Good for studying hot nuclear medium effects dependence r- =" oR R R ZnZr&RurRu
on colliding system size F N N . cuscu
40-60% 0-20%
| L L MR |
10 10°

(N2

part
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D% Ran in isobar collisions @ 200 GeV PRELIMINARY

[ STAR Preliminary o
r ® D°in zr+zr and Ru+Ru @ 200 GeV

150 oa0% 4 Au+Au (PRC 99,034908)
L ... Langevin dynamicsin Isobar
[0 oo [] .. -u Langevin dynamicsin AusAu
F LINFML‘JE =156.7+ 1.4/
[ q BH HH H % @ N, [yp, = 3194534
o No obvious centrality dependence for the low pt suppression 4 H ----- B
= Interplay of radial flow, the cold nuclear matter effects, and the . .
charm hadrochemistry T —

o, = 16765 74

@ Suppression in central collisions at pr > 3 GeV/c

> Significant energy loss of ¢ quarks in the bulk QCD medium
= Centrality dependence of the high pt suppression

o Good description by a Langevin model from 3 GeV/c

©

Similar suppression in isobar and Au+Au collisions despite A v
different (Npar) at a given energy

D Ry = 22206
]Np‘m Dons :‘w.sg 60

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

°p, (Gevie)®

7 8
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D%-hadron femtoscopic correlations in Au+Au @ 200 GeV | PRELIMINARY |

o Freeze-out dynamics and final state
interaction of charmed mesons @ @
o Only strong interaction contributes to

DO/BO—hi femtoscopy

o Correlation function

C(k*) = /S(F‘*) Wk, )| d*r

Light meson
o k* - reduced momentum difference of
pair in rest frame
o S(7) - source emission function
o W(k*,7) - pair wave function
o C(k*) measured for D°-K, D%, and > D°
D%-p Area of homogeneity
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DY-K femtoscopic correlations in Au+Au @ 200 GeV PRELIMINARY

o Correlation function

~ 13—

C(E*):/S(Fk)|\II(E*,f‘“)|2d3r* % 1_2§_ STAR preliminary DK _g

115 foma 3

E* - reduced tum diff f 13— =L l—*—f—'i
o - reduced momentum difference o 0.9/

pair in rest frame

o S(7) - source emission function NLO + HMChPT, PRD.108.014020

—R=5fm

o W(k*,#) - pair wave function —R=2fm

IIIIIIIIIIII ||||||

o_
b-&lllllllllllllllllllll

o C(k*) for D'-K 0.75"  Au+Au sy = 200 GeV, 0-80% centrality, |y|<1
= No significant correlations 0.6 p2°>1 GeV/c, P <1 GeV/c
= Consistent with theoretical model | 1; | K | .
predictions (R > 5 fm) 0'50 - 005 - .0.1l - 015 - ‘0.2I - 025 -
k* (GeV/c)

NLO+HMChHhPT: Phys. Rev. D 108, 014020 (2023)
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DO-7 femtoscopic correlations in Au+Au @ 200 GeV PRELIMINARY

o Correlation function

L L s B

= F m!

= - -

- - . (&] = —
CF) = /S(F’*) |\I/(k*,f'*)|2d3r* 1.2E NLOoHMg\:‘T:,:F::.w&OMOZO E
11 . ~R=5fm =

- 1= \L\L‘! 4 F—f—r— 4 : } S

o k™ - reduced momentum difference of - ! i N ' 3
pair in rest frame 0.9 - =

o S(7) - source emission function 085— STAR preliminary 3
° \II(E*,F’*) - pair wave function “E Au+Au sy, = 200 GeV, 0-80%, lyl<1
0 0.7 f oo p,.<1 GeVie 3

o C(k*) for D7 E pP'>1 GeVie E
= No significant correlations 0.6 T —
= Consistent with theoretical model = LA
predictions (R > 5 fm) 059 0.05 0.4 0.15 0.2 0.25 0.3

k* (GeV/c)

NLO+HMChPT: Phys. Rev. D 108, 014020 (2023)
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DY-jet fragmentation function in Au-+Au @ 200 GeV

ﬁT,Jet . ﬁT,DO

Zjet = — =
< | DT et |2

@ zjet related to fragmentation function in DGLAP
equation

o Hard fragmented D°-jet yield suppressed in
central /midcentral events

o Soft fragmented D’-jet yield ratio consistent with 1
in central/midcentral events

o LIDO agrees well with yield in peripheral events,
slightly underpredicts yield in central events

LIDO, Phys. Rev. C 98, 064901

Ondrej Lomicky (STAR)
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1.5

—¥— Data

[ Sys. Unc.

Central (0-10%)

STAR Preliminary
Au+Au |, = 200 GeV
Full Jets, anti-k;, R=0.4,[n | <0

|
4
B3
Lo b o Lo i L L

1P

1<p_,[GeVic]<10

T.Jet

v 5<p_[GeV/c] <20

e
+

MidCentral (10-40%)

0.5

= 2

>
Zget = pT,Jet'pT,D°/pT,Jet
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DO-jet radial profile in Au+Au @ 200 GeV PRELIMINARY\

I —¥— Data

[ Sys. Unc.
| [ T,, Unc.
[ = LIDO (MPI = off) Stat. Unc. Only

-
~

Ar = \/(nJet - 7700)2 + (drer — ¢D0)2

—_
N
T

[ PR AR I

-
el
S

o Ratio of radial profiles consistent with 1 — No hint
of D° radial profile modification at RHIC energies

Central (0-10%)

STAR Preliminary
Au+Au |5 = 200 GeV
Full Jets, anti-k;, R=0.4,n | <0.6.

-
~

Ratio(/40-80%)
%
T | LI

o LIDO qualitatively explains radial profile trends,
along with ratio of radial profile for central and

peripheral events 1.2 1<p,_[Gevic] <10 ]
5<p, [GeVic]<20 i
) | . 5
““““““““  — c— T
r 1 [ ¥ E
[ MidCentral (10-40%) m
LIDO, Phys. Rev. C 98, 064901 0 0.05 0.1 0.15 0.2
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Outlook: D% jet angularity modification in central Au+Au @ 200 GeV

o D° meson tagged jets (anti-kt, R = 0.4)
i™" particle

Jet

o Generalized angularities

soft/hard collinearity sensitive

K «a
K PT,i ARJet i
Aa — ) )
Z (pT,Jet> ( R )

i€ et

o IRC safe observable for parameters Kk = 1, a > 0.
It is calculable from pQCD

o Study of modification generalized angularities
in HI collisions
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Outlook: D% jet angularity modification in central Au+Au @ 200 GeV

o D° meson tagged jets (anti-k-r, R = 0.4) ‘ALICE, PoS (HardProbes2023) 140
-t . Sl3 F ovagedkels | AUGE Smuaion ]
| pa rt | C | e B 7} = quark-initiated jet PYTHIA 8 Monash 2013 {
'_l'aﬁ [ —gluon-initiatedjet  pp, {5 = 5.02 TeV El
charged jets, anti-k;, R=0.4 |
Jet C 10 = i <20 GeVie, | | <057
5:’ 5= p” <20 Gevic, ly | 208 E
) ) Y : PR L 5 53 Gevie E
o Higher a = higher sensitivity F ]
.. 3F =
to Casimir color effects E E
o Generalized angularities o 2O e e 3
'c|-'§ F| —Dtagged jets ALICE Simulation ] 3
-3 18; — quark-initiated jet  PYTHIA 8 Monash 2013 E E
soft/hard  collinearity sensitive |° 16| —gluon-initiated jet  pp, {5 =5.02 Tev Al L L d
e N 1af charged jets, anti-k;, R=04 .1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
. K . @ Fy 10 = p*** <20 GeVic, | \50.57: =1
)\Z — § VAR ARJE‘?J 12 5= p¥ <20 GeVic, yD(\s‘OS 4 o Lower a =
R E pleOna 4 533 GeVle E . e
o \PTet 108 o 1 higher sensitivity
8; |
F ] to mass effects
6~ E
o IRC safe observable for parameters k =1, a > 0. | E
It is calculable from pQCD oF 3

=)

o Study of modification generalized angularities 0.02°0.04 .06 0.08 0.1 012 0.14 0.16 0.18 0.2
in HI collisions Aass
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Outlook: D% jet angularity modification in central Au+Au @ 200 GeV

o D° meson tagged jets (anti-kt, R = 0.4)

2 |-, 10°F -
. . Els E Raw data STAR runi4, Au-Au, \s,, = 200 GeV
it particle 21D F . 010 N w
104 o inclusive D-jets, 1 <p_  [GeV/c] <10
E —=—10-40% - ) o
Jet . i e 40-80% « T, antik,R=04 mie|| <1-R
10 = o+ T -,
WAL = - e T,
10 E - -~ - .
F o + e =
et o1 - ;
o Generalized angularities BT T L+t 4T
1 ul
soft/hard collinearity sensitive 10 F
—N— —— E
K [e3 E
. AR . E 1 1 1
)\Z — z : PT,i Jet,i 5 0 5 10 k1
jege \PToet R 1 1 41 1 41 .D 3 !
0 Ag.5, Al ALs, A2, Az, D7 (1/AF)
0 0< M <1

o IRC safe observable for parameters Kk = 1, a > 0.

It is calculable from pQCD o Unphysical results caused by background subtraction

— 2D unfolding based on Pythia simulation

f .f. - I' l 111
o Study of modification generalized angularities needed

in HI collisions
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STAR Heavy Flavor program for Runs 23-25

o Detector upgrades:
o EPD: Event Plane Detector (2018)
o iTPC: inner Time Projection Chamber (2019)
o eTOF: endcap Time-Of-Flight (2019)
o FTS: Forward Tracking System (2022)
o FCS: Forward Calorimeter System (2022)

o Proposed Run-23 - Run-25:

l Vsnn [GeV] [ Species [ Sampled Luminosity [ Year
AuAu 32.7 nb~ !
200 Au+Au & p+Au pAu 0.6 pb—! 202342025
200 p+p 142 pb~ T 2024

o Potential enhancement at high pt for the STAR results:
‘ STAR Until 2015 . STAR Today STAR 2023+2025 LHC Published

blc —» e [ EEEEE

1 2 3456 10 20 30
pT[GeV/c]
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Summary W
s

HFE in p+p: DC-hadron femtoscopic correlations:

o Precision improvement at pr > 6 GeV/c o No significant correlations for D-K, D-m, and D-p pairs

o Precise reference for Raa measurements o Consistent with theoretical model predictions (R > 5 fm)
HFE in Au+Au: D° Raa in isobar collisions:

o Significant energy loss of HQ in QGP @ Suppression in central collisions at pr > 3 GeV/c

o Improvement of precision for pr > 6 GeV/c o Similar suppression in isobar and Au+Au collisions

@ Mass ordering of c and b quark energy loss D°-jet fragmentation function and radial profile:
Elliptic flow: o Hard fragmented D°-jet yield suppressed in

central /midcentral events

o 54.4 GeV: significant vy of eMF
o No hint of D radial profile modification at RHIC energies

o 27 GeV: vy consistent with 0

Outlook:
D°-jet generalized angularities:
o Study of modification generalized angularities in HI collisions

High statistics p+p and Au+Au datasets from years 2023-2025
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