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The probe --- Heavy flavor

B The hard probe: Heavy flavor

o & - final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen Kinetic

freeze-out

Hadronization

!

R st A

Initial energy
density

> Large mass: mg > Agcp,mMg > Togp -
> It travels entire evolution of the QGP.

> Its production is calculable in pQCD.

equilibrium viscous hydrodynamics
namics yerodynam free streaming

collision evolution
t~0fm/c tT~1fm/c T ~ 10 fm/c T ~ 101 fm/c
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B The » -reveal momentum-space anisotropy: 0.2F E
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Acharya S, et al. arXiv:2110.09420v3 0 2 46 8 i0 12 14 16 18 20 22 24
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B Can we better incorporate the non-perturbative nature of the QGP background?

Acharya S, et al. arXiv:2110.09420v3
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O Hecavy quark transport in the quasi-particle QGP
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B The QGP is a strongly coupled system.

B Quasi-particle model of the QGP.
= (D)
()

B Partition function:

16V
InZ,(T) = —F deln [1 — exp( ——\/p +mZ(T ]
12V
InZ,(T) = pyo) 0 2dpln [1 + exp( ——\/p +mz (T ]

Chandra V, Ravishankar V. Phys. Rev. D 84, 074013.
LiFP, LiHL, Pang L G, et al. arXiv:2211.07994 .



https://arxiv.org/abs/2211.07994
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B Quasi-particle quark and gluon masses

- (D
«— = ()

Biro T S, Levai P, Muller B. Phys. Rev. D 42, 3078
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B Quasi-particle quark and gluon masses:

= (T
D~ (T) ()
«—t— - O
Parameterize = a% + ¢ + bT. ¢

Biro T S, Levai P, Muller B. Phys. Rev. D 42, 3078

4/16
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B Simplifications to the quasiparticle effective masses:

(1) Neglect the strange quark current mass.

(2) Employ a parameterization for the Debye screening mass — a% + bT + c.

Biro T S, Levai P, Muller B. Phys. Rev. D 42, 3078

4/16
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B Simplifications to the quasiparticle effective masses:

(1) Neglect the strange quark current mass.

(2) Employ a parameterization for the Debye screening mass — a% + ¢ + DbT.

B For a system 1n thermal equilibrium:

OlnZ(T €E+D
P(T)=T- av( ). (D) == | _
T? 0InZ(T) A(TY — E73P.
e(T) = vV oT '’ ( ) T4 Biro TS, Levai P, Muller B. Phys. Rev. D 42, 3078
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The Bayesian analysis

Physics Model results: y;

Bayes’ theorem
P(0|data) oc P(0)P(data | 0)
Prior distribution: uniform .

[ . ]
Likelihood function: Gaussian distribution function.

P(data | ) = | |

Markov Chain Monte Carlo (MCMOC)
Random walk in the parameter space.
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The Bayesian analysis

Physics Model results: y;
Quasi-particle Model of QGP;
s/T3 and A/T4

Experiment data: y,,,

Lattice data [ Parameters Prior

a 0.1)
b 0.2)
Bayes’ theorem ¢ (-0.2,0.8)

P(0|data) oc P(0)P(data | 0)

Prior distribution: uniform .
[ 1o ] [(0’ 1)1 (O, 2)1 (_0'21 08)]

Likelihood function: Gaussian distribution function.

P(data | ) = | |

Markov Chain Monte Carlo (MCMOC)
Random walk in the parameter space.
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B Bayesian analysis results.

T L | Lattice data Parameters Prior
Q 1:5; i ! _i 2; Peak: 019000 E Hot QCD a (0,1)
1of 1k :
o5 3 F F Hot QCD b (0,2)
) o ) o Hot QCD c (-0.2,0.8) | 0.1979
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Entropy density & Trace anomaly Pressure Energy density
20.0_' R e e e e R T = .10 ——m—m—m—m0H7"—7mm—mm—m@m™————m———"———— 0357 L
E = B 7 i - () |
1751~ = - e HotaCD 0.30f e«  HotacD 3
= z 0.08 - ;
1501 E i 1 0.25/ =
- = o r 1
B 125F 2 - | B ]
J Tk — il - 1 g oaop 2
5 1000 e  ST°HotQCD O S i ] S & :
2. 75i . AIT*HotQCD 3 Q o4l _| w 0.15:— =
R ] B i » ]
5.0F - - . 0101 =
| ] 0.02( . - -
2,51 . = C ] 0.05F =

00500 755 180 175 200 205 250 275 00056 0.78 ~7.00 1.25 150 1.75 2.00 2.95 250 0.095 :
T/Te TIT, TIT:

» The results obtained from the Bayesian analysis are consistent with the Hot QCD

collaboration’s data.
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The Bayesian analysis results

Quasi-particle gluon & quark mass

2.00

mg-HQ
my- HQ

mp = 0.1410 GeV2— +0.1979 GeV + 0.9853T;

\/ mDa
\/ mD7

»1l< / <2, quasi-particle’s masses decrease with temperature increasing.

0.75

c:')III\|IIII|IIII|IIII|IIII|IIII|IIII|IIII
mIII\|IIII|IIII|IIII|IIII|IIII|IIIIIIIII

T/,

» / =2, quasi-particle’s masses increase with temperature increasing.
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B The Linear Boltzmann Transport Model, LBT Model.

B Boltzmann Equation:
p1 - 0f1(z1,p1) = E1(Cina + Ca).

B For elastic process, the scattering rate:

[ & dpy Dy
2F1 J (2m)32E, (27)32E3 (2m)32E,

X fa(P2, T) x [1 £ f3(p3, T)|[1 + fa(ps, T)|

x (2m)*6 (p1 + p2 — ps — pa) X S

X |M12%34|2‘-

I'19534(01,T)

Cao S, Luo T, Qin G Y, et al , Phys. Rev. C 94, 014909
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B Cornell potential as an effective gluon propagator:

4 —mpr mgr
V(r):Vy+V5:——ase _ g
3 r my
Cornell potential in momentum-space:
4nCrog 8o

N = Vs == i it 1l

B Elastic scattering amplitude:

M = 1My + 1 Mg

Xing WJ,Qin GY, Cao S, arXiv:2112.15062




Background ¢t ¢ Transport
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The Improved LBT-PNP Model.

Xing WJ,Qin GY, Cao S, arXiv:2112.15062




The Improved LBT-PNP Model

Background ¢t ¢' Transport
4 )
The Improved LBT-PNP Model.
\ J
¥

- Elastic scattering amplitude: iM.
| Screening mass: = a% + ¢ + DbT.
| Factor: S, = [s=(M+mg)?] [- i . Mae)’ | AM2 < t < 0] ;
N :




Re-calculation the scattering amplitude: Q) F sy
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Heavy flavor with the massless gluon: Heavy flavor with the massive quasi-particle gluon:
2 2 2 |MQ9|Z = |‘Z"JY|Z + |J\JS|2
|Mqy|” = |[My|” + | Ms| | Gama? (s — (M2 + m2) (M2 + mid) — u) + 2M2(s + M?)
 64m*al (s — M?)(M? — w) + 2M?*(s + M?) 9 (s — M)
9 (s — M2)? | 64n2a2 [-m2(s + u) + 2m} + 6M>m]
64m2a? (s — M?)(M? — u) + 2M?(u + M? . =S
5 3( )( (u_}J?)Q ( ) +647r2a§(5f(MQerg))((MQerg)—u)JrZMQ(quMQ)
9 (u— M?)?
4 2 2 2 2
(t —m7)? 9 (u — M?2)?
N (M? — 8)(M? — u) . 8Wgag5(M2 +m2)? + 3M%t — 10(M? + m2)u + 4¢% + 5tu + 5u?
+ 317 (i —nd)? ’ (t —mi3)?
2,2 2
+ 167%a? 3M” - 3M's — Mu+ & i Sﬂgaimitmgn;?;lgt
S _ M2 t_ 2 . _ D .
167202 j\(JSQ(ZLMZ)( t) " +87r2a2(Mz_8)(Mz_u) my
% — ’ (t —mip)
9  (s—M?)(M?—u) 3M* — 3M?s — M?u + s* +pmi + 2m2(5M? — 25 — u)
+ 167202 J J
162 0 3M? — M?s — 3Mu + u? i (s — M2)(t —mD)
T (t _ m%)(u _ M?) N 167202 M*(4M* — t)|- 2mgt

9 (s — M?)(M? — u)

Cya (87o)? 12 — 4M>t
Al ) o3M?* — M?s — 3Mu + u® |- 5myj) + 2m}(5M? — 2u — s)

2 _ 2\2 ° 2
OFNC 1 (t ms) + 1677 (F— =T
L Cy (87TO')2 12 —4M* |- 4m§t + 16 M?m?
REZEUHF ST A 12/16 Cr NZ—




Re-calculation the scattering amplitude:

Heavy flavor with the massless quark: Heavy flavor with the massive quasi-particle quark:

| Mg, |” = |My|* + | Ms|?

_ 64r7a] [3—m3]2+[M2—u]2—|—2M2t 5 12 5 5 2 5 5
~ T 9 (t —m2)? _ 64m%a [s — (M2 +mi)|" + [(M? + mg) — u]” + 2M>¢ +Rmgt

(87c)? 12 — AM*t 9 (t = m3)”
T NZ—1(t—m2)* (870)% t* — 4M*t|— dmit + 16M*m;,

N2 —1 T—m2)!

2 2 2
|Mgq|” = |[My|” + [Ms|

Xing WJ,Qin GY, Cao S, arXiv:2112.15062




Re-calculation the scattering amplitude:

Heavy flavor with the massless quark: Heavy flavor with the massive quasi-particle quark:

| Mg, |” = |My|* + | Ms|?

M 2: M 2_|_ M 2

i (t—m2)p G4m0 [s — (M2 +m2)]” + [(M? +m2) —u]” + 2Mt +2m3t
(87c)? t2 — 4M*t 9 (t —m3)*
-+ : 242 _ 2l 49102 2,12
N2 —1 (t —m2) (8mo)* 1= — AM=t|— 4mt + 16 M=m;
N2 -1 T—m2)e
4 )
The Improved LBT-PNP Model.
\ J

Xing WJ,Qin GY, Cao S, arXiv:2112.15062

Wu XY, Qin G Y, Pang L G, Phys. Rev. C, 2022, 105(3): 034909.

12/16
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O The results of improved LBT-PNP model
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Result I: PbPb 0 - 10%

Phys. Rev. Lett., 2018, 120(20).

0.05

M Dg apand o. THEP, 2018, 10: 174,
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LA E = —-= string 4 9 —-= string ]
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» The non-perturbative term dominates in the low transverse momentum region, while the

perturbative Yukawa term dominates in the high transverse momentum region.




Result I: PbPb 30 - 50%

TR ¢ "
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Phys. Rev. Lett., 2018, 120(20).

B apand . JHEP, 2018, 10: 174.
S 2.OOE5I S = I~ 40—
iy - F - --- yukawa 1 0 --- yukawa

1751k - —-~ string H 9 0.35 —-— string
E ;I* . —— string + yukawa N —— string + yukawa 0-40%
1.50§5W ¢ ALICE30-50% 0.30 ¢ 30-50% CMS
1 25‘ e T 3 0.25
" — 10 P B T PRy ]
" :q\ RSk s " } ] 0.20
1.00f ' -
. 0.15
0.75 — 0.10
0.50 5]
] 0.05
H ¢ :
0.25} - 0.00
200 20 4 60 80 0 O0yTsTTio s T 2% 30 35 40
pr(GeV) pr(GeV)

» The improved LBT-PNP model can describe the experimental data better, especially low

transverse momentum region.
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Result II: Jet quenching coefficient B koA
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~ - ~ —\?2 Shu H T. DOI: arXiv:2401.08040.
q — (pg — P11 pg) ; Ke W, Xu Y, Bass S A. Phys. Rev. C 98, 064901.
0r———x¥————7T—"7T—" d 0 5 25 LR L A B i
H === string/ T = 200 MeV B j —-== string/ T =300 MeV 1 A e string /p = 10 GeV B
i —-= yukawa/T =200 MeV ] I —-= yukawa/T =300 MeV ] B ——= yukawa/p =10 GeV ]
AOH —— string + yukawa / T = 200 MeV _| 40H —— string + yukawa / T = 300 MeV _| 20 |+ —— string + yukawa /p =10 GeV _|
H =1 H =1 & c-quark,95% CL =1
E i I i b - quark,95% CL i
30 ; _: 30 3 E 15 : - je—tquark, Yingru et al _:
el Lot | ]
< E i ey E i < 0 i
20 K = 20 K S 10 =
L = C 1 A ]
-1 - 1 | i4 o
L =" il R m i
[ e _| — ] _|
107/;‘/ g 10_—;“/,.— 5 5 8
KA ] Fe ] e :
e s e e R s i N b o e e e e ] T R R e .7-._T_|_L.“\"\i“|".h.".”T"\"T'T’T".i
O 25 80 75 100 1% 150 175 200 O ——25 B0 75700 125 150 175 200 06203 04 05 06 07 08 098 1.0
p(GeV) p(GeV) T(GeV)

> At a fixed momentum, the ~/ 3 is slightly higher than the result from the JET Collaboration,

and 1ts trend 1s consistent with the Bayesian statistical analysis.




Result II: Diffusion coefficient Q) F T RAS
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Shu H T. DOI: arXiv:2401.08040.
DS (271'T) — 87T/(qA/T3) Ke W, XuY, Bass S A. Phys. Rev. C 98, 064901.
10 [y e § .
i —— T=200MeV | I — p=001Gev ]
- --- T=300MeV _| 50 p =20 GeV E
8l —-= T=600MeV _| [ s P=SRISEN :
 —— p=100GeV ]
0 ] L & Brambila @ ]
L i 4 & D charm il
o Sj P n E E T Dcharm <
& L .'_.f e O— n ﬁm 3?
Qm 47. .............. = Q :

-
-
——

LN

no
FTRLT
| | ‘
: — N
TTTT | T T (,

ORI = =1

] T
———— ) T
O '2‘5' = '5‘0‘ = '7'5‘ = 160 = 12'5 = 15'0 - 17'5 = 200 (915 0.20 0.25 0.30 0.35 0.40 0.45
p(GeV) T(GeV)

» At fixed temperature, the (2 ) initially increases, then slightly decreases, and finally

saturates with momentum increasing.

» At fixed momentum, the (2 ) first decreases and then increases linearly with

temperature rising.
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O Summary
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Summary and Outlook

O Summary
td The quasi-particle model 1s added to the LBT framework, improving the treatment of
non-perturbative effects in heavy quark scattering.
td The improved LBT-PNP model describes the R, , and v, of heavy-flavor mesons in Pb-
Pb collisions simultaneously, especially at low-to-medium transverse momentum.
& The transport coefficients ~ and (2 T) consistent with results from the JET

Collaboration and lattice QCD.

O Outlook

» Other observables: higher-order flow, baryon-to-meson ratios, and azimuthal correlations.
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Thanks for your attention !
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The LBT Model (2B ANE T

CENTRAL CHINA NORMAL UNIVERSITY

B | cading order:
Qq - Qq Qg -~ Qg

p377;’75’ p4707p

v,k
A
u,|k
P1, 7;7 S b2, a,w
M = My + Mg
= u” (ps)y"u’ (p) Vet (pa)7 " (p2)
-+ Thd (pg ) u’ (pl ) VS’L_LT, (p4)ur (pg) : Cao S, Luo T, Qin G Y, et al DOI:10.1103/PhysRevC.94.014909
9/20
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The LBT Model (2B ANE T
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B | cading order:
Qq - Qq Qg -~ Qg

p377;’75’ p4707p

p17i78 D2, a,w

B time step At, the possibility ot the elastice scattering:

ANg =T'19,34 - At
A n

Pel — el 6—F12_>34-At.

n| Cao S,Luo T, Qin G Y, et al DOI:10.1103/PhysRevC.94.014909

9/20
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PbPb, 0-10%, parton level: PbPb, 30-50%, parton level:
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PbPb, 0-10%, p

arton level:
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® (Cornel Ipotential:

4 Cra 8ro

V() =W+ Vs =— — :
® clastic: m% + “ﬂz (m?2 + |‘ﬂ2)2

iM =My + Mg

=i (p3)r*u' (pVyid" P4y, (p2)

+ @ (py)u* (p)Vsit” (p)il’ (py).

Xing W J, Qin GY, Cao S DOIL: 10.1016/j.physletb.2023.137733.
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o - color factor: o - color factor:

1 1 . a . b absa b Nxcab

EE E(l‘grftj;j)é (t;‘fftj;j) 0 L 1 ‘ Z(fﬂ‘Scc’fc’ab)(fﬂ‘5CC’fC’ab)*

_ 1 1 Z (Ia ta )(tb tb ) Nc ch - l 1 S

- N N i'i jlj it 1 1 c ca c cabyx
N vy o SN T Z(If;if "), £

= Trle] T[] -1 L DACreawzon
e N, N2_1 N2-1 € iM =My + Mg

= 7 (CENCr)&™) __ % & ; N
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® F4: ® ghat:
( ' 2 2 / (X(p1,T)) = 12 / dp dp: ap,
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® inclastic:
d/N,
N (t. At)) = At | dedk? —9
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