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Heavy quarks (HQ) as probes of QGP

[Adopted from S and gﬁgrf?g;(; g-r::ls;e
Bass and Hees] hydrodynamic expansion
initial state 1t (ud)
il K*(us)
Bulk .".",'f, S p(uud)
matter B . BRSSOt STy S | -
pre-equilibrium hadréni;ation
~0 ~1 ~10
~0.1 - 8 T (fm/c)
sQGP
Heavy
quark \.
c,b quark

® m; » Aycp: their initial production can be well described by pQCD
® m, » T:thermal abundance in QGP is negligible ~ final multiplicity set by the initial hard production
® m, > gT: many soft scatterings necessary to change significantly the momentum of HQ ~ Brownian motion 3



Langevin dynamics with Gluon Radiation (LGR)

® Hybrid modeling

Bulk matter  Glauber model (SuperMC() (3+1)D viscous hydro (VHLLE) Cooper-Frye (iSS)
Glauber for spatial and Langevin transport equation “Dual” hadronization
Heavy quark FONLL+EPSO9 for ng P quation model: fragmentation +
modified for collisional+radiation
momentum coalescence
employed modules (selected) publications
SuperMC, iSS: Comput. Phys. Commun. PRC 98, 014909 (2018); PRC 98, 034914 (2018)
199, 61 (2016). VvHLLE: Comput. Phys.
Commun. 185, 3016 (2014) . FONLL: PRC 99, 054909 (2019); EPJC 80, 671 (2020)
JHEP 05, 007 (1998); 03, 006 (2001); 10,
137 (2012). EPS09: JHEP 04, 065 (2009) EPJC 80, 1113 (2020);  EPJC 81, 536 (2021)

PRC 109, 064907 (2024)
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Can we even go deeper,
in particular at low and moderate p;?

+ based on: PRD 109, 096028 (2024)
EPJC 81, 536 (2021)



Outline

HQ transport in perturbation theory: the soft-hard factorized approach
HQ transport in non-perturbation theory: the background field effective

theory
Numerical results for HQ energy loss and transport coefficients

Summary and outlooks



Soft-hard factorization model

1

: L. do
® Divergence from t-channel contribution — o |M 2| =

~ infrared divergence when |t|-0

(Infrared regulator can be well determined on first principles: \

soft-hard factorization approach [Braaten and Yuan, PRL PRL 66, 2183 (1991)]

v" hard collision: [t| > |t*|, where the pQCD Born approx. is valid

v soft collision: |t| < |t*|, where the #channel long wavelength
gluons are screened by the mediums ~ they feel the presence of
the medium and require the resummation ~ Hard Thermal Loop

\ (HTL) approximation /

® The intermediate scale t* is formally chosen as
mg < —t* & T?

Implying weak-coupling or high-temperature limit
[Braaten and Yuan, PRL 66, 2183 (1991)]




Collisional energy loss: strategy

® The energy loss per traveling distance

dE Ldl w
Sy
dz d>q v,

where, I' is the interaction rate between HQ and medium partons,

t hard
=1 + T+ R

so the total energy loss

dE [ dE1%7t [ dE]™er? [ dE
— n n

dz dz o dz © dz

(s+u)



Collisional energy loss: hard component

® The interaction rate for a given elastic processQ+i—-Q+i (i=gq,9)

n(E,) n( 4)
Qi - 21)45 @) —
r<(e.,T) = 2E1 2F, f 2E3f 2E4 ( ) 6" (py + 2 — Pa)
and the total energy loss for the hard collisions in t-channel
g dE hard cosY|max t* b > A
[_E 256” 2 f d|p2|E2n(E2)f d(cosy) . dt; M2 i)
(t) i=q,g D2 min min
. J
® The contributions from s- and u-channels are not divergent for small
momentum transfers — no need to introduce the intermediate cutoff
(=9 (Bolmn=> 0 (COSPlmar= 1) (=0 | 10




Collisional energy loss: soft component

® Basic formulas weidon, pro 28, 2007 (1983)] 0
1 _
(e, T) = _ﬁnF(El)Tr[(Pl -y + mq)ImE(Py)]
| . o | P, P;—Q P
with the HQ self-energy in Minkowski space - - =

[0 g 1
(P;) = lCng j (21> AH (Q)Vu (P,—Q) -y —m, Y

and the HTL gluon propagator in Coulomb gauge
AR(Q) = — (6*°6V)AL—(6Y — §'q))Ar
The longitudinal and transverse effective propagators are

(A )7 '=q¢*+ 10, (Ar)7'=(¢°)*—¢* - Iy

[Blaizot and lancu, Phys. Rep. 359, 355 (2002); Alberico et. al., EPJC 71, 1666 (2011)] 11



Collisional energy loss: soft component

® Basic formulas pweldon PrD 28, 2007 (1983)]

1
Ir'(E,,T) = _Z_E'lnF(El)Tr[(Pl Yy + my)ImX(Py)]

I'(Ey,T) = Cng j J dwng(w)é(w — vy - C_I)){PL(CU» q) + 1312[1 - (U - 6I\)Z]PT(OU: CI)}
q

with the longitudinal and transverse spectral functions

PL/T(CU; q)=2- ImAL/T((U +in,q) (n—04)

[Blaizot and lancu, Phys. Rep. 359, 355 (2002)]

The total energy loss in soft collisions reads
ar soft )
dE Crg*
ST [ [ ar =z 60 + 0F = xpr )
dz ~ 8n2 vZ ), )
\ (t) ) 12




Collisional energy loss: hard +soft

dE [ dE15%7t dg1rere dE
_dE_|_dE[T [__ N [__
dz dz (t) dz © dz

(s+u)

dE soft C g
[_EL) B 87: vlf dt(— t)f dx 2)2 [o1(8, ) + (v — x*)pr(t, x)]

hard cosY|max t”
dE b 2
a7 Z j d|p2|E2n(Ez)f d(cosy) | de—1p

loice
(t) i=q,g D2l min

tmin

[ dE] - jood|_)|E (E)jld( Y) : dtb|]\/[2
_—— = S p n COS T a
dz (s+) 256m3p% ), cimemel a’

tmin

|Qg(5+u)

13



Collisional energy Ioss

I

| —— t Ch Hard Charm (b) |

i t-Ch.: Soft t*=4.0m3 i

''''''''''' su-Ch. wu=1.0xnT N
----1t-Ch.: All T =0.50 GeV

—— All-Ch. il

............................................................ e g

60 80 100
E (GeV)

[PRD 109, 096028 (2024)]

s + u channel contribution is negligible since the relevant interaction rate is much

smaller than the others

® The soft contribution dominates in the considered energy region

14



Toward an analytical form

[CD High-energy approach (HEA): E » mg/T @ Weak-coupling approximation: m§ « —t* « T2 ]

® Large momentum transfer: —t~s > m? @ Backward scattering: 8 =«
[ dE] soft {_ d_E] soft—HEA N O (Nc N Nf)g‘lT?ln_zt* \
4z 1 =l ri s 0 D dEVTEA 4 Nipy, BT
[— E] :§7rozST [(1 + ; )ln -
- B d_E} hard— HEA _ NyN. a2 (lngElT 3 +C> Qq+Qyg Y e D
[_ d_E} L 4zl 2167 pw - > + Sin—/5 + d(Nf)],
dz | B d_E] hard—HEA ) Eg‘*TQ (ln4E1T 3 N C) 9 m]
L dz J g 967 B ¢ The sum of these contributions
. QEHEA oy ypn cancels the t*-dependence
[_ 5] (s44) u E]QQ(SM ~ e 0 (l” mi 6 C)) [Peigne and Peshier, PRD 77, 114017 (2008]

® The T- and E-dependencies are similar to the results for the
scattering of a light hard parton off a light soft parton  [Qin et. al, PRL 100, 072301 (2008)] 15



“Full” vs. “"HEA"
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® As expected, the asymptotic behavior is presented toward high energy, while a considerable
variation is found at low and moderate energy for each channel

16



K, (GeV?/fm)

Transport coefficients

E—
[ —— pQCD+HTL

[ == pQCD

I
Charm

[t| = 1.5 m;
u=10nT
T=0.40 GeV ]

- == pQCD
[ ==== HTL
| —— pQCD+HTL

\_

2 1 2
dl’ q; = — dlI' QwE| —t)

4p1
pi —ps = (0,§) = (0,47, qL)

wE —1\2])
(ZZJIEPH )}

J

kv describes the momentum fluctuations in the

direction that parallel / perpendicular (i.e., longitudinal

/ transverse) to the HQ propagation

It is found that the soft components are significant at

low energy, while they are compatible at larger values

17



How about the non-perturbative
contributions ?

+ based on:; arXiv; 2410 *****

18



Semi-QGP near T,

T K AQCD TNAQCD T > AQCD _
Vacuum: confined Tc sQGP few T¢ wQGP: screening

Uy - \ I }
R—ii= & / Y

I weak-coupling approach
(high-temperature limit)

mi, < —t* < T?

auiay

i‘

® Strong-coupling behavior in the “semi-QGP" , T, < T < 3 — 4 T;, may have an important
influence on the HQ energy loss which should be reconsidered in an effective theory

® Non-perturbative contribution included

[Hidaka and Pisarski, PRD 78, 071501 (2008)] 19



How to describe the semi-QGP ?

1.2

[Gupta, et. al., PRD 77, 034503 (2008)]
h T T T

® [or pure gauge theory V\_/it_hout quarks, the_ _ordgr % aamn .
parameter of the deconfining phase transitionis 1} .'?-'ﬂ : :
the Polyakov loop which has a nontrivial i : :
dependence on the temperature oo 8 : :

0 6! : : direct renormalization —=— :
T<T,: £=0 T~T;: +£=0.5 e ,  QQ renormalization —&— |
= | | |
T=2T.: £=0.9 T=A4T.: £ = 1.1 0.4F ! | :
AT, S T < 12T, £ = const. ! ! !
02 | l ,
| | |
‘ 0 : : ] T/TC ] ] :

2 4 6 8 10 12

Phase Temperature ¢ from LQCD Method
QGP T = 3 —4T, t=~1 Perturbation theory (pQCD + HTL)
semi-QGP T, <T <3 —4T, 0<f<1 Background field effective theory

Hadronic T<T, =0 Effective theory (HRG) 20




The background field effective theory

® Introducing a classical background field to describe the nontrivial
Polyakov loop in the deconfining phase transition for SU(N)

1 . B . 1
(AS) ap= 79" 0ap; L =P exp(ig J, Agtdr); €=<TrL q% = 0%/(2xT) = (4,0, —q)

® The effective potential reads =4
2m?T* M?T?
V = th 4+ Vnpt — > z?ab,ba B4(|qab|) + 5 z?ab,ba Bz(|q“b|)
ab ab

® The T-dependent background field obtained from the relevant EoM for the
background field (N = 3)

1 1 TCZ
econf = § Qdeconf = % 9— (81— 805

[Hidaka and Pisarski, PRD 80, 036004 (2008); Guo and Kuang, PRD 104, 014015 (2021)] 21




Resummed gluon propagator

® The off-diagonal components

de. de de, de.f
DieI9(Q%) = AT Bi; + AT 0 Ay
1
de, fg dg sef
A =099 P2 q2 il AdeHT =

(|
q2 + NE8IIT

Acée,fg — 599 s5ef

0.2 0.3 0.4 0.5
T(GeV)

® The diagonal components

N—
: 1
Pnktffl)ddjj jq + lgi'
Z He 2:: —q? —[A¥l1p q® HANI j]

color

[Guo and Kuang, PRD 104, 014015 (2021)]

22



Interaction rate: hard component

BF effective theory
Fhard BF (El )

Qi(t)
B 1 )
~ elkol/T—2migde _q
1

elkol/T+2migde _ 1)

(BF enters like an imaginary chemical potential)

1

Perturbative 1 E 1 n(kE
Fha?d(El, T) L ?’1( 2) ?’1( 4)
2F, 2F ps 2F 5 pa 2F,

< ([Z[2)2m)* 5@ (p1 + pa — ps — pa)

D2

23



Interaction rate: soft component

® The off-diagonal components

N
S0 1 : — — —
F:Df?iﬁa—g(ElaT) = ﬁgz E //dw np(w)o(w— 11 - g

de=1"4

® The diagonal components

1

){p'i‘f(w, Q)+ 521 — (61 - 3)2] o2 (w q>}

N-1
Liiag(BLT) = 5567 D / / dw 7 (w)d(w — T -@){pfa(w,q) + 72 [1= (0 -@)ﬂp%(w,q)}
a=1 "4

cross check

4 N
(ooft o Trseftyn o sum over color Ir"';o;t """ >
: Foffdiag(ElﬂT)-l_rdiag(ElﬂT)l I I (El,T) :
| BF effective theory ' high temperature | Perturbative !

k N o om oo e em mm mm mm mm mm mm Em Em = 7 N o o e e = = = j

24



dE/dx: non-pert. vs pert.

dE

100' T T T T T T T T T T T T T

E o095} ]

T” 0.90 non — perturbative :

£ = i : ]

S < i perturbative _

<) L 085} ]

| = : |
> 080}

9 [ ]

18] 8 075k Prelimi it :

Preliminary results ' ; SIS NSl .

00r . o . ool
0.2 0.3 0.4 0.5 0.6 0.2 0.3 04 0.5 0.6
T(GeV) T(GeV)

® The dependence on the medium temperature is similar
® As expected, the non-perturbative contribution is more significant in the entire semi-QGP

25
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KT(GeV/fm)

Kr,. hon-pert. vs pert.

5-
’ Preliminary results
4l all .
I allBF
soft
N softBF 1
Hard
L Hard BF
2
Y 03 - 0.4 0.5 )

T(GeV)

® Similar trend observed

KL(GeV%/fm)

5
' Preliminary results
r all
o allBF
soft
----- softBF
3_ .
L Hard
_ Hard BF
5l

0.2 0.3 0.4 0.5 0.6
T(GeV)
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Summary and outlooks

® Within the soft-hard factorization approach, we calculated the HQ collisional energy loss and

transport coefficients at leading order in the QCD coupling constant. Our results show
v' a better description of HQ transport in perturbative QCD medium, in particular at E < 50 GeV,
where the heavy-flavor probes are measured comprehensively at RHIC and LHC energies
v the full dE/dz can be simplified to an analytical form (Peigne-Peshier formula) in the high energy

approximation E » m§ /T

® To investigate the non-perturbative contributions, we updated the above framework by using

the background field effective theory. Our (preliminary) results show
v dependence of dE/dx and kr,, on the medium temperature is similar w.rt. that obtained in

perturbative QCD medium
v comparing with the results from perturbative theory, BF suppress dE/dx, in particular in the entire

semi-QGP region T, < T < 3 —4T,

® New paths forward for future work
v’ perform the model-data comparisons at RHIC and LHC energies 27
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Langevin dynamics with Gluon Radiation (LGR)

P _ g +Fp+F

® Deterministic drag force: Fp = - /

® Stochastic thermal force: < FL (¢) - FTj(t’ >= [KTij + KLP””] -5t —t")

. L. - N, dp
® Recoil force from gluon radiation: F = —ijl CZG

where, the radiation probability taken from Higher Twist calculation

4

dN 2a.(k,)C k? At

ju— OP . . —
dzdk?dt  mk* (2)4q (kf +zzmg) s G

30



“Minimal model” as the first step

Assumptions

® momentum independent
behavior of k. dk /dp = 0;

® |sotropic mom. diff.: kr = k; = k;

® Einstein relation np = k/(2TE).

( 1 2nT?
Np = E
Only one parameter
- 1 - left: (scaled) spatial
< K = 41cT3 e .
diffusion coefficient
2nT - Dg(T)
| dq = 2K

!

B . [\ ‘\.\“'.“
| Lattice QCD O
k. © Ding et al. 9“

..................

2nTD,

20

10

c

v without the need of assuming any theoretically-motivated
temperature dependence

® Modeling via polynomials: 2rT Dy (Tl) =d,+d; (Tl) + dz(Tl)2+

® Linear ansatz: 27T D, (%) ~ (Tl) + B, where the slope 0 < a <9

C C

and the intercept —8.5 < g < 4, will be optimized without
presuming any reasonable values = « = 6.5 and g = —5.5
obtained via model-data comparison (y*~1.1)

31




Hadronization via heavy-light coalescence

® Instantaneous approach utilized
® Momentum spectrum of mesons (M) formed from the coalescence of heavy quark
(@) and anti-light-quark (q) is then given by

1

dNM - - - -

d35,, = 9m j d6fQ d6§c7foc‘1 . z Wzv(zn) 6° Py — Po — Pg)
n=0

where the overlap integral of the Wigner function of the Qg pair and the meson in
n excited state

_ N do&) do¢.
n) (- . Q q S>1 > S > n) ;=1 >
Wy (YMJ kM) ~ ) 2n)? @2n)3 Wy (XQ;PQ)Wq(xq»Pq)WM (Xpmr Pm)

_ A" 2 _ 1y 272
—He A—E(%ﬁ'O’MkM

v’ parton (meson) wave function behaves the Gaussian wave packet (simple
harmonic oscillator) 32



Hadronization via heavy-light coalescence

T T T T | T T T T [ T T T T T T T [ T T T T T T T
i Pb-Pb @2.76 TeV, 0-10% (a) Pb-Pb @2.76 TeV (b)

= 7 > 5
5 0.8 - — = 0.8 - |
_c.g - === (Ground state i %ﬁ 3 —_— 0-10% ]
GEJ. 0.6 - ====== [jrst excited state 7 ;;._{ 0.6 —_“‘ ceemme 30-50% ]
O - Total i O - . .
S i | 2 I Meson i
3 04 S Meson (Qq)- 3 041 ~" -
s TN I B (Qq) ]
© 0.2 - O 0.2 _
O B L Lo L -T-T-.T'_'ﬂ—-r—-—-l-_.n_ et - O B | L. | |

0 S 10 15 20 0 5 10 15 20

Py (GeV) pH° (GeV)

® Coalescence into a ground state has maximum probability at pr ~ 0, and then decreases toward high ,,,
due to the difficulty of finding a coalescence partner in this region
® Larger coalescence probability for more central collisions — the coalescence partner density is larger in

0-10% than in 30-50%, resulting in a larger probability to form heavy-light combinations 33



Tree-level Feynman diagrams in vacuum

® The elastic scattering processes between
heavy quark (Q) and the quark-gluon plasma
constituents (i = q, 9)

Q(Pqy) +i(Py) » Q(P3) +i(Py)

Qq: t — channel

N

Qg: t — channel Q9: s — channel Qg: u — channel 34




Spectral functions

2
}ra)mD

o G _wz){[qz )

2.2 2 2
w"m — +w\2
20q qg—w

or(w,q) =

(A.16)
) 2 7 —I
f=w" —q~ <0 q':l
—_— r‘—
(A.19)
w —TI
X =— < =X 5,
q | —x~
resulting in
a(t, x) N
dtdx = dgdw =2(1 —x7)dgdw. (A.20)
(g, w)

|P2 |min

cosV |max

Imin

®Omax /min

b =

C =

%] 4 /)2 + 4m3|1%

4(E1 + [p1]) (B-28)
”'”'”{1* il o 11/;:1 |) ::rﬁlt*l } (B.29)
il (B.30)
”Zjﬁ with (B.31)
=
—j—lg[El(s —m?) — Ea(s +m7)] (B.33)
ptlz{:[(El +Ep)? —s]+ 4p12p225m%} (B.34)

D = b* + 4a*c = —t [:5 + (s —m%)z]-(

G(w) = —a*w +bw + ¢

4E>sinyr 2
P1| )
(B.35)
(B.36)




Collisional energy loss: soft component

® Basic formulas weidon, pro 1983] 0
1
(e, T) = _Z_E'lnF(El)Tr[(Pl Y + my)Im2E(Py)]
with the HQ self-energy 1 F1-0 1
%(P,) = iCrg* s AV (Q)

v ) et e =y —m

and the HTL gluon propagator in Coulomb gauge
AR(Q) = — [6087°]1A, — [6Y — '@’ |Ar

The longitudinal and transverse effective propagators are
(A,) =g+, 1, = m3[1 - Q(x)] x =q°/4] L
(8 )= (g — T Iy =mplx? + (1 -x)Q]/2  Q(a) == In~

[Blaizot and lancu, Phys.Rep. 2002; Alberico et. al., EPJC 2011] 2 x—1



Coupling constant

® g is quantified by the two-loop QCD beta-function

[Kaczmarek and Zantow, PRD 2005]

g2 (1) = 2Boln (

I
= —— 11
167~ (

1
©(1672)2

Po

P

) +—£§L!n

OCD Po

2

38
(102 - TNf)

[ZIH(
A

2
QCD

|

v’ for hard collision, u = +/—t

v’ for soft collision, u = K - nT



Comparison with other models

g sf
t -
S }
m —
e [
S 2[
L

K

------------ Thoma-Gyulassy (HEA)
Lin-Pisarski-Skokov (semi- QGP)

" This work (Full Charm (by| @ Bjorken:keep only the logarithmically
--- - This work (HEA) o = 0.30 divergent integral over momentum transfer;
— — Bjorken (HEA) T=0.30 GeV

imposing physically reasonable upper and
lower limits to regulate the divergences

[Bjorken, FERMILAB-Pub-82/59-THY]
® Thoma-Gyulassy : update the Bjorken

approach by including a more careful
treatment of the infrared divergences

50 100 150

200 [Thoma and Gyulassy, NPB 1991]
p (GeV)

® Lin-Pisarski-Skokov : incorporate partially confinement effect through purely imaginary background
color charge determined by Polyakov loop from lattice studies, leading reduced quark and gluon
degrees of freedom

[Lin, Pisarski and Skokov, PLB 2014]

® A common behavior is observed for all the models 38



Charm vs. Bottom
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[Lin, et. al., PLB 730, 236 (2014)39



Transport coefficients
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Hard collisions



Notations

® Bernoulli polynomial
By(x) = x*(1 = x)>—=1/30
By(x)=x*=x+1/6

® The projection operator in the double line basis

Pah.cd — Pﬂh — f}ﬁf}f —_— E(\Jﬂbt‘\?cd

dc
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