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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
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® 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



Soft-hard factorization model

1

i .. 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 (sraaten and vuan, PRL PRL 66, 2183 (1991)]

v" hard collision: |t| > |t*|, where the pQCD Born approximation 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 ~ 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)]




Calculation strategy

® The energy loss per traveling distance

dE Ldl w
[ gl
dz d>q v,

® Momentum diffusion coefficients

T=5 ngc?CIT L d3g L

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

\ — I-.soft

key variable |—" =1

+ I + Lo




Collisional energy loss: hard component

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

TP N(Ez)f 1f 1
(Ex, >_251 o, 2B, ), 2E3) 2E,

0i
M2 2m)*6™@ (py + p,

and the total energy loss for the hard collisions in t-channel

— P3 — D4

[ dE hard CoOSY|max t” b > h
[_E 256” 2 f d|P2|EzN(E2)f d(cosy) . dt; M2 i)
(t) i= =q,9 2|mm min
q y
® The contributions from s- and u-channels are not divergent for small
momentum transfers — no need to introduce the intermediate cutoff
(=9 (Belwin=0)  (coPlmax= 1) (t'=0) | 6




Collisional energy loss: soft component

® Basic formulas weldon prb 28, 2007 (1983)] 0
1 _
I'(E,T) = _ﬁnF(El)Tr[(Pl -y +my)Im2(P;)]
1
. . . . P1 Pl R Q Pl
with the HQ self-energy in Minkowski space - - -
. d*Q
Z(Pl) — lCng )/V

ot OBy —m,
and the HTL gluon propagator in Coulomb gauge
AR(Q) = — (51°80)A,—(8Y - 'g))5H16v Ay
The longitudinal and transverse effective propagators are
(A )'=q*+ 10, (Ar)'=q5—q° — Iy

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



Collisional energy loss: soft component

® Basic formulas weldon prb 28, 2007 (1983)] 0

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

[(ELT) = Crg? f f dootiy (@)8(w — By - Dipy (@ @) + 2[1 = By - DZ]pr(w, )
q

The total energy loss in soft collisions reads

( )

dE soft C 2
[_ E] B 87:5qv2j at(=t) J dx 7 2)2 oL (t, %) + (2 — x2)pr(t, )]

(t) 1 )




Collisional energy loss: hard +soft

dE dE SOft dE hard dE

Full results 4z (t) dz (t) dz (su)
dE soft - Cpg 2 \
dt( ) dx —z oL (6,20 + (W = xH)pr(t, 2)]
(t) ~ 8m2 v1 )
dE hard cosY|max t” b
_ b T
i=q,9 min min
N food*ENE fld LA Tver
dz () B 2567'[325)% 0 P2|E2 N (E2) 1 (cosy) b a3 Qg (su) /
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Toward an analytical form

® Large momentum transfer: —t~s > m?

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

HEA results finite-u correction
d soft dE soft—HEA ' , _ o+
(@ [— —] (F1, T, ) = IGF g*m3 In —— + F
dz ® dz () M mp
dpterdTHEA NN, , [, 8ET -
[ dE:| hard i - E:| Q) (El T .HJ 2167 - Y T [111 4 — - —7+4+
4z ] (1) Ap" IR N2 (z AE\T 3
R — —_— n [ —
dz | g 906 Y —t* 4
dE dp]heraTAEA N2 o ABT 5
Tz T4z = g YT\ e T
“ 1 (s+u) Z1Qg(s+u) T my

-

HEA -
: N E«T 2
[—El (B, T\ p) = E?‘TGETE [(1— \f) In—— + ZIn
dz Qq+Qg 6 mm 9

T+d(\f)] G

ﬂThe T- and E- \

dependencies are
similar to the results
for the scattering off a
light hard parton off a
light soft parton

Qin et. al., PRL 100, 072301 (2008)]

/
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channel

“Full” “HEA"
u VS.

_ B | | | T T T | | T | | | | ]
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) B . ’ B
S | t-Ch.: Soft L=030GeV -
N poSueh T=050GeV __|
S 4 [~ Al-Ch - Uor o

L]

ke

p (GeV)
® As expected, the asymptotic behavior is presented toward high energy,

while a considerable variation is found at low and moderate energy for each

11



-dE/dz (GeV/fm)

Finite-u effects

——u=000GV  (a) ® —dE/dz increases with u

---- 1=0.30 GeV

== ® soft part: my increases with u —
more long-wavelength interactions

screened — larger ' and —dE/dz

® hard part: thermal distribution of

T=0.50 GeV
T fermion enhanced accordingly
0 50 100 150 200
p (GeV)
Np(E,T,pn) =n -—|—£n (1 —mn )mnh£+0{ 1)
F 3 *J[ - I QTE F F ) b ET J[
. Y L N F _
HF(E?T) - EE;{T—F]_ _-’NF{ETJH_O) 12



Charm vs. Bottom ( u = 0)

—— This work (Full) o = 0.30 (c) _Egﬂ (NT } %) 11_ (41)
[ ==== This work (HEA) T =0.30 GeV

~ — — Bjorken (HEA) |
[ e Thoma-Gyulassy (HEA) ]
B Lin-Pisarski-Skokov (semi-QGP) ]

o
o

[Bjorken, FERMILAB-Pub-82/59-THY (1982)]
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vV [Thoma and Gyulassy, NPB 351, 491 (1991)]
® Mass hierarchy: for a given velocity, dE o[ N/(N2=1) (ET
T ra;1 {S 2N In ( ) )

quark with larger mass will lose more its i oL
initial ener - [N(. _ll”(blf) | Cﬁ.ln(i)”
gy 6 my, 6 mj

[Lin, et. al., PLB 730, 236 (2014)]




Semi-QGP near T,

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

\ I |
f~—— z. S — Y Y
'L___-,% q

weak-coupling approach
: (high-temperature limit)

mi, < —t* < T?

«7’/—(\
I
p

/

® Strong-coupling behavior in the “semi-QGP" (T, < T <3 —4T.), may have an important

influence on the HQ energy loss which should be reconsidered in an effective theory

® Non-perturbative contribution included

14

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



How to describe the semi-QGP ?

N

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

. 1.2 .

® For pure gauge theory without quarks, the order L --i' e s m s .
parameter of the deconfining phase transitionis 1} _'?-'ﬂ : :
the Polyakov loop which has a nontrivial i : :
dependence on the temperature 0o & : |
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. ! ! !
02p ! ! '
| | |
‘ 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) 15




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 Jo 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)] 16




Resummed gluon propagator

® The off-diagonal components

de. de de, de,f
DieI9(Q%) = AT Bi; + AT 0 Ay
1
AdesTo o 5o gef ~
w2 — q2 1 /\deHT

|
q2 + A4e€lT

Acée,fg — 599 s5ef

0.2 0.3 0.4 0.5
T(GeV)

® The diagonal components

N —
. 1
pad-1f pdd-11(Q Aij + B .
2 " 2:: 9 — q* —A“HT 2 1P, D)

color

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



Interaction rate: hard component

BF effective theory

]_ .
Fhard BF E /

1 )
BF =

[|M2|Q?( elkol/T—2migde _ 1

1
/ _clkol/Thamia™ —
BF 1 1 (BF enters like an imaginary chemical potential)

M7 =2 ) (1= 0% M?
8 3
: W () = 77
NBAY) = T
Perturbative

1 E 1 n(kE
Fhﬂ?d(El,T) o / ?’1( 2)/ ?’1( 4)
2m\/,. [ 2B, |/,. 2E5 J, 2E,

><[|M2|Qi](2??345(4)(}?1 + p2 — p3 — pa)
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Interaction rate: soft component

® The off-diagonal components

J.;I\r
1 - ' :
L5 g (B T) = 547 3 /q / dw fip(w)d(w — 7 - ﬂ){p‘i"’(w,q) +07 [1 = (01 - g)° ﬂ%‘?(waq)}

d,e=1

® The diagonal components

N-1
SO L . _ o o o e . 21 a
F;ﬁ{{;(ElaT) = ﬁgz Z / /dw np(w)d(w — v - ¢ ){pi(w,q) + 077 [1 — (6 -q)ﬂ.pip(w,q)}
a=1"9"

cross check

C )
fl:s_of_t ] _é _:/: . _F_S’O_Jct_]_;j _j:\| sum over color f’ soft N
I Offdiag( 1 ) + diag( 1 ) I . > | I (El, T) :
| .
: BF effective theory : high temperature , Perturbative /I
K N o e e e e e e e e e = e = 7 | J S —— j
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Collisional energy loss with @ + 0

dz dz

(t)

dE - dE soft N dE hard
dz

()

[dE
_I___

- F]

(-]

Q=£0; hard

(t)

Q=£0; soft gg 0 vy
= dt (—t dx
1672 N, 02 /f (=) /D "

X

1N
 25673p2 [ 8

J—1

3

CGS?:'i"'J'J'A ax L b
/ d(cosi)) / dt— | M?]
Jtmin

— 22)2

np(E; — Q) + np(Ey +iQ7F)
2

1 1 1 .. > ng(Ey —iQ7%) £ ng(Ey 4+ iQiF)
S | T zik : B 2 B 9
256732 [8 2 (1 3 )]/D dp2 >

i k=1

1 0
. b ————0=0
/ d(cos)) / dt— [M?] ;) -
J—1 . trrlirl a h

\
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Collisional energy loss

3 N
- t-Ch.: Hard
| t-Ch.: Soft
- su-Ch.

2 —All-Ch.

| T
Q=0

Charm
o, =0.30 |
t=4.0m: i

E =10.00 GeV |

0.6
T (GeV)

T | T T T T T T T T | T T T T
- Charm === t-Ch.: Hard (b)7
— ;=030 e $-Ch.: Soft |
Lt =40m] ==== su-Ch. i
~ E=10.00 GeV — All-Ch. -
N v
- il
— & | | | | , | ]
0.3 04 0.5 0.6
T (GeV)

® —dE/dz in the Q + 0 scenario suppressed compared to the 9 = 0 baseline
® hard t-channel result more affected: mainly arises from the reduced color degrees of

freedom rather than complete color screening

® soft t-channel result less affected: long-range chromoelectric interactions remain

partially active in the semi-QGP

21



Momentum diffusion coefficients

KTI K,

T T T |
Charm

1.5 — 0,=0.30
. T=0.30GeV

[ [ T
= This work: Q=0
= === This work: Q=0
— — Ads/CFT: 1-v?

[Ads/CFT: J. Casalderrey-Solana, D. Teaney,
JHEP 0704, 039 (2007); S.S. Gubser, Nucl.
Phys. B 790, 175 (2008); H. Liu, K. Rajagopal,
Y. Shi, JHEP 0808, 048 (2008).]

® R; —1 in the static limit v— 0: indistinguishable between transverse and longitudinal

fluctuations

® R, decreases monotonically in both cases: kinematic factors and the redistribution of
energy-momentum transfers make longitudinal broadening increasingly efficient relative

to transverse broadening for a fast-moving probe

22



Summary and outlook

® We have extended the recently developed soft-hard factorization model for heavy-quark
transport to finite chemical potential. Our results show that
v both the dE/dz and the «r,, are found to increase with u, with the enhancement being most

pronounced at low T where u effects dominate the medium response
v mass hierarchy —dE /dz(charm) < —dE/dz(bottom) observed at fixed velocity

® We have extended the above perturbative framework by incorporating a T -dependent
background field that accounts for non-perturbative QCD effects near T.. This unified approach
v" allows for a continuous interpolation between the perturbative and quasi-confining regimes and is
valid in both the small and large momentum transfer limits
v shows a distinct suppression of both dE/dz and the k;,, relative to conventional perturbative

estimates, especially near T,

® New paths forward for future work
v coupling the present results to our LGR framework and performing the model-data

comparisons at RHIC and LHC energies 23
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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 26




Spectral functions

. ‘ —1
W, q, L) = — w “ — w* x (1 1 —w

—1
rwM? [2 5 ( w q—l—w):r (?r::uﬂ-fﬁ )2
or (W, q, 1) = +Mp(1l——1In + S :
pL(w,q.p) . { q D Y 27

d*p 0 ) ] : Neg?p?
ﬂ'f-%' (T? 4“’) — _T‘Tﬁﬁdﬂ / (‘2::1-)3 n‘i'”_ﬁ {NEA'FB T P""fﬂ'rF') — ?ﬂij T ;;TZ

AI?\ITC JI?\IT
my (T) :( 3 + GI)QZTZ



Finite-u corrections

2108 ek Cr —2t*
- Ei1.T. 1) ~ 2 | _
[ dz}(ﬂ (Er, T 1) 6.9 mp In =) + F1

Crg? [ Npg?u® —ot* A
Fi(L ) = £g ( R —mpIn 2‘?)

{_

167 272 M3, my,
1E hard—HFEA \T \T QE.T ; 10
( } (Ex. T p) = szTz{hl 1* T~ Cﬂ(. }} 5
Az | gq) 2167 —¢ 1 (2)
oy NyNe 4 7
Fa(En, Top) ==3—59 Fa| o v Jam) ~ 16 ]




Comparison with other models ( u=0)

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 29



Comparlson of the bosonic distribution

E m 1T E m 1
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