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® Motivation and STAR Experiment

® Energy loss

- Measurements of D° py spectra and Ry, in isobar collisions at v/Syy = 200 at RHIC

® Collectivity (HEV; YD HFRIETERS GeVIA L{ES512E)

- Measurement of D? elliptic flow v, at mid-rapidity in isobar collisions

@ Research plan

® Summary
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® Motivation and STAR Experiment
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Relativistic Heavy lon Collision

Dark Energy
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Afterglow Light
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The early universe

T.~150-180 MeV

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years

@® QGP is the hottest (~101% K), smallest, and the most perfect fluid (0.08~0.2 #/kg) in nature!

- Jets, Heavy flavor energy loss, Flows -
® Hypernuclei(j{H, 4He) binding energies are one of the key ingredients needed to understand

the composition of the neutron stars.

@ Initial electromagnetic field (|§|~1015 T) provide an opportunity to test QED under extreme conditions.
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Open heavy-flavour produciton
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Beam-beam counters
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- . . me > Aqcp, an ideal probe with a ~ 350 um, vertex resolution with more than 1000 tracks, by TPC;
< 1 fm/c, initial partonic hard scattering high probability of penetrating QGP the precise 1/B extends PID power, TOF

Open heavy-flavour production plays a unique role in heavy-ion physics:
@® Production restricted to early collision stages (mainly gluon fusion) and retain a “memory” of their evolution through the QGP

@ Consistent with the theoretical calculation (pQCD in p+p collisions) and partons have energy loss in the medium
- Gluon radiation (dead cone effect; suppressed at 8 < my/Ej)
- Collisional energy loss (Brownian motion)

® Heavy quarks retain their flavour and mass identity; can be “tagged” by the measurement of heavy-flavour hadrons
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® pQCD calculations in p+p collisions, convolution ® Measured down to pr = 0 in central collisions
- the parton distribution functions (PDFs) of the incoming protons © ?gﬁ;‘v‘ae;rgﬁj‘;ia;‘ég:”“ra'”tS to pQCLD calculations and
- the partonic Scatte”ng C'trOSS section ® Represent an essential reference for the study of effects
- the fragmentation function induced by cold and hot strongly-interacting matter
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@ Relative abundances
- fragmentation fractions

- hadronisation scenario (independent on system and energy)

@ Universality of the fragmentation fractions for charm

can not be ruled out in the meson sector.

Baryon/Meson Ratio
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Journal of Physics 1602 (2020) 012031

® A./D° yield ratio is comparable to the baryon-to-meson ratios for light and

strange-flavor hadrons

@® Baryons contribute significantly to the total charm cross section
® Fragmentation fractions of charm quarks are non-universal
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® Measured down to pr = 0 in central collisions
@® A large suppression is observed at low-intermediate
pr, and it is larger for the most central class
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Energy loss mechanisms and Mass ordering
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® Bottom decay electron R44 to be significantly higher than those of

charm-decay electrons
® R,,(gluons,u,d) < Ry4(c) <
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Outline

® Energy loss

- Measurements of D° py spectra and Ry, in isobar collisions at v/Syy = 200 at RHIC
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@ Nuclear modification factor

0 0
dZNADA /dprdy nggldszA /dprdy

R = =
AL T < Tya > d20PP Jdprdy ~ < Ngoy > d20PP /dprdy

d*N d*N

Rep = Ny, dpr dy |cemral / Noin dp7 dy Iperipheral

® Suppression level comparable to that of light hadrons in 0-10%
@ A significant energy loss of charm quarks in isobar collisions?

@® The Ny;,-scale effect of the D° pr spectra between isobar and

Au-Au collisions?

Energy loss in the QGP medium
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D? signal reconstruction / )t
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® The K, Tt invariant mass distribution with centrality 0-80% and pr range 0-8 GeV/c at midrapidity.

® DY signal at 0-10% (a), 10-40% (b), 40-80% (c) centrality bins with
® The mix-event method can well reproduce the combination background (solid red line). transverse momentum range 0-8 GeV/c at midrapidity.
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Efficiency correction procedures

a? N ANTWW /€760 /2

2nprdprdy - 2nprApTAY X Neyents X B.R.

reco __
€p0 = €accept X €Tpc X €pip

€pID = €noy " €TOF * EnG};OF T €noy * (1 — €ror)
* AN : the raw yield measured in the bin AprAy ;
* €accept X Erpc . TPC acceptance and tracking efficiency (embedding);

* €pyp : particle identification efficiency (data, K2, ¢, A%).

@ (a) TPC tracking efficiency for Pion

@ (b) TOF matching efficiency for Pion

@ (c) Pion TPC PID efficiency (black circles)
and TOF PID efficiency (red circles)
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® DYfficiency as a function of D? transverse momentum at different centrality bins.
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Systematic uncertainties

@ Signal extraction @ TPC tracking
> The difference between the fitting and counting methods (1.69, 2.04) GeV/c?: » DCA: 2cm (default);
» The order of polynomial function to depict the residual background (Pol3); > nHitsFit: 20 (default)
> Signal fit range (1.73, 2.00) GeV/c?; @ PID cuts 3%
» pr cut variation for daughter particles; ® BR. 0.5%

» Mix-event like-sign normalization factor . . . .
® p + p inelastic scattering cross section 8%

Systematic uncertainties in D° analysis

0-10% 10-40% 40-80% Correlation in pT
Raw yield 11.3-19.6% 10.0-14.0% 8.3-11.2 % uncorrelated
Double counting  0.7% 0.8% 0.9% uncorrelated
spectra PID 3% 3% 3% Largely correlated
TPC 2-6% 2-6% 2-6% Largely correlated
B.R. 0.5% 0.5% 0.5% global
R <Nbin> 1.6% 0.6% 0.4% global
A4 ppbase 20.6-71.8% 20.6-71.8% 20.6-71.8% partially correlated
0-10% 10-40%
Rcep Raw yield 13.6-20.7% 12.4-16.5 % uncorrelated
(/40-80%) B.R. 0 0 global
TPCO 0 0 Largely correlated
Integrated cross pt>0 pt >4 GeV/c
section Total 12.7-15.8% 12.0-15.2 %
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s d3N d3N d*N

3 = =
dp®> prdprdydd 2nprdprdy

d2 N ANTAW €55 /2 ANfS dPond
2nprdprdy 2prAPTAY X Nepents X BR.  2mprAprAy dp3

@® DY invariant yields at mid-rapidity (Jy|<1)
vs. transverse momentum for different
centrality classes in isobar (solid) and

Au + Au (open) collisions at i/syy = 200 GeV.

® DY integrated corss sections per nucleon-
nucleon collision in isobar.
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® D° R,, for different centrality
classes in i1sobar collisions
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® D° Ry, for 0-10% in isobar
collisions compared to that of
Au + Au results for 10-40%.

@® Due to the large uncertainty of
the D py spectrum inp + p
collisions at v/syy = 200 GeV',
more precise measurements are
needed to determine whether
the D° R, in isobar collisions
agrees with that in Au + Au
collisions at the same centrality

or (Npgart).
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my Spectra and Collectivity

:_ ® D' isobar @ 200 GeV Central
1 ISDbar USNN = 200 Gev 0.8 B 4 K, pinisobar Central
i ¢ mKp
O 0-10% (x 20) 0.7 ® 6. A Z. QD" |Au+Au@ 200 GeV Central system
s . AE Q. . ff
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® 10-40% {>< 5} 0.6 :_ §>’ T 0.176+0.001
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® DY invariant yield at mid—-rapidity (ly|<1) vs. pr for different centrality bins fitted with my distribution.
® T,rr for D° in central isobar collisions is consistent with that of Au + Au results. The red rhombus from left to right
show the fit results of 11, K, and proton in isobar collisions respectively.
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Blast — Wave Fits

1 Isobar \'s,, = 200 GeV Isobar \/s,,, = 200 GeV .
oD
O 0-10% (x 20) 0.3 =rK,p
® 10-40% (x5
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@® DY invariant yield at mid—rapidity(ly|<1) vs. pr for different centrality bins fitted with blast-wave function. _Tsallis blast-wave model fits parameters to D” pr-
® DO freeze out temperature in isobar collisions are consistent with that of in Au + Au collisions for the same centrality. d’ﬁc’gnid]:f(’c“d " (":)()" -
The open red circles from left to right shows the result of fitting 1, K, and proton simultaneously from peripheral to C10% 0.282.0.018 0:070£0.007
. 10-40% 0.207+0.030 0.08040.007
central collisons. 40-80% 0.189+0.031 0.089£0.005

® The average flow velocity increases with central collision, and (g —1) is also found to be close to zero.
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Summary — D° p; spectra and R4

« DY-meson productions are firstly measured at mid-rapidity (Jy| < 1) in 200 GeV isobar collisions

 The number of binary collisions scale effect of DY production cross section between isobar and
Au + Au collisions is observed

* The strong suppression of D° nuclear modification factor R4 is observed for pr > 3 GeV/c in
central isobar collisions, demonstrating that charm quarks suffer significant energy loss in the
QGP. Consistent with that in Au+Au collisions with similar multiplicities.

* No significant systematic dependence of D? kinetic freeze-out properties in central collisions
between isobar and Au + Au collisions within uncertainties is observed.
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Outline

@ Collectivity

- Measurement of D? elliptic flow v, at mid-rapidity in isobar collisions
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Collective flow in heavy-ion collisions

@® Acceleration of collective flow

e(x), p(x), u'' (x)'% reaction plane

APV, P i
ot P Euler equation ( SR luid cg
TN GipV— Spatial gradient of pressure «
/ - inertia of fluid

u'o,uf =

flow acceleration

Pressure gradients drive the hydrodynamic expansion
Anisotropic flow & Anti-flow

@® |n-plane flow (direct flow) and Radial flow

® The tilted initial condition has a smooth tilted pressure gradient that gives a negative-directed flow

® Angle-averaged anisotropic flow
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In-plane flow and Out-of-plane flow profile

3 [ T T T T ! i 10.0 10.0 : 10.0 .
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[ )l 0.0 0.0} 0.0
I -25 25 -2.5}
: -5.0 -5.0} -5.0
1 R i -15 -7:5 -75
E [ =10.0 10710975 10 ~10075——5 0 5 10
— 10.0 10.0
 — 0 i . vl 7'5.r=5.00 fmic
»¢ I 5.0 5.0t
[ 25 2.5}
—1 - -1 0.0 0.0
: 25 —25
I -5.0 -5.0
2 _ ] ~7.5F { -7.5}
I =W -5 0 5 10510015 5 0 5 10
: i 109 2l T=8.00 fm/c
— 3 o - 1.5 7.5 3
M N 1 L M N 1 N L 2 1 N L M 1 N L " 1 N M 0.2806
4 2 0 2 4 5.0 58 0.2533
— — 5 25 0.2281
0.0k 0.0 0.2047
7? PRC 81, 054902 (2010) sl e 0-1433
: 0.1635
ey 5.0 0.1454
0.1288
=1.5¢ =2 01137
. S e . ~10.0 ' s A -10.0 - 10.1000
@ A tilt of the initial source in the x-n oS e s s
plane for direct flow @ Animation for T and flow velocity in 200 GeV AuAu collisions for 20-30%
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Anisotropic flow

Initial spatial eccentricities

(r'"cos ngh)? + (r"sin n¢p)*
K ()2

initial fluctuating geometric deformation can be
decomposed into spatial eccentricities

Average over energy density

¢, ellipticity, e, triangularity, ...
CMS VS, = 5.02 TeV, PbPb 2015 2 STIPHERY, €3 tiahgHianty
= AL AL B L B L = I = L AL NN R AL ELRLELELE B AL ILELELLI
120F ml<1 1 £ 1<mi<2 . ‘
100:_ 0.3<p, <3.0GeV 1 — PF Charged Hadron
- Event centrality: 13.5%-14.0% - —_Total fit .
(o]
©® 80k v,:0.41+ 0.05 C — v, component + N ] dN _ N
c + V,: 0.08 £ 0.05 - _Vz component + NZ ] % =5 1+2 Z v, cos[n(¢d —¥,)]
§ n=1

CMS, JHEP05(2021)284

PF Candidate ¢ (radian)

vy = (cos[2(¢p — ¥)I)

average over azimuthal distribution

v, elliptic flow, v; triangular flow, ...

v, iIs dominant and quantifies the azimuthal anisothropy
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v, of open charm hadrons
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o~ - AT oK 10-40% < 0.3 -
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I *ﬂ. - ? - T 9, L . [__] Syst. from data |
- W Lo 05 X g = ~' 0.2 B Syst. from B feed-down
. : #‘

~, =
........

TAMU === LIDO i
---- PHSD BAMPS el+rad -
—  POWLANG HTL .o BAMPS el N

MC@sHQ+EPOS2 DAB-MOD M&T

Anisotropy Parameter,v_/n
o
o
(%))

| |
0.5 1 1.5 2 2.5
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e 7o
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] —
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© A loctive behau J be 5 10 15 20 25 30 35
strong collective behavior and may be close to p. (GeV/c)

thermal equilibrium in 200 GeV Au+Au collisions.

® Charm quarks largely thermalise in the QGP

A expected smaller hot nuclel systems in Isobar, so v, depends on the system?
Charm quark gets thermalized in Isobar like in Au-Au at 200 GeV?
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Event plane method to measure D° v,

x1
£ c 1¢
c62— o =
o I ' = 0.95
O60— —— after recentering = -
55 = —— before recentering 8 08 -
— D -
= ~ 0.7
56 — © =
- S0 65—'_—t— : : ——
54— re =9——o— —e—
= Q. 0.5 . o ——
s2f £ e * S G
= o 0.4 ~— & etaGap = 2
50 = - - —8—
- @ 03__ — s
48— - S S
- 0.2 |
46— =
- 0.1F
44:_ llllllllllllllllllll]llllllll O:II IIIIII IIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.5 1 1.5 2 25 3 O 10 20 30 40 50 60 70 80
¥ centrality (%)
@ Event plane reconstruction and recentering ® The different color markers represent different

number of rejected 0.1 1 bins around the D° candidate:
black: 0; red: 1; light green: 3; blue: 5...dark green: 13
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Hadron v, in isobar

hCentralityWeighted

Entries 1709797
Mean 4.614
Std Dev 1.839

}N 045 m x10°
S0.35F  + Isobar 200 GeV 20-60% Emg_
E 0.3 ° Au-Au200GeV 20-60% 250/
c : -
0.25- 11, | | } 200
025_ -o—-'-:_'.,‘ﬂm*:ﬁ{. ++++++++fH'++++ | HT # |1:: . ”.: .| 1505_
0.15]- o W } ;
o1f
0.05F oF
e -
0
B TR R v
' ' ' ' P, (Gé?l/c)

@® Less than 1.7 M events are used to provide analysis method check;

® A more precise comparison is needed with measured hadron v, result in Isobar.

8 9
Centrality
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D? signal reconstruction

1<p <2.0GeVic
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counts

counts
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5 2ndf = 18.4/29
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o=127 +0.9 MeV
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® Total D signal at 1.0 < py < 2.0 GeV/c
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Counts
2

=

RawYield = 1.98e+04 + 1.43e+03

1.982e+04 + 1.432e+03"
.o 1865 + 0.001
Lo-"0.01268 + 0.00087
PO,.-""-6.243e+04 + 1.3432+04
1.18e+07 + 6.54e+04
—2.41e+07 + 8.63e+05

1< P, < 2.0 GeVic

M,, (GeV/c?)



(41
141
(=]

weighted counts
g g
S o

(41
n
(=]

5]
'y
(=]

500

490

480

470

460

(=]
™

&

“s 0.17-0.2n + 0.87-0.9%

_LIIIIlIIIIlIIIIlIIII|IIII|IIII|IIII|IIII|IIII¢II_‘
4

-y

T 1.75 1.8 1.85 1.8 1.85
invariant mass (GeV/c?)

@ Different (p-y) bin D° signal at
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D? signal reconstruction
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weighted counts

weighted counts
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D? signal reconstruction
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Counts (per 10 MeV/c?)

Counts (per 10 MeV/c?)
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Counts (per 10 MeV/c?)
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Counts (per 10 MeV/c?)
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D° production at different py bin (0-60%)
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Before cuts (0-60%)
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® A scale of A/sin/A = 1.01664 is done to correct for finite bin width A = 0.17;

® The 75 is divided by <1/R>, weighted by the D? yield, to get physics v5.
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Weighted yield
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Guannan Xie Hard Probe 2016, Wuhan, China
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® Non-zero D° v, in medium pr is observed (& & F — & 1F)
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Outline

@ Research plan
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Research Plan

® Jul. — Nov. 2023: Pass PWG review for D° p; spectra and Ruu;
® Nov. — Jun. 2024: Finalize physical result for D v,;
® Jun. — Dec. 2024: Finalize collaboration review and write Ph.D thesis;

® Dec. — May. 2025: Prepare the Ph.D dissertation defense and paper publication
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Outline

® Summary
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Summary

® D° p; spectra and R, 4

« D%-meson productions are firstly measured at mid-rapidity (ly| < 1) in 200 GeV isobar collisions

 The number of binary collisions scale effect of D® production cross section between isobar and Au + Au
collisions is observed

* The strong suppression of D° nuclear modification factor R, 4 is observed for pr > 3 GeV/c in central
iIsobar collisions, demonstrating that charm quarks suffer significant energy loss in the QGP. Consistent with

that in Au+Au collisions with similar multiplicities.

« No significant systematic dependence of D° kinetic freeze-out properties in central collisions between
iIsobar and Au + Au collisions within uncertainties is observed.

@® Non-zero D° v, is observed

Thank you!
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® DY spectra (0-10%, 10-40% & 40-80%)

Systematic uncertainties — spectra and R4y

® D° Ry, (0-10% 10-40% & 40-80%)
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Double counting
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channel to select pure 7, K, and proton sample.
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Invariant mass distributions of K, # from momentum smearing (red points) and doubly misidentifica-
tion (bottom colored boxes). The red line is the fit to the smeared signal between 1.69 and 2.04 GeV/¢?. From
top left to bottom right show the distributions in pr bins: 0-0.5 GeV /¢, 0.5-1.0 GeV /e, ..., 7.5-8.0 GeV /c.
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Technical details: p+p baseline cross check

— 1 o 2 ,
% e D’ [y|<] PHENIX p +p @ 200 GeV = i * Dat/Fit
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Technical details: Formulas

@® Spectra @ Levy func

gEN_ &N N

dp® ~ prdprdydd ~ 2mprdprdy A~ D=2 oy MMy,
nT(nT + my(n — 2)) nT
2N ANTOW /€5 /2 AN afolh
2nprdprdy  2mprApTAY X Neyenes X BR. 2mprAprdy  — dp3
. ® my Spectra
® Nuclear modification factor
d*N d*N VL —

d2Np, /dprdy oV d2Np, /dprdy 2rprdprdy  2rmpdmpdy  27Ter (mo + Teg)

R = =
AT < Ty > d?0PP [dprdy ~ < Neoy > d?o”P /dprdy

® Blast-Wave func

_ Y(0—-10%)/< Neoy_o-10 > NN
Y 7 Y (40 — 80%)/< Neoy 40-g0 > < Tya >X Ojper =< Neopy > 42 mb
) d3N R

R

@® Systematic uncertainties for integrated D° cross section

AA d*N +Y +7 R
dopo g = dNpo g X Oimel Open Charm Hadron Eiqps o<mr Sy cosh(y)dy [ d¢ [, rdr )
dy 707 dy V0T < Ny > 0 _ g—1 : -1
3 D ct 1+ F— (mr cosh(y) cosh(p) — pr sinh(p) cos(¢))
1 Dt cd
AA raw tot
AN —D. 2

dN/ o |y=0:( C)/GDO/ D;_ 5
dy Ay X Ngyents X B.R.

2 AE udc
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myr-spectra fit details
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® mr-spectra fit details for Au + Au (left) and isobar (right).
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