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i E\n]\- AU+AU Vs = 62.4 — 7.7
NAARARLSA GeV
Collisions Minimum bias events
2010 Au+Au 1.7 ~4 M
2010 Au+Au 11.5 ~12 M
2014 Au+Au 14.5 ~13 M
2011 Au+Au 19.6 ~36 M
2011/ 2018 | Au+Au 27 ~70M/~560 M
2010 Au+Au 39 ~130 M
2017 Au+Au 54.4 ~556 M
2010 Au+Au 62.4 ~46 M
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STAR, PRC102, 034909, 2020
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SR bt
(hadron gas, grand canonical ensemble)

gi = (2 J +1) spin degeneracy factor

Partition function ¥ e o EF =pr+mr
. , Vgi )
(particle species i): InZi = -5 +p°dp In(1 £ exp(—(Ei — 1i)/T))
o X
“-” for bosons, “+” for fermions
; i T Oln Z,' i b p2 dp
article densities n / vV op 2 /O (B — Tl =1

For every conserved quantum number there is a chemical potential:

i = pgB; + usSi+ unh i

Use conservation laws to constrain V; dts; Lok Only two parameters
strangeness: Z nSi =0 — s ot (7, pe) I
i Example: /approximation
charge: V Z nily; = Z;_N = n(p)/n(p) = exp(—2us/T)
i — determine (T, pg) for
different snn from fits to
baryon number: VZ nBi=2Z+N -\ ot VSN
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Yields

Std. Dev.

MR EHRGE RS IFESE: T Vs. Up

STAR, Phys. Rev. C 96, 044904, 2017 1go 2R 02139 27 196 115 7.7 GeV
Au+Au 7.7 GeV 0-5% | AutAUBO GeV  05% | Au+Au%CoIIision$ |
100 @ & - T .
- O Py ¢ 9@ i K T
1OE O £ '-.- _E . 160_»- Ry W —
F i *e | = - ‘ ]
O ] () C 1 = i
e « . 1 el B [ R T
| @ Data [ @ Data B C 1 . .
0-1F — GCE Model @ ¥ —— GCE Model |_J°:> RO R
- LT i paialaieinintelnieielotelolinte foeieinetnieiieteltlt - e 00'05:/" — Cleymans etéal.
e I 130130412 ~Andromicetal
R 120[ Grand Canonical Ensemble (Yield Fit)
o KKppAAEE o KKpp AAEE —""100""260""360""400"_
1, (MeV)
v'Particles used : m, K, p, A, E
v Ensemble used: Grand canonical (GCE) Andronic: NPA 834 (2010) 237
v Ei . Cleymans: PRC 73 (2006) 034905
Fit parameters: T¢, pp s and ¥ Au+Au 200 GeV : Phys. Rev. C 83 (2011) 24901

Thermus, S. Wheaton & J. Cleymans, Comput. Phys. Commun. 180: 84-106, 2009.

o MAGH RN ERZIEZF5a 1 r~4, $ZESTAR BES-1%
RE EAU+AUREE P2 AL B Ten, pp, us 5512 S 4L
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Vo/N,

0 05 1 15 20 05 1 15 20 05 1 15 2
(m_-mg)/n_(GeV/c?)

‘I?I-ﬁvz

N2

0.1+ 77GEV | .p *rt T 115GeV | I-- 19.6IGeV |
Au+Au, 0-80% aA OK i I
015
0.1r
N I
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2 4N
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STAR, Phys.Rev.Lett.110 (2013) 142301; Phys. Rev. C88 (2013) 014902;

Phys. Rev. C93 (2016) 014907

> KA (11.5GeV LA ) fill-d# H AW R 7T Be e 25 2H 025 v BbR S
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145 Quark-Gluon Plasma

Temperature (MeV)

Superconductor
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2015F X E RPN ERZMNEMBZERSKHAXIRE
2015, DOE Office of Science, NSAC, Long Range Plan

http://science.energy.gov/np/nsac/

18



e STAR:
RHIC_ L % L szt

+ ERRPRER (gl<1) B
T ot
‘f

|
1 ! ' Y vl =

s = Ex . B « P—PrEpe=T(BES-)
|

L | E\n]\l- AU+AU Vsyy = 62.4 7.7
N R TTTTTTTTTIT GeV

o B FrEre=H(BES-1N)
Au+Au Vsyy = 19.6 — 7.7

Quark-Gluon

Plasma
" [K. Meehan, QM2017] GeV
§ \ o [#] 52 %I (Fixed-target)
5 BN Au+Au Vsyy = 7.7 - 3.0
Hadronic Gas 1% EER =2t/ T 7 NI B
X 721 MeV

Baryon Chemical Potential pg
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STAR BES-11 3R 22 F 2%

Full EPD has been installed

iTPC: EndCap TOF: " | EPD:

WS dE/d% - Forward rapidity coverage is critical « Improves trigger

« Extends 1 coverage *PIDatn=09t01.5 * Reduces background
from1.0to 1.5 * Improves the fixed target program * Allows a better centrality and

- Lowers p; cut-in from * Provided by CBM-FAIR reaction plane measurement

125 MeV/c to 60 MeV/c * Ready in 2019 Ready in 2018

» Ready in 2019

1)  Enlarge rapidity acceptance
iTPC: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619 2) Improve particle identification

eTOF: STAR and CBM eTOF group, arXiv: 1609.05102 . .
EPD: J. Adams, et al. Nucl. Instr. Meth. A 968, 163970 (2020) 3)  Enhance centrality/EP resolution

XEANRMSRELE20194F (Run-19) &z Eis s
STAR BES-1 XU ¥ .
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STAR BES-11 3REXFIX#EE3E (2019-2021)

Year Collisions Vs, (GeV) Good events
2019 Au+Au 19.6 ~582 M
2019 Au+Au 14.5 ~324 M
2020 Au+Au 11.5 ~235M
2020 Au+Au 9.2 ~162 M
2021 Au+Au 7.7 ~100 M
2021 Au+Au 17.3 ~250 M

STAR BES-1I15 B C 44 =46 A JE R 58 Ak !
7E7.7-19.6 GeVEEX LN EE B R T K4+ E LR EHE .
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1 mm thick (4% inter. prob.) gold target (2015)

- 1/4 mm thick gold target in FXT phys. program
3.8cm
radius Al
Beam Fixed target
Pipe
BBC East BBC West
i:_l_;_n - ‘T“‘\” ~:r:|:‘£
i 2.0 cm radius' Be Beam Pipe Yellow .
f Inner Sectors : - Beam
J EEE V, vs. V, Distribution
9 Outer Sectors - e
7 (32 pad rows) § 5' 3.8 cm radius 2.0 cm radius
ToF % — , > 45 Aluminum pipe — — _ _Beryllium pipe
e . d - Rl .
I T T T T T T TIT IR /{ o
e 7 o I \
) 7, % %
o= | I \ 1 1
= \ !
4=\ I
1.3M events from half hour test run, top 30% o\ Ty
- _2:_
central trigger, Au+Au Vsyy=4.5 GeV W -
"4;_Target Mount Gold Target |

3.4M events from two hour test run, top 30% gl
central trigger, Al+Au Vsyn=4.9 GeV
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.........

cccccccc

Fix target \ ch,/ Collider
Vs = 5-17 GeV. 455 @ s\ =4-11 GeV/ (2023-)

SPS
BNL/RHIC STAR \ CEE@Lanzhou o

BESH (2010-2017) « o JPARC@Japan
BES-Il (2018-2021)'is ongoing. Construction....

The
.. Compressed
44 Baryonic
Matter experiment

Fix target
Vs = 2-5 GeV (2025-)
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Tk 5% F—QGP4F M 69 354

Open HF hadron and decays

/

Quakonium-
HF jet**

Production
Q=corb

Qipeng Hu, SQM2022

Heavy flavor quark hadronization

Heavy flavor quark-QGP interaction
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Open charm in Au+Au at 200 GeV

PRL124,172031 (2020)

---- Ko et.al: three quark (0-5%)
-.--- Ko et.al. diquark, (0-5%)
wnne KO et.al with flow (0-10%)
------ Catania, coal.+frag. (10-80%)
-...-... Catania, coal. (10-80%)
— — Tsinghua 510-80%)

Rapp et.a, (0-20%;
Cao et.al (10-80%,

AutAu, s, = 200 GeV
. 10-80%

PYTHIA
- PYTHIA,CR

(b)

L
s

b= THERMUS A
I ; 1 i I e

0o 2 4 6 8
Transverse Momentum (pT) (GeV/c)

1
09; STAR preliminary ® D:(2014+2016)/D°(2014)
0 82— AusAu {5, = 200 GeV I Global Sys. at0.5
|°Q TE - PYTHIA B
c+ 0.7 Centrality 10-40% "
e k +
(=) 0‘65_. R - ] ® ® :
g 0.5:*‘ ® ® o ® ! u
~ 04, -
0.3F
Eo 1. 1 Loyl ! I ol
0.2 1 3 4 z
p, (GeVic)

J. Vanek, HP2020

1.5

arXiv:2101.11793, accepted by PRL

| ® Au+Au, 0-10%
- O Au+Au, 10-20%
PYTHIA p+p

| -- He,Rapp, 0-20%

0-10%:

----- Tsinghua (seq. coal.)
Catania (coal.)

—— Catania (coal.+frag.)
— - Cao,Ko

Vsnn =200 GeV  (a)

1 2 3 4 5 6 7
Transverse Momentum P, (GeVlc)

| (@ Au+Au \s, =200 GeV 0-10%
B e OD°
I - . R |
Duke
e 5 -
[ = D ALICE 2.76 TeV ._- 9'
0 2 4 6 10
[ (GeV/c)

PRC99,034908 (2019)

Raa(py) =

L—" | production yields in

1 dNpa/dpr- AA collisions

<Ncull) dep/de N

production yields in
pp collisions

/

nucleon collisions

binary nucleon-

Anisotropy Parameter, v, /n,

PRL118,212301 (2017)

oD’ oA  STARAU+AU |5, = 200 GeV
L ez oK i 10-40%
*Jﬂ- o8 53 -
*f_ o5 ¢ O = _ '
i & - 5t @
0.05 |~ ﬁ i -
0 gﬁ --------------------------------------------------------- b)
| | | 1
0 05 1 15 2 25

(m, - mg) / nq. (GeV/c?)

Data suggest both charm
quark thermalization with
the medium and charm
quark coalescence
hadronization at top RHIC
energy
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c~2>e and b~>e in Au+Au at 200 GeV

N — : _
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12 = g 0.8 il E
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DUKE: Phys. Rev. C 92, 024907, Private Communication FONLL: JHEP 1210 (2012) 137 STAR 2006 pp: Phys. Rev. Lett. 105, 20230

» Ry(b2e) >R, \(c2e) (>30): bottom is less suppressed than
charm

» Bottom fraction significantly enhanced in central collisions,

approach p+p data towards peripheral Y e iom0n
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Open charm in Pb+Pb at LHC

Raa

» CMS prompt D°, Pb+Pb 5.02 TeV ]
¢ ALICE prompt D average, Pb+Pb 5.02 TeV -

7 STAR prompt D°, Au+Au 200 GeV

IIIIIIIIIIII||II|III

Illlll—llllll

~ 0.3
>

0.25

0.15F
0.05 &

-0.05¢

V2

0.2}

0.1

7[ T T T T T | B S5 I T T T T T T I-_4
» CMS prompt D°, Pb+Pb 5.02 TeV, 10-30% ]
— ¢ ATLAS c—u, Pb+Pb 5.02 TeV, 10-20%
- Y STAR projmpt D°, Au+Au 200 GeV, 10-40% 1

p, [GeV]

ALICE Raa,JHEPO1 (2022) 174
CMS Raa, PLB 782 (2018) 474
STAR Rax PRC 99 (2019) 034908

® Precise Raa and v2 measured down to pt ~ 0 GeV. Open charm is stronlgy modified in a pt dpenent way
e Perfect consistency between LHC experiments: ALICE, CMS, ATLAS

e Similarity between LHC and RHIC

Qipeng Hu, SQM2022
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Open charm in Pb+Pb at LHC

[T L T
- 0-10% Pb-Pb  ALICE
oF H VS = 5.02 TeV

lyl < 0.5

LGR

eolm TAMU

Catania

PHSD |

1 2 3456 10

20 30
P, (GeV/c)

SHMc + FastReso + corona
Catania

ALICE 777} TAMU

B 14fALCE  0-10% PoPb Ty <05 30.30% Pb_Pb ]

rh -
- aa T o
1 10 [N (GeV/c) 1 10 P, (GeV/c)
0-10% Pb+Pb 30-50% Pb+Pb

e D7 is significantly enhanced compared to D in Pb+Pb at LHC and RHIC

e Qualitively captured by different models with coalesce

e AF/ D" show increasing trend with increasing <Npar> at low 4 < pr < 6 GeV
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Open bottom in Pb+Pb at LHC

ALICE non-prompt D% arXiv:2202,00815
CMS non-prompt J/y: EPIC 78 (2018) 509

CMS B+: PR 9 (2017) 15230

ATLAS muon: PLB 829 (2022) 137077
ALICE electron: JHEP 07 (2017) 052

ATLAS non-prompt J/y: EPIC 78 (2018) 762 PHENIX electron: arXiv:2203.17058
ALICE non-prompt J/y: Preliminary STAR electron: arXiv:2111.14615
0-100% 0-10%
2; T T L | T T T L é 2 | T T T T T TTT | T T T T T TTT | 11 T T T mTTT | T T T T mTTT I |
. Pb+Pb 5.02 TeV, 0-100% ] oS L Pb+Pb 5.02 TeV, 0-10% | ATLAS by, 0-10%, 5.02 TeV -
- + . - 0 - .
[ tcmsB ] I # ALICE non-prompt O° $ ALICE b—e, 0-20%, 2.76 TeV .
1.5/ - 1.5 A ALICE non-prompt J/yp |- _
- . S s CMS non-prompt J/ 1t = PHENIX b—e, 0-10%, 200 GeV -
I 1 I ATLAS non-prompt J/yy 1| % STAR b—e, MB, 200 GeV 1
| - || l --------------------------------------------------------- L —
I )l i aki B decay mesons || B decay leptons |
0.5 + + . 0.5 H e r n
: : : I B == AN | . - S e
L i L =z JF 4
O- L 1 1 A1 11 | 1 1 L 1 11 11 ‘ ] O i 1 1 1 1 11 1 | I 1 1 1 L1 1l I ik 1 1 1 L1l | 1 1 1 L1 11 I ]
1 10 10 1 10 10° 1 10 10
p. [GeV] p. [GeV] PP [GeV]

® B+ Raa has limited kinematic coverage and precision
® Bottom Raameasured via B decays can reach much higher precision
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Open charm data-model comparison

Raa
< L ‘] T T T T '] T T T ™7
16F -
o f ALICE
w3 Pb-Pb, {5,y =502 TeV ]
g Centrality 0-10% 1
1.2:— Y Prompt D°, D', D*" average
= Ly <05 ]
0.8F

| 1 1

Ll 1 L1 1

A S

i Z¥PTHl PR I

&
1K

P |

2 3 4567 10

20 30

P, (GeV/ce)

0.20
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0.00

-0.05

V2

J T T T T T L I T T ]
L w7 TAMU Y MC@sHQ+EPOS2 ]
- LIDO -.=LBT 1
- - - PHSD --- POWLANG-HTL g
- DAB-MOD LGR .
r = Catania .
E2 E
7
= ]
[~ Centrality 0-10%, |y| < 0.8 -
-l 1 1 1 1 1 11 1 I 1 1 7
1 2 3 4 5678910 20 30

P, (GeV/c)

Model ingredients:
e nPDF
® Hydro medium

e Coll. and Rad. scatterings
(weakly coupled approach)

® (Coalescence hadronization

® Open charm experiences the entire QGP evolution; models also contain each stage of charm evolution

® Most models describe data over wide kinematic and centrality ranges
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LHCb pPb datasets %

Forward e M » Rapidity Coverage
= (| | v y*: rapidity in nucleon-nucleon cms

V' Yems = 10.465

AN v" Forward: 1.5<y*<4.0

~Pb.. v’ Backward: —5.0<y* < =25

v' Common region: 2.5 < |y*| < 4.0

v \/Syn = 5.02 TeV (2013, Run 1)
v' pPb (1.06 nbt) + Pbp (0.52 nb1)

~pe vV \/Ban = 8.16 TeV (2016, Run 11)
v’ pPb (13.6 nbl) + Pbp (21.8 nbl)

31



LHCb: frontier experiment in phase space

10 8.16 TeV‘pr | Other Coilision Systéms Eur. PhyS J. C77 (2017) 163
G-LHCb . LHCb 110 GeV Ci'l‘_-\ 1_6 T T TTTI T T TITT T T T T T T T TTIT0
10° pm ATLAS/CMS [ HERA > -
[ ALICE o 14 -
10°} ALICE Muon O 10 L i
R
104 — 1.0 s
|| 0.8 ;:‘ . T A
10% e U}
& 06 F —— EPPS16!
108 B 4T e EPS09
10l ﬁ . 0.2 N e DY/ 4
m OO I | I ||\||||| [N
T I TV T S (o TV A TV 2 S 107 107 107 107"
’ x

Graphic by T. Boettcher

Thanks to the boost, the high resolution, the low-p; reach

and the fast read-out

« disentangle initial state from other phenomena
e constrain initial state

« sensitive to the physics on the saturation scale
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LHCb D° data constrain nPDF

® hNNPDF3.0 arXiv:2201.12363

® LHCb measurement of prompt D production in pPb collisions
JHEP 10 (2017) 090

) at 5TeV makes an 1mpresswe impact on reducing nPDF
“I +'LH(h  LHCH uncertainty down to x ~ 107°
[ FEPS09LO Vsaw=5TeV 1
1.5F  — EPS09NLO R
B . 2015 1 Lead *Pb L | st
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Jiayin Sun, LHC seminar



New D° measurement at 8.16TeV

arXiv:2205.03936

& | BRI S S S S e pa e e s e a LI G e s e S A = A T T T T — .
26000 LHCb pPbforward, D' o < k LHCb pPb forward, D’ S 100 F LHCb 6= 150 <y*<1.75 i
> el il T bl R, sniigingd e e S 4= 175<y*<200(x107) 7
= ey w810 A e ® ¥ =500 7 8 10°F »Pb forward, prompt D° ——200<y*<225(x107) ]
< o Signal S [ . Promot = i — 816 TeV ——225<y*<250(x107) ]
4000 b ound 4 E6000F rmr F; —g L VST o € 250 <y*<275(x10%) ]
g #88 Backgroun (3 I #8 From-b k=1 i e 275 < y* <3.00( x 107) ]
= — 4 5
= 10" F —#—3.00<y*<325(x10°) E
E 4000 *:\ 2 —E— 325 < y* 7 E
5 =] . y*¥<350(x107)

Q2000 ~ 3 = ~ —4-350<y*<3.75(x107%) K
2000 S Eamiii’i&%.& —375<yr<a00(x107)
| 5 107! _o-o‘oo‘oo.‘okokwf-a-_ﬁ__ _'i'—e—-e—.e. - ]

) o VO A p

lxzo 1840 1860 1880 “ 8 L4 20 2 4 © E?%*;X%“-O-j:k
- - fos B0 T VVTG o O gy
M(K ) [MeV/c?] log (7} e M o M
10—6 }ﬁm _se_t-ﬁ-—zg- _&__83_-23-—'?— g
. e

0 iﬁfﬁ*ﬁ*%@**z** ]
® Precise measurement of prompt D" production in pPb collisions L e ]
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3 L pPb backward, prompt D —= 325 <yr<B00(x107) 3
= i = 350 <y*<-325(x107) 7
* DV K—nt 5 [ {sn=8.16TeV : R
—_ T 2 i NN - BT5<y*<-350(x10%) ]
= 4 L —— 4,00 <y*<-375(x107) ]
° : o 107 - 425 <y*<-400(x10°) 1
Use impact parameter to separate the prompt and b-decay EN N o 4s0<yr<—425(x107) ]
t { :A%:—;‘ﬁﬂmﬁﬁ e — 475<y*<-450(x10%) ]
components < 107! i%ﬂ-ﬁﬂ_fﬁﬁe o —— —5.00<y*<-475(x107) ]

= C O BTA A
%) S Mina S 1
®* 0<ppr<30GeV/c s zﬁﬁ%gﬁiigﬁi—% N ]
B '§3'—?,3—_£3_ -v-_v__v__v_ & ]
10—6 C % g0, g h
® pPb: 1.5 <y < 4.0;Pbp: =50 <y < —2.5 nct e S -
pro: L. y U, D . y s E T ey | | 3

0 10 20 30

P [GeV/c]

34



D® nuclear modification factor at 8.16TeV

arXiv:2205.03936
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DO forward-backward production ratio

arXiv:2205.03936
@1.5—' 4 LHCb816TeV -
i —+4 LHCb 5 TeV preliminary 7
I EPPS16 + D" ]
R. — JpPb L [[[JnCTEQIS5 + D’ | ]
FB Opbyp l— %+++
L mmmmu
0-5_' prompt D’
25< |y*| <40
o 5 10 15
P, [GeV/c]

® Forward-backward production ratio Rgg
® Low p: consistent with nPDF expectations

® High py: data > nPDF



A, /DY in pPb collisions

o —— T New since QMlB IHEP 02 (2019) 102
[m] B 2 —T1 r 1 1 T 1
= 1 pPb - S B — EPS09LO
< - ALICE Preliminary ] < LHCb Lo
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H_ = E . S ] e : E [1]
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- L O ol ] B i
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New LHCb Pb+Pb sample might give some insights ?
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candidates / (4.6 MeV/c?)

candidates

A, /D" in peripheral Pb+Pb
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LHCB-PAPER-2021-046

One of the first LHCb PbPDb results
in hadronic collisions

PbPb data collected in 2018

Centrality determined by energy in
Ecal

Up to 60% centrality in hadronic
collisions

Separation of the prompt and b-decay
components by impact parameter

I v T T
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A, /D" in peripheral Pb+Pb

| LHCb preliminary PbPb ﬁ =5.02 TeV
[ 1 2<p <8Gevic,2<y<4s
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® Flat dependence vs. (N,,,,)
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® Enhancement at intermediate py
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® Standard Hadronization Model is above the data

® Needs better understanding of charm hadronization

LHCB-PAPER-2021-046
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® Compatible with flat dependence

vs. rapidity
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DY in peripheral Pb+Pb
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® Lower values than ALICE in

midrapidity

* Af/ DY ratio systematically lower than ALICE measurements in midrapidity

* Af/ DY ratio dependence on rapidity?
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BY /B in high multiplicity pp at 13 TeV

® Production of bb pairs at hadron colliders dominated by hard parton-parton interactions in the initial stages,
well described by pQCD calculations

® Enhanced strangeness production in light-quark baryons and mesons observed by ALICE  Nature Phys. 13 (2017) 535

® Possible quark coalescence — enhanced BY/BY ratio with increasing particle multiplicity, especially at
low pr

BS, — (Uly — w*u )nta

ﬁ/t-: I20 L L L ((E; lw __' LA L L B L L B L B ‘__
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BY /B in high multiplicity pp at 13 TeV

VELO

VELOTracks
L

1101 ==
: =

® Total VELO multiplicity:
® Increasing trend

® Multiplicity measured in backward
region:
® No significant dependence

® Indicates BY/B" increase related to the
local particle density around the B
mesons

® Compatible with expectations of
coalescence
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arXiv:2204.13042
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BY /B in high multiplicity pp at 13 TeV

% T T T
L 09—LHCb pp Vs=13 TeV ]
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Low multiplicity: consistent with values in e*e ™ collisions

Qualitatively consistent with expectations of coalescence

arXiv:2204.13042
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0 < py < 6: increases with increasing multiplicity, slope 3.4 deviations from constant

Higher py intervals: no significant dependence, consistent with e*e™ data
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Work in progress: DS /D* in pPb at 8.16 TeV

» We are studying strangeness enhancement in pPb collision by D; /D™ ratio.

» We use the same strategy as B analysis, the statistics of D mesons are larger.

* ALICE has studied in 5.02 TeV pPb collision.
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Elliptic Flow (v,)
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»Elliptic flow =>
» Initial spatial anisotropy (eccentricity €)
->final momentum anisotropy v,
=» Interactions among constituents
» Sensitive to degree of thermalization
» Self-quenching with time
»Sensitive to the early stages of the
system evolution
»Strange hadron => less sensitive to
late hadronic rescattering

Good probe of the early stage of
the collision.
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