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Lecture 11

Open heavy flavor production in AA collisions

Simulation of HQ diffusion in QGP: Langevin vs Boltzmann
Microscopic interactions of HQs in QGP

HQ Hadronization

Heavy hadron interaction in hot hadronic medium

Phenomenology
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Heavy flavor transport as probes of QGP
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HQ evolution in hot QCD medium

@@ » c-cbar (b-bbar) produced in pairs in early hard
\. processes t~1/2m, calculable via pQCD

_ sQGP > single HQs diffusion and rescattering in sQGP
y via elastic or inelastic/radiative interactions,

simulated by Boltzmann/Langevin equations
“7”}. » HQ hadronization via coalescence c+gbar->D,
.® c+q+q—>/\,, or independent fragmentation
= HRG 5 D, A, further diffusion in HRG via hadronic
K. p interactions with bulk hadrons

K: » D, /\, decay long after freezeout of the system
{ via weak interactions (semileptonic or hadronic

Ve e.g. B> J/p+K (nonprompt J/w))
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HQ transport in QGP: Boltzmann eq.

@ describe heavy-quark scattering in the QGP by (semi-)classical
transport equation

o fo(t,7,p): phase-space distribution of heavy quarks

@ equation of motion for HQ-fluid cell at time ¢ at (p. 7):

%, 0
de—dt(d +t-‘a+F )f@

e change of phase-space distribution with time (non-equilibrium)

o drift of HQ-fluid cell with velocity v = p/E5, Ez = 1/1?'% + p?

e change of momentum with mean-field force, F
@ change must be due to collisions with surrounding medium

dfg = Clfq] = /dSH (P + F, A)f@( T, 5+ k) —w(p k) fo(t, 7, p)

ga in loss

e w(p, k): transition rate for collision of a heavy quark with momentum,
p with a heat-bath particle with momentum transfer, &
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Boltzmann equation (2-22)

relation to cross sections of microscopic scattering processes
e.g., elastic scattering of heavy quark with light quarks

d3q
(2m)3
Vg = 2 X 3 = 6: spin-color-degeneracy factor
vrel := /(0 - q)? — (momy)?/(FoE,); covariant relative velocity
in terms of invariant matrix element

=55 | @i, | wrar; | wrs
Q QEQ (Qﬁ)SQEg (QW)32E;_} (QW)SQE(;
1
W
7eQ C,8

x 2m)4W(p+q—p — ) fo(B) (@) — foB) fo(d)]

o 1, ¢ (p', q") initial (final) momenta of heavy and light quark

do

w(p: E) = Tq fo(@)vrel(P. 4 — P — F E) df

"’-"’}Hﬁ.@'}}

o momentum transfer: k=q' ' —qg=p—p"’
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Reduction to Fokker-Planck equation

o heavy quarks ¢ light quarks/gluons: momentum transfers small
o w(p+ k, }?) peaked around = 0

@ expansion of collision term around £ =0

u(ﬁ—l—E E)f@(ﬁﬁ—}? ]:’) )fQ(ﬁ] —I—L _p[ ( )fQ( )}
1u O i R ol
+ —kik; C?p;m[ w(p. k) fo(p))

e collision term

Cliol = [ O [+ 3 ot Bl
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Reduction to Fokker-Planck equation

@ Boltzmann equation = simplifies to Fokker-Planck equation

O fol(t,Z,p) + Es affcg(f.i,p) O { Ai(p) fol(t, 2, p)

o = _
4 a—ﬁ[Bi;(P)fQ(tep)]}

@ with drag and diffusion coefficients

Ai(p) = / BEkiw(p, k), Bij(p) = % / A3 kekikjw (p, k)

@ equilibrated light quarks and gluons: coefficients in heat-bath frame
@ matter homogeneous and isotropic

A;(p) = A(p)pi. B;‘j(ﬁ) = BO(P)PS_ + B (p)Pil.lf

- p p ~ p-p.
with P“ (15‘) — M, P;r(ﬁ’) = Oij — ;32‘?
{jsq ‘ﬁqr
Ai(p) =
‘p) 2E(p) f (27;3?5(4‘,- (27 )P2E(q")
dr3 ’ 1
) f Q) 2E(p) ¥ I Bij(p) = 5(((p' = (P — p)j))
emy'stp+qg—p —aq)H l(p — pl

A,B can be calculated from scattering amplitudes,

= (P = pi)y: but are not independent of each other!
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Einstein relation & equilibrium limit

» FP equation cast into a continuity equation in momentum space

dfo(t, p) 0 0
Jo\l. P + —S;(t.p) = 0. Sit.p) = —{As(P},f'(T-P) + .{—[ijfp)f(f-}’}]}
dt dp; ap;

» In the equilibrium limit =» Boltzmann-Juttner distribution
Jeq(p,T) = Nexp|—E(p)/T] E(p) =+/ p*+m?

particle current/flux vanishes S;=0 =» fluctuation-dissipation theorem
i i oY dFE oB;;i(p, T
between drag and diffusion coefficient Ai(p.T) = Bi(p. L 2EWwP)  9Bii(p.T)

T Op; ap
» Non-relativistic limit with diagonal diffusion
o DIE(p)] B JdD[E(p)] Bo(p Bi(p) = D(p)
A(p) = E(m( - — ) p) ] p)

in the non-relativistic limit, D(p)=D, '(p)=y = Einstein relation: D = my T
» Analytical solution

“1n « drag on mean momentum: {p)=pye """

fip,t)= l—Lu e —2r1)
» diffusion in momentum & coordinate space:

— —rt)2 -
exp | — P —Po ") P —(pr=2—e-r)  (xD—(x)2~-22 =2D¢
2D 1 —e 2t 14 it T m?y

DS:?nQﬂrzﬁ
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Langevin equation

» FP equation stochastically realized by Langevin equation

Pj Af(t, p ] fc“ £
dx; = 1t, - J
j E‘ TS [(F(P}P —&Cu(p 7 )J‘(f ]

dpj = —T(p,T)p;dt +VdtCji(p +&d p.T)py

[(p,T) --- deterministic drag/friction force; 3
C,— stochastically fluctuating force with independent Gaussian noise P(p) = (277)™/2¢=*"/2
no correlation at differenttimes  (F;(1)Fy(1")) = C;;Cyédt — ')

> Pre-point scheme: § =9
. _ P (
dxj = £ dr, ) T oo ] (D[E[‘”)] - {)D[E(P}]) = A(p)

1 92
2 dp;opk

[Cii(p)Cr(p)f(t.p)l. (10)

with equilibrium condition: I'(p)= .
T JE

E(p
dp; = —I'(p)p;dt + /2dtD(p)p; P)

[D(mf'(r.p)]}

_ 5
{Fw)mftr-pw :

d
= F-P equation: f‘ P = o

{.{

» Post-point scheme: =1 DIE(] = F(p)E()T.

o _Pi _ . »
dxj = —dt, with equilibrium condition: ) _ x(,) + - IPLEW

E(p) JE

dpj = ~T(ppdi+ V21 D(Ip +d pe, In terms of A and D, the F-P equation:

in pre- and post-points are the same!
MH et al., PRE88,032138(2013)

'(p)pi.

=> F-P equation: %f'(r.p)
dar’

api

Langevin egs. are not covariant! So updates of x, p need to be
done in fluid rest frame when there’s collective flow!
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Equilibrium limit check
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FIG. 1. (Color online) Distribution d N /dp, from Langevin sim-
ulations for heavy quarks with mass m = 1.5 GeV, diffusing in a
static medium at temperature T = 0.18 GeV. compared to calcu-
lations with the corresponding analytical phase-space distributions:
(a) prepoint Langevin scheme; (b) postpoint Langevin scheme. See
text for more details.
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FIG. 2. (Color online) Langevin simulation results for heavy
quarks (m = 1.5 GeV) diffusing in a flowing medium (7 =
0.18 GeV, v; = 0.9) compared to calculations with analytical phase-
space distributions: (a) prepoint Langevin scheme; (b) postpoint
Langevin scheme. The distribution obtained with a variant of the
postpoint scheme and the corresponding blast-wave distribution are
also shown. See text for more details.
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Equilibrium limit check (elliptic fireball)

dN/p.dp, (arb. units)

dN/p.dp_ (arb.units)
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FIG. 3. (Color online) Langevin simulation of the py spectrum of
a heavy quark (m = 1.5 GeV) diffusing in a fireball (7; = 0.33 GeV,
Ty = 0.18 GeV). compared to the direct blast-wave calculations.
(a) Prepoint Langevin scheme: (b) postpoint Langevin scheme. See
text for more details.
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FIG. 4. (Color online) Langevin simulation results for va( py) for
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a heavy quark (m = 1.5 GeV) diffusing in a QGP (Ty = 0.18 GeV)
compared to direct blast-wave calculations with the flow field
and temperature of the background medium (fireball). (a) Prepoint

Langevin scheme: (b) postpoint Langevin scheme.
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Full Boltzmann implementation

Catania group: quasi-particles for bulk fitted to lattice-EoS + HQ elastic scattering
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HQ scattering in QGP: pQCD

S | M, | 2=307272q2 =)o —u)
a 5 ( “#2)2 ’
(m2—s)(m*—u)—2m*(m3+s)
S My | *=2E7%] (m2—s)?

g

) M, | 2=2872 2 (m?—u)m?—s)—2m*m?+u)
c =5-T O

S M | =% =

|
.M.M*—— MJ”,'
a*"vb b ta

7687 (m?2—s)m?—u)+m?u —s)
(t —p?)(m?—s)

»

SMME= 3 MM

76870 (m2—u)m?—s)+mis —u)

(t —pu?)(m?—u) ’
MM =3 MM
/ — 236 22,2 m*(t —4m?)

3T (mi—u)m?=s)

(a)
(b)
_—
(c)

for gluon scattering, and

2_ 2 2.2 2
e 2 |md[2=256Nf172af_{m s)*+(m = Zu) +2m%
(t —p”)
C

« t-channel scattering dominates, regularized

(d) by gluon screening mass pp~gT
Svetitski, PRD37, 2484(1988)
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LO-pQCD is far from enough

b= ' ) ' ' I ) ’ i ' 1 ' ' ’ ) -
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FIG. 2. Drag coefficient 4 (p?) at temperature 7" =200 MeV,
assuming QCD coupling a;=0.6 and Debye screening mass
p=200 MeV. The dashed-dotted curve is the contribution of
quark and antiquark scattering, the dashed curve that of gluon
scattering, and the solid line the sum of the two.

Here, 0,=0.6, up=200 MeV, A « a 2. If using more realistic a,~0.3, A(p=0,T=200 MeV)
~0.02/fm =» need At=1/A=50 fm/c for c-quark thermalization >> QGP lifetime

LO-pQCD t-channel dominated by forward scattering, do/dQ~1/64, not efficient for
momentum isotropilization/thermalization =» resonant scattering more efficient
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Variants of LO-pQCD/Born diagram

14_|||||||||||

12 | — Wuppertal-Budapest _;
q/gg p3 10 — hotQCD

g(T)

P, Py

Y (b Xe
— > — ﬁ
I

r— t — km5(T)

-2 -1

Qz GeV? 1 2

Nantes group: reduced screening k~ 0.11 to fit e-loss =» matrix element
squared much enhanced (t<0) Gossiaux et al., PRC 79, 044906 (2009)

Nantes/Catania group: quasi-particles with running/effective coupling const.
a.~1 at low T and/or low Q? = inconsistent with LO approximation
Das et al., PRC90, 044901(2014)
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Dependence of charm drag on screening mass
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FIG. 1. (Color online) Angular dependence of the cross section
for different values of mp for charm quarks (solid lines) and for

—

0.2

0.18+
0.16

| L
— ¢(m;=04 GeV)
—a (mD=0.83 GeV)
5—a ¢ (m=1.6 GeV)
=== b (m;=04 GeV)
&= =ob (m =083 GeV)
&~ b (m=1.6 GeV)

0.06/=— - "o
0.04
002 G- -5 m g e
0 N Y T O N F I
0 3 6 9 12

« smaller my =» more forward LO-pQCD

p [GeV]

« Matrix element squared increases so does thermal relaxation rate

15

FIG. 3. (Color online) Variation of drag coefficients withp at T=
400 MeV for different values of mp.
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Boltzmann vs Langevin using LO-pQCD

TTTTTTTTTTTTTT] o Athigh pr Gauss distribution of e-loss underlying
i rgg fﬁ | Langevin becomes less accurate = deviation from
ce+ t=6fm full Boltzmann
= N
B TRl » Charm quark Ryais ~25% smaller from Langevin than
0.5 . - Boltzmann at high p; while v2 from Langevin a bit larger

« Discrepancies between Lagevin vs Boltzmann
vanishes for bottom

7 T Y Ty Y
o 1 2 3 4 5 6 7

|GeV]
Das et al., PRC90, 044901(2014)
FIG. 6. (Color online) Ratio between the Langevin (LV) and
Boltzmann (BM) spectra for charm quark as a function of momentum
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Fig. 24. Nuclear modification factor (left panel) and elliptic flow (right panel) for heavy quarks in semi-central
Pb+Pb(/snyn =2.76 TeV) collisions (at b = 9.5 fm) for different values of the HQ mass, M (indicated by the different
line colors), in a Boltzmann (solid lines) and in a Langevin approach (dashed lines).
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pQCD: NLO

S gt
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s

Caron-Huot & Moore,
JHEP02(2008)081

Fig. 20. Comparison of leading and next-to-leading order inverse heavy-quark diffusion coefficient, x/ 1= 2/(DsT),
scaled by the leading-order coupling constant dependence. The subleading corrections are large even at coupling values

usually considered to be very small.

 NLO >> LO = poor convergence!

M. He
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Non-perturbative effects

Large running coupling at small Q2 in LO-pQCD/Born diagram with one-gluon
exchange = strong Coulomb potential at large distance

But at large distance, Q-Qbar potential is linear-confining term (in vacuum:v) = %ﬁ +or)

At finite T (<2*Tc) significant remnants linear part in Q-Qbar free energy [yet not potential]
=» residual confining force may be important for HQ interactions in QGP
=» non-perturbative potential model needed!

1 :—F1(r,T) [MeV] ijﬂ‘i’i# exp(—=£4(r,T)/T) = i (Tr[L () L(y)])

: *® L
05 | mg g 224 Haestst 2t & o f there’s only Coulomb=> F<0

B
LA A4
I}' v

YvYrYY ﬁwwm

o e E T-147Mev = |+ F>0 for T<2*T,, remnant of
' 178MeV e - linear confining term

: 194MeV » |

%: 222MeV
. F 320MeV «
" 442MeV =
| B8 479MeV @ ]
732MeV @ r[fm]{

01 02 03 04 05 06 0.7 08 09 1
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T-matrix resuming HQ potential

Q AN M 4
T = + (V) IT (%) - |
17Q,q,g ~

* 4D Bethe-Salpeter = 3D Lippmann-Schwinger with relativistic corrections
m(q)

. Thep. ) —
lia(E:q.q) G (E:q) E—oi(q)—02q)— 2, —Zo
2 (™ 2m(q) (@i(q) + ©2(q))
=Viag )+ = | dkk* V(g k JBYS (£ ) = M
Lalq'. q) + T f(} tald’. k) Ot E? — [09(q) + 09q) + X, + Zg]?
X G(E k) To(Esk, @) {1 — nploi(k)] — nploa(k)]} m(g) = —4™M2 _ Riek et al.. 2010
cu‘f(q)wQ(q) ’

e momentum transfer

J00s0 g =>» static/space-like potential
@ 1 =‘:12_‘1 = ) interactions, with relativistic
| Qo~q /2my<<|q| corrections
'
0 /\\ 0 0, e single heavy quark in QGP 2 goft interactions
ptzh ~2moT >> T g~T << pq

« Soft & (approximately) static Q-Qbar and Q-qg/g interactions in QGP

« Common description of heavy quarkonia and single Q transport
« Thermodynamic T-matrix (bound states, scattering states, and resummation)
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T-matrix: vacuum constraints
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=» Born approximation compared to pQCD °© 03! / \
=» Breit correction essential gf [
Voig:(1) — Vi) (1-v;-v;) () R
2.5 3 3.5 S 45 5
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In-medium HQ potential: F or U

F,(.T) = U;(t;T) - T S,(t.T)

Free Energy Internal Energy
F,Mev] ' U, [MeV]
o0 b ,‘ s +_J 1900 | o +*H,++H+’HHHH"H%
| i gﬂﬂ - 1000 | *H ﬂ*HJrHHJr .,tH [Kafzmarek
500 | ; SUH - ‘:t, i et 41 °05]
6T, —— omrvpatibig
0T —— a0 | SRR o
1077, —a— 1.18T, —=—
0 123T — ] 1297, —a—
'~[|T,:_ —_— ot 1.43T, —— |
1.98T, —— 1.57T, —a—
A01T, —=— . r [fm] 1897, —e—
500 - : - : : : - - = -
0 0.& 1 1.5 2 25 3 a 0.3 1 15 2
« “weak” QQ potential » “strong” QQ potential, U= H, »
* F. U. S thermodynamic quantities
» Entropy: many-body effects
(a) Free energy F, (b) Internal Energy U; (U = Hj,p)
=> weak QQ potential, => strong QQ potential,
small Q “selfenergy” F,(r=x,T)/2 large Q “selfenergy” U,(r=ux,T)/2

U as proxy for HQ potential is favored by (a) Y(1S) suppression & (b) charm quark v,
=>» this will be discussed later
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Self-consistent HQ potential: beyond F or U

For static Q-Qbar in medium: F(Q-Qbar)= F(Q-Qbar + medium) — F(medium)
Foo(T,r)=-TIn(Zy5) =(-TIn(Zypg)) — (-Tn(2))

= Zog -n(”-l)f(?”z)lf’(rl)e_ﬁHﬁbJr('r1)){+(?’2)|n) .
Zog = 7 7 McLerran and Svetitsky,

PRD 24 (1981) 450

= G>(_ET' rl’r2|r1'r2)|'r:,5’ = G:.}(_IITJ‘VNT:,G

o - Blazoit et al., NPA806 (2008)
r=n-n, B=1T 312-338

Fog(T.7) = ~TIn (G (~it,1)) |r=p

Two-particle Green’s function: full vs free, z=-it: time - energy representation
1
[Go()] 1=V (2,7)

G(z,r) = -[Géz)]_l =z —X(2)

1 ] —TE
— e’
[Go(E + i6)] Y V(E +ie7)

Q-Qbar free energy F related to Q-Qbar potential and self-energies Liu&Rapp, NPA 941
W(ZOIS) 179

~ @ -1
G~ (—it, 1) =f dE ?Im

[dE . B
Fas(rmT)=-T1 ’V r__,—.,I'_I ( _
oolri L] n L — m E—-V(rT)-2Amg — Xgg(E,rT) J

> weakly coupled limit, self-energy =->ic S5(E-V-2mg) 2 V=F
strongly coupled limit, large ImZ =» need a stronger V to match F
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Self-consistent HQ) potential

* Now heavy-light T-matrix with full spectral functions (off-shell Q, q, g)

P
T5:(E,p.p') =V, "‘f f

o Vi (P k)G, (B, K) T4, (E. k. ')

pilw1, k) pg(wa, k) . ‘Y
G (E. k) = | duwdws 11 £ filwr) — folwa)
QY ff 1 “FE—w —we i f‘ Y ka. _']

« Single Q spectral function related with T-matrix aq?in
Go =1/|w —wglk) — Eg(w. k)], po= ——Im &g

A3 dE ImTEL(E k,p2) .
Et&fw’-kj'Zf = /d“’zpz (wWa, IJ}I/?E—?;;—-‘-'-: e filwa) F fIE)]

=>» Finally aided with a relatlon between 2-particle(Q-Qbar) self-energy and 1-particle(Q)

self-energy, self-consistent solution of HQ potential and T-matrix with spectral functions
/off-shell effects can be performed by fitting the lattice-QCD free energy

10F  T-0104Gev A ey ] Vel =Gl +”£,,“ —e )
: 1 Solutions not unique:
;:;; 0'5__ ; vgakly coupled V~ F
T oof n
S ® oo Flatice) | f Strongly coupled V= long
05F [ ViWeak) —---- FWeak) 1T range remnant confining
10:— — V(Strong) - - - - F(Strong) | | Force, not much screening

00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14  Liu&Rapp, NPA 941
r(fm) r(im) (2015) 179
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ImT (1/GeV?)

Charm-light T-matrix

[ ]
—
T

35: """" T et -I'r:l T AR I M L
e T=184 MeV, p=0 GeV GE — Weak
s T=0.758 GeV 20f ceee- TN GV charm 1 _ c_ hght 5t ]
25 on —— TNV, GV 1 quark = Af | Iquark ong 4
: — T030GeV] . [ e Tommeipey [ & h | ]
EDE_ — T=0400 GeV E .'I \ =} ! II T=0.134GeY
; R ! a 3 |I || E
[ D Meson Resonance 3 i 3 _I P ]
10 ' T ;
s 05 £/ "‘ A ]
5: N ,"' I' RN
D': \L‘\“-"... } |:| [ ._I.r' ' IR H1E—r [ T
10 15 20 25 30 35 40 % : 00 02 04 06 08 10 12 14
I.J.ﬂ:{:'le."f
w (GeV) Liu&Rapp, PRC97, 034918 (2018)

* In strongly coupled solution: at low T~194 MeV,
light g width~600 MeV > nominal thermal mass ~ 500 MeV =» melted, no quasiparticles
charm c collisional width similar 500-700 MeV< mass =» still good Brownian markers
[shoulder in c-spectral due to off-shell scattering with thermal light quarks]

 Charm-light ImT: as T is reduced = V becomes stronger (less screeded) = broad
D-meson linear near-threshold resonances = enhancing c-quark thermal relaxation rate
[resonances also form in color-antitriplet diquark cg/qq channels]
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Charmonia/Bottomonia spectral functions

charmonia bottomonia
B T |I T i _—l:ll1'EIdE-E'-." ] | [ ;I 1 ' J— _—l:ll15-l1E-E"'-" i
I | T-0.2SAGEV ach ] T-0 ISEGeY
T T=0 320G - . | TeoAanEsY
15 I|  repampeey ] apfach [ — T=0400GEV

| ! | |

L4l E
EI: 1_|:|:_ I _: EL v: [ |I .
: | I _//_,-—"4“6(: 1I:l__ ::. -"';I II'E'". 5 I j
05 I _I - . Emms ﬂ.:.!|”|I I i

B | 7 = 4 | A
- i : | ! 1 ) - -_.
0o I = 1 1 o 1 _.--"l i

1 1
Zz0 .5 20 is 40 4.£ &5 9.0 3.5 100 0E 1.0

=iwev)  Liu&Rapp, PRC97, 034918 (2018) =[Gev)

Strongly coupled solution with interference effect

» A strong potential V(r,T) =» deep bound states for ground states J/y, n.[dissolve at
T~300 MeV] and especially for Y(1S) and n, [persist for T>400 MeV]
=>» their spectral width significantly < 2*I"_ or 2*T', (strong interference effect)

» For excited states @(2S), Y(3S) [dissolves at T~194 MeV]and Y(2S) [dissolves at

T>200 MeV] =» their 2T, or 2T, > Ey;4ing thus cannot survive
spectral width ~ 2*T", or 2*T', (interference effect small)  MH et al, 2204.09299

Heavy quarkonia dissociated not by pure static screening (which is rather weak at T
not too far from Tc), but continuously by collisional widths due to single Q width
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Constraint from lattice correlator

105 ]
L
00 01 02 03 04 05
" 140Tc

10 1.68Tc
S ITTETE e
‘l:::l:' AE.UQTC

00 01 02 03 04 05

1(fm)

G T P T

X ¥ or Y
*‘é 1081 E 1.10f : ’E 1.10F py
£ . E 4t 1 Eqpt -
9 1 00—t 2 1'055 e ] ¢ 1%
§ vl e e ﬂg-‘]'m:-.-ﬂrl.-l.l...l....l. .|....: §1'007."..|...|....|\...|....
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
A
S 18F ] 8 ' 1.02Tc + 140Tc $ E2F
& 17t ] ﬁ 102 1.20T¢ I.-'“ﬂ,,,v'mEETc' @ Bt
b 16t {3 f bR 18670 @ 50
i RV L. L N
020 025 030 03% 040 00 05 10 020 025 030 035 040
T(GeV) t(fm) T(GeV)
Euclidean point-to-point correlator accessible to lattice Liu&Rapp, PRC97, 034918 (2018)
_ 3. iPrj. ¢ . -.
= | dre™ " (a7, 1, Ja(0,0)) K(t,E;T) = cosh[E(r — 1/2T)]/ sinh[E/2T).
- G T)
- Gree(r: 1)

Ga(m:T) :fr,prﬁ(E_T;.j;j;'\l—_E: Ty FB&

Spectral functions with interference effects (1st, 3" columns) a bit better than
without(2"9, 4th), but not decisive = point-split/extended correlators needed

to better exhibit spectral modifications

Petreczky et al., PRD100(2019)074506

T-dependence of correlator mainly from zero-mode (transport peak),
Petreczky Eur. Phys. J. C (2009) 62: 85-93

not melting of bound states

M. He
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VIUIF (GeV)

VIUIF (GeV)

Charm quark relaxation rate/drag

U vs F vs V(strong vs weak solution)

correspondlng c-quark thermal relaxation rate

LA B B L B xi#lwmm I I I I I I i T T T | T T T T
1.5¢ xx"’*x*"" ] 1.5 « U 3 0.20F * T=0.194GeV — Strong 020 xx T=0.258GeV Strong
1.0F e F "ﬂﬂ . 10_ e F Kxxwuwmmmxnxm [ . ==—-== Weak ] ] . : :x Weak

13 g H ] © U 1 Eoaqb & x U]
0.5f 8 osp 1 E o.1sf
o ; ® F ) C \ ® F
0.0 L 00 1 S 40k X
) —— Strong g ny Strong % 0.10F. ‘xx 7
-05F¢ Weak 1 —0.55‘ .I Weak 1 _ . 05:_ a... Ix"x,‘ ]
-1.0¢ T=0.194GeV 1 -1 0? T=0.258GeV 1 . ] Tr e
J 1 L S L L L L S 1 o L Lo 1 '""""“rm-nm:m O UD Ou 1 1 I .'-..‘ 'El'ﬁa
0.0 02 04 06 08 10 12 1.4 0.0 0204 0608 10 12 14 000 e e O =" " & 10
r (fm) r(fm) p(GeV) p(GeV)
T T 030_ T T T T T 1 L T T T T T g
15t 5 o\ T=0.320Gev —— Strong 0.4L 'x T=0.400Gey — Strong
b 0.25F e Woeak 7 x ]
"o ° £ 0.20¢ :
0.5} 5f R
: = 0.15F
00 OF SN
-0.5 5f < 0.10;
: 0.05}
=1.0) T=0.320GeV -1.0 T=0.400GeV 1 :
PN NI A A I I I M T N A | ] | 1 1 1 1
00 0.2 04 06 0.8 1.0 12 14 0002040608101214 00 24 6 & 10
r(fm r(fm p(GeV) | GeV)
(im) (fm) Liu,He&Rapp, PRC99, 055201 (2019)

* F ~V(weak) = similar A(p,T)
« U & V(strong) = stronger A(p, T) especially at low T and low p [resonant interaction]

» V(strong) features long-range remnant confining force (-dV/dr) to encompass more
near-by thermal partons = instrumental for large A(p=0)!

29
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¥ (1/fm)

0.6

05}

04

0.2

0.1

Charm quark A(p=0,T)

0.3f

000

0.2

- —stong " 1 10 PP, 5027V, 30%-50% — Strong ;
N Weak T @ [
> L
SEECTIITIT 5xpQCD b x 008}
‘o" e, g i
L T Go0ef
I -a".‘-' ..--"”’ E :
S ] gowf
------ St ians 1 9
T ; 0.02]
| | | | | | | | | | | | | | | | | | |: 0.00:‘—
0.20 0.25 0.30 0.35 0.40 0

T(GeV) Yo P =ﬂ 1 Fill=cos@) [** pr(GeV)

v=A(p=0,T) ~ 0.3/fm from strongly coupled solution =» thermal relaxation time
T ~ 3 fm/c for very low p charm quarks (p-dependence converging to pQCD at high p)

5*LO-pQCD is still not enough; weakly coupled interaction also far off
Strongly coupled solution y rather stable vs T: resonant enhancement at low T

Charm quark v, at p~ 2 GeV: sensitive measure of charm coupling strength
Liu,He&Rapp, PRC99, 055201 (2019)
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Landscape of T-matrix HQ & quarkonium interactions

V or F(GeV)

olE}

Remnant confining force

10F  T=0.194GeV -
0.5F ]
0.0}
i e o o [(Lattice)
S0SE [ — v(Weak)  ==mm= F(Weak)
X = V/(Strong) ==== F(Strong)
_1-D_|...|...|...|...|...|...|...|._
00 02 04 06 08 10 12 14
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Comparison of A(p,T) in different models

— 04r 7 0.8 1.6
E T=180 MeV 1 T=300 MeV T=500 MeV
=350 107 ]
< ] — pQcCD*5
03F 1 06 — T matrix (U) .
: ] — Subatech N
025 1 05 — OPM 7
' ] — UrQMD
0.2 1 04 ]
0.15F 103 .
0.1f 102 ;
0.05F 4 0.1 .
D-.. 1 L [P R 0 FEPEEE BTN BN S
0 10 20 30 40 50 20 30 40 50
p (GeV) p (GeV)
Figure 3.1: Friction coeflicientz {or charm-gquark diffuzion in the QG az a fuoction of three-momentumn for three different temperatures

from various mod

matrix resulis using the

IS |_':

, purple lines:

lel calculations:

; Bgure taken from He

Subatech/Nantes (Born diagram with running coupling and reduced mp) largest
at low p — driven by large coupling strength for soft momentum transfers

T-matrix with U-potential smaller at low p, and drop-off vs p due to transition from
a resumed string force at large distance to color-Coulomb force at small distances

QPM(Catania) comparable to T-matrix at low p, but much flatter toward high p > Nates at T~180 MeV

black lines:
internal-eonergy

gquazsiparticle model w

(L7} as potential proxy [20,

pQOD Born diagrams

vith o

B8O, pink lines

splicg

with ae=0.4, m

d with and owve
o pQOCD with running o

constant fitted to the QD EOYS |63

rall K-factor of 5, blue lines: T
upling constant and reduced Debye
, and green lines: Dimeson resonance
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Lattice-QCD HQ diffusion

» Vector meson spectral function encoding a transport peak

1 = iw T = T n /e
@)= [ we [as ([ea ooy
m (w U P U §
Z MT; Fo2 Y wuvs ;_;\.--D
Petreczky. Teaney. PRD 72 (*06) 014508 grag constant
-
» HQ drag coefficient ~ width of the peak in the limit w—>0 ®
| ’ L] J 2 'y
k=2 MI'n=2T~1Ds
For large quark mass the transport peak is very narrow even for strong coupling and its
difficult to reconstruct it accurately from Euclidean correlator calculated on the lattice
TABLE V. Estimated ranges for y/T using the thermal ratio .
R*? and resultant 227D with a mass of M. = 1.28 GeV and Dlng e? al., PRD104’ 114508 (2022)_
M, =4.18 GeV. For some temperatures, the method did not ° USIﬂg mld-pomt Corr.elator (TT_OS) and a
work out to yield a result. model Spectral function,
Charm Bottom Ding et al. extracted a Iargerddrag foEelct:harm
mod () = Apy™ (w — B
T, T P T 1D than bottom at T=2.25Tc ,ii*“(w) = Apy (@ — B)
1.1 - - - - . :
13 <027 > 748 _ _ * Inthe heavy quark limit, Ds=T/my independent
1.5 085-2.78  0.84-2.73 - - of heavy quark mass
72

25 332-5.28 0.66-1.05 0.29-1.10 0.97-3.66
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Lattice-QCD HQ diffusion

* Inthe heavy quark limit (quenched approximation) =» chromo-electric field correlators
Transport coefficient ~ intercept

Ge(r) = of the spectral function not its width
3 <RET1~ [U{IS,TJQEE-{T___ §) DT[:T,{];‘]QE?;(D:EF)}> 9T
_ <R — k= lim —pp(w)
— .eTT[U{:_j___Dj]> w0 W

Caron-Huot, Laine, Moore,

1 .
cosh (T — 2'_1”) W IHEP 0904 (*09) 053

Gr(r) = fo e w)

T sinh %
Francis, Kaczmarek, Laine, et al, PRD 92 ('15) 116003 . ..
; - 2219  Can lattice go to finite momentum ?
10 E T T T TTTT II T T T TTTT || T T TTTTTH ]
; _____ 4)3; /’E 30 Elr{'glll)élla.;lzzﬂlo. PP, Vairo, NLO M Ding 2012
- |-——- model loa /o 2(20) O Banerjee 20124~ Brambilla 2019
107 [ model 2oa VA Francis 2015 & Our result
C model 3a ;J ]
—_ L |--——— BGM ) 3 ) § ]
NF‘ B phtgh(w‘) _ g (}["‘Gw)CF |'.u'3‘ |.;|_1 20
S 1w0'E 3 TS Q
:‘,f. E f&’ E ﬁ o
o i F ]
I ] 101
e H T
10°F--=" E [ﬁ} + %
lowy, | _ E r_x E
P w) T / i i i il
- v . 01
10-1 1 oAl 1 Ll 1 Lo N T T N T T
10_1 100 101 10_ 11U 1-5 2-0 2-5 3r0
w/T T/T.
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D-meson diffusion in HRG

* D mesons diffusing in HRG, via interactions with light hadrons

Tolos et al., PRC90, 054909(2014)

0.25 _ without effective chemical potentials
[ e This work _-" ]
0'20,'---- He et al. PN 7
[ ===+ Ghosh ef al. ‘..-"
_ ﬂ.ls :_ =:=s Tolos et ﬂl‘t. _- . ’
- . .
= 0.10F .-
= ke *
0.05 LB,
0.00...1..1...1..'
0.10 0.12 0.14 0.16 18
T |GeV]

Yh 1 dqd’p' d’q

A(p.T)=
(. 1) 2Ep J (2m)® 2Ey 2E} 2E;

U (Ep; T)

X MonPm)*@ (p +q—p' —q)) (1 - p;l,f )

(r-75)

] For a pion gas (dominates at low T~100 MeV):

+ Laine (2011) heavy-meson ChPT=» y,~0.05/fm
Ghosh(2011) Born diagrams =» y5~0.08/fm

* He,Fries,Rapp(2011) empirical scattering
amplitudes (resonance) = yp~0.005/fm

» Tolos et al.(2011) Unitarized ChPT
=>resonance = yp~0.08/fm

For full HRG:

» Substantial contributions from higher states
as temperature tends to Tc from below

Figure 3. Thermal relaxation rate of low-momentum D mesons in hadronic matter in
chemical equilibrium, computed in the approaches of [98] (dashed line), [99] (dash-
double-dotted line), [101] (dash-dotted line) and [102] (solid line). Figure taken

from [102].
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D-meson diffusion in HRG

« D + light hadron empirical scattering amplitudes/cross sections

30 | | — | [ T T T T T T
—D +m ‘ ] {a} -
D+K D%(2460) (@ o
B D+ I 1 A\ D +N (I=1)
I ] L D+ N (I=0)
20l ||I ] 60_— - —-D+a(l=1) 7
D} (2308) | 1
= [ | g
= 15 I \ 7 E s} N =
= . ] b L
2] | | ] -
10 J \ 1 I T el
h\ \ ] 20 1 H""--q_‘__—
5 \ ~c . I —
! . ! . |ﬁ-__.___|_\.ﬁ = 0 * ; * ; * * ; _'____
SK}DD ' 2200 2400 2600 2800 3000 2800 2900 3000 3100 3200 3300 3400
s (MeV) . \/_ | g|2 5" (MeV)
. 7 Sl =
2 85 Qi+ VAT = et
M(S.@=U)=Z k M2 +i/srot 0.06
j=0 S=MjTivst ' D+, 7-10 mb '
0.05 D+ N, 10-15 mb
»  Contributions to yp from different [ gyl Kban, 710 mb ]
light mesons/baryons; well approximated 0.04 |- === D+ N, T-matrix i
. . . D + anti-N, T-matrix
by light constituent g-q scattering - F e D + (K, Kbar), T-matrix
with 0=3-4 mb 1
« At high T~Tc, baryon excitations ]
important _
He,Fries,Rapp, PLB701(2011)445 )
100 120 140 160 180
T(MeV)
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D-meson diffusion in HRG

020 = T I T I T T T
|—— hadronic resonance gas, empirical amplitudes )
0.18 - - - hadronic resonance gas, 710 mb hd D'meson thermal relaxat|0n rate at IOW
0.1 [ *** Plongas momentum near Tc ~0.1 /ffm =>
oqq | MrOMeresonance gas, RHIC relaxation time ~ 10 fm/c, already
. ] comparable to the fireball lifetime
‘TE 0.10 -_ " 016 T T T T T T T T T T T
E b 4 = = -c-quark 1
< 0.08 0141 () Y --—-DatT,_
0.06 | 012 . —D,atT, |
0.04 A 010 ! =+~ hydro D,
- 1 TN A
0.02 | . ,0.08 e \ o A =
- ] > I o
0.00 : 0.06
100 160 180 :
0.04
0.02
Contributions to the thermal D-meson thermal relaxation rate at T =180 MeV in- 0.00 == .Au N AL.J' Sq.rt(sNN)_z.OO '.Gev.’ b_?'24. fm
dicating the quantum numbers of the included scattering channels with L: partial 0 1 2 3 4 S 6
wave, I: isospin and J: total angular momentum. p, (GeV)
Hadrons L1z Alfm) « Enhancing the D-meson v, by 20-30%
i S120 P12z Dijg a0 0.0371 at intermediate p, because the
K+n 500, 510 0.0236 background bulk v, already almost
p+o+K* S12.2 S0, 512 00129 fully built up by Tc
N+N So1, S11 0.0128 .
A+ A e 0.0144 He,Frles,Rapp, PRLIIO, 112301 (2013)
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Summary: transport coefficient: D (2nT)

< HQ spatial diffusion coefficient: D =T/myA(p=0)=T/mqy
— models & lattice D (2aT)~2-4 near T,
" Lee et al. 2203.16352 Latt - i x10 smaller than pQCD, scattering rate
- | Lattice QCD Teon ~3/Ds ~1 GeV > M, , > thermal
40 - L. " oDing etal. 12 | ) ) ]
i S sBanerjee ef al. 12 partons melt, Brownian markers survive
i O\fo aKaczmarek et al. 14'-
- C' ... OFrancis etal. 15" 1 ) )
S G H0 4 aBrambilla etal 20' maximum coupling strength near T,
Zand mAnenkort st al. 21 ] remnant of confining force?!
Q H oDing et al. 21 i
=) | 3 N 1 minimum structure across T,
-"_. 1 Ma“'\‘ﬂ d
AN20 = o analogous to n/s
B -‘o\ a’i.a“.\ N
P P e 4
Hri ) _
10} %% % an), = .
B /6'4 “o ..................
P e R
| C)% . o 2
= -f/ =
0 ] ] ] 1
1 2 3 1
T/T . .,
] 0.5 I {;.I:.Iﬂ . D.IS I I ‘I.Il.'.'l
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HQ radiative e-loss

« elastic collisions VS medium-induced gluon radiation

(wky)
(w’kL) j\ i
» Factorized elastic * radiation probability Tao
k#Gossiaux et al., PRD 89 074018 (2014 ) CE O T=250 Mev [ E=10Gev Suppression due
to coherence
Pa—>— p Po——>—g—>—P Pe——y——Pi o ; increases with
0.6 LPM energy
q q . Er BBBBBBBBB ;:ur z: c—quark
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- — - l—2) —— . P, 08
d:t.‘dzkgdqtg w2 ( ) dqr2 rad ek LPM
ol
k., w = transv mom/ energy of gluon E = energy of the heavy quark i ([GeV]

=250 MeV, E=20GeV :
12 e ¢ Suppression due

rad CA ( rop Gb to coherence
decreases with

PM

- INncreasing mass
Emission from heavy g Emission from g 02
003010 0.50 1.00 oo oo @GV
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HQ radiative e-loss

. 4
Higher Twist formalism dNy  _ 2&.5-0,41’(1?)@ K 2 (L
dudk? dt k] K +eM?) 21

1 = 2Ex(1 —x)/ (kT + x*M?)
Zhang, Wang, and Wang, PRL93, 072301 (2004)

Average number of radiated gluons & probability of radiation within At

(Noh(t, A1) = Tinel At = Af f dxdk &
= “dxdky dt
Pinei =1- e_{N‘g}
25 T T T T T T
| |— — c:elastic l )
— — q: elastic E;., =30 GeV * Implemented in LBT
20| = = g: elastic -
. : T =300 MeV
—— ¢ inel ;
== § inclastic p1 - dfi(xr, p1) = Ef{Ca + Ciger)
> 15| —— g: inelastic -
@/ inelastic
A [ AE(c) < AE (u,d,s) < AE(g) 1
% 10 » Flavor hierarchy of e-loss quantified
: Cao, Qin and Bass, PLB777(2018) 255
; e|a§cLiu et al, Eur. Phys. J. C (2022) 82:350

t (fm)
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HQ hadronization (I): SHMc¢

« Statistical hadronization model (SHM) for light quarks:

grand-canonical partition function for HRG

s _Vai [T 2. .
InZ; = Qﬁgfu +p?dpn[l =+ exp(—(E; — pi)/T)] o0
3 -1
Top = 156.6 &= 1.7 MeV. 3
o
pp = 0.7 £ 3.8 MevV V= 4175 + 380 fm? § 10
10°%
10
wofﬁé

103

102

10!

108 E

at T
—_—

® Data from the ALICE Collaboration

— Statistical hadronization

Andronic, Nature,561(2018)321

Pb-Pb \'s,, =2.76 TeV, 0%-10% centrality —=

« Statistical hadronization model for charm quarks (SHMc) :

where

charm balance equationN . = -

N — =
J\CE =

R

he

0,8,
d d
-
He 3He 4 B
. Al X H 2H
2,
nit,

dNe/dy = T 4*dacePar/dy is the charm quark number per unit répidity,

thermalized c-quarks hadronized at T, (strict charm conservation=» canonical correction)

AN (hfea) o V th I (NE°Y)
dy 7T L

« g0 € do°c/dy

pr-spectrum modelled by hydrodynamic blast wave at T,

M. He
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Hadronization: SHMc Andronic, et al., JHEP07(2021)03¢

» SHMc: open-charm statistical

hadronization at T

dN(hE. )

dy

1h If-'t ': -'H"'T-:Em )

—_= {_;I]{ 1" i' j’[](:ﬁv‘}lc}[']

O multicharm baryons o0=1,2,3 emerging pattern

d yields enhanced by g *~30* than pure thermal
—>strong signal of deconfinement

1015 2

_:] 10 TR \ Pb-Pb |5,=5.02 TeV 0-10% 3
~ 1k ®e . N\ ly|<0.5 ]
N * ISD
S0k o ]
= E \\i N 3
-= N L] \\ 3
10 2L N \\ E
10°F E
\\
1074 . E
JE \\i\ f
107°  SHMe, T, =156.5 MeV “ .

do’ !dy—(} 532 + 0.096

55 3 ¢

Mass (GeV)

> SHMC ylelds + blast wave%pT spectra

T

thermalizéd

m ALICE data =
DSHM-: + FastReso + mmna

Pb-Pb, S = 5.02 TV, 0-10%
W A lI<05

T

N Idy dp_ (GeV') &N /dy dp_ (GeV')

PDG-only baryon

0.8 ——
Pb-Pb, |5y, = 5.02 TeV, 0-10%

E Pb-Ph, |5,y = 502 T€V, 0-10%

N——

= LI =

p*o" | <05 T _g E
_ | ——E3 E

1 —1 1 & - =

= | - =

L_ __-;-____-_-_g_ -""--.____g

Ep® <05 3

 ALICE data T w ALICE data E
|:|,_1HM|: + FastF'tescu + u:lcurona | | I_g |:|_,HM4: + FastRem + mmnﬁ| | | I_g
X [ SN S S SN = S
Pb-Pb, \lsH = 5.02 TeV, 0-10% X pb-Pb, =502 TeV, 0-10% E
D" Iy | < 0.5 E: stronger flow 7
E3 on baryons E

N I

m ALICE data

Ao ¥ < 0.5

107 L L L I L 1 I ; I:I"“HMI: + FastFtesn + corona o D'—"Hl'u'lc + FastReso + corona
= - = — = T — = . - P PR M R | 1 1 | I T T A W A1 i T |
2 4 B 8 10 12 14 16 OF == 0121316 2 4 6 8 10 12 1416
p_ (GeV) P, (GeV) p. (GeV)
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HQ hadronization (II): coalescence

VS.

A

a@% '
Coalescence; . d)
0g 90 °

* recombination of low p; HQs with thermal
light quarks nearby in (x&p) phase space
= add momentum & flow to the parent HQ

*» Instantaneous coalescence models (ICM)

e 2 JNTH
dP3?

d®p;
- ngH @ E
X fH(T1. @0, p1..pn) 82 | Pr — Z;L?T_z')
t—1
» Instantaneous projection via Wigner function

9w o
far(xq, 2a;3p1.P2) = BN @(&ﬁ—r;)
x O (&2 — p'f, + Ami,)

o1 1
O (A2 —22,) x © (A2 — 42, — Amiy,)

* Heinsenberg’s uncertaity principle: A-A,~1

dosi fg.(x:, p:)

p /m ratio

_ 81w?

B

-

» successful in explaining B/M, v, scaling

() ~ 1(Pr/2)*f0(P/2) VS f5(Py) ~ £, (P+/3)*1y(P+/3) "1 (P1/3)

Fragmentation

|
|
|
Q Q
3|@a
I
| I q

|
|
| H
I

HQ independent fragmentation into HF
hadrons =» dominant at high py

Fries et al., Greco et al., Voloshin ’03

o2 |
.15 b

0.1 |

with flow
—=—= without flow

AutAu@200AGeV |

(central)

005 [

M. He
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Instantaneous coalescence model

% ICM: usually implemented only in momentum space ©h etal, FRCT,

044905 (2009)
« with a Gaussian Wigner function, A,=o0~hadron radius, Ap=1/0
dNM (2ﬁ6) le ng
_ = 8m— dp,dp _
dp zr}5’1 dp,

x exp(—k'cr‘)éi(pM — P, — P>

relative momentum k measured in meson rest frame 1 ! f
degeneracy gy=(2sy+1)/[(2s,+1)*3,*(2s,+1)*3], =, e )
e.g. 9pp=1/36, gp-=3/36=1/12 i

« for charm baryons

dNp (2y/7)%(0,0,)’ dN dN> dNs
= gp f 5 172 fdpldpzdp3 i
dpg V2 dp, dp, dp;
X exp (—k?cr,") —k307)8(pg — Py — P> — P3):
|
ki = - _ (m,p| — m,p5),
m, +”;2 dn=2/216=1/108
kr = m; +m, + iy Pt o) = o

* By construction, only 3-mom. conserved, energy not conserved =»
equilibrium limit challenging to reach at low p+
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HQ hadronization (I11I): RRM

¢ Hadronization = Resonance formation ca —> DD

—> consistent with T -matrix findings of resonance
correlations towards T,

¢ Realized by Boltzmann equation Ravagli & Rapp,2007
- - — - D — —
p"ou fult, X, p) = —mT fy(t, X, p)+ p (X, p)
. d? pd? - . -
B(X, p) = f e P2 fq(x, p1) fz(x, p2) gain term{T

(2T )6
X o ($)Vret( P1, P2)8° (P — P1 — P2)
T\ Breit-Wigner AT (T )?
>J{S] Iy - m?2) + (I'm)?

oge . ° . ") ) dS_‘* dg—t
¢ Equilibrium limit £y, (7, ) = 2 / P14 P2

I'as (27)3

X o0 (8)Vrel (P11, P2)8° (F — P1 — P2)
¢ Energy conservation (finite width, not on-shell) + detailed balance

fo(Z, P1) fq(Z, P2)

equilibrium mapping between quark & meson distributions
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Generalization to 3-body RRM

O The 1% step: q,(p,) + q,(p,) 2 diquark (p,,)

L~ Eu(pra) [ @pidpy
Ja(Z. pro) = L'amq /Wf

O The 2"d step: diquark (p,,) + q;(p;) = baryon (p)
E d3piod?
fu(Z,7) = B(D) P120G7P3

(Z, 1) fo(T, Do) 012(512) vegt (B1, P2)8° (P12 — 1 — D)

Fa(T, Pra) fa (T, D) 0 5 (843) v (Do, P3)0° (P — Pra — Pa)

[pmp (2m)?
_ Ep(p) [ @pidpad®ps Ea(Pr2) , o~ 1\, e oy m -
= Toms ) ey (@, p1) fo(Z, p2) f3(Z, P3)

X 012(812) Ve (D1, P2)0 B(8a3) v (Pia, p3)|m 11520 (P — PL — Pa — P3)

diquark type mass (MeV) wave func. charm-baryon

Scalar [u,d] | 710 ?cdorgﬂavoros—;in At‘-: C[Ud] /
Axialvector {u,d} 909 Beolorbaiavor 1y, Zet c{ud} d
: ¢

* Meson/baryon invariant spectra on hydrodynamic
Cooper-Frye hypersurface at T,=170 MeV dNup [P dﬁf . 5(Z.5)
MH & Rapp, PRL124, 042301 (2020) prdprdé,dy | (2m)3 MEEP
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RRM: equilibrium mapping

O RRM on hydrofreezeout hypersurface at T, with f9(7,j) = g,e™” u(z) /T (z)

0 - 04
RHIC .Iul.IJ"‘.Inl.IJ .Eﬂ'ﬂ E‘H..\U'I [ ] S-+AR lf-'\:l 1d°_-":; PRLHH 1123{'1{ 'Cl?] RH”..- .l'Jl.IJ-.i'Jl.IJ 203 L‘IEV.G 2{"-: FIhCI‘lCH'Ih-:'IHj h'jl'{jr{:l -:11. '|.:=-|'l-,c| ME"\.‘
1k ® STAR $10-20% FREM wath full hydro space-moamantum corralations =4
3 & STAR (0 "+13)/20-5%, PRLOS, H52301 {20
0.1 STAR {(0'+0)(2 20-40% 03| & ydra Coopar-Frye .
: B 4 RREM
a0 = 0 hydro Coopar-Frya
E ¥ = ORRM "
= =
o E-3 | Lozr -
E =
Bl 3
Z 1E4f
= E e
Fohotanhard hydro 0-20% atT =170 Me 04 w
1E-5 | s T
¢ direct Cooper-Fye J.,.
sl " ¢RRM No artificial shift in norm; Ma artificial shift in nom; 1
§_¢d|r“{?1 Cooper-Fye  bul absolule spectra ganerafs FEM wilt but absolula spacira ganaralad by RRM
LI REM ) . ful] hydro spgoe-momemtum corfglations 0.0 | ) ) ) . . . . 4
0. | L — — T T T T T T T T 1.7 o4 IC Au-fu 200 Gev 0-20% mhotonhard fvdre at T =170 1
HIC Au-tu 200 Gev. 0-20% photonhard hydro at T.=170 MV RHIC Au-Au 200 GeV, 0-20% photonhard fydre at T =170 Mey
0.0% RRM with full hydro space-momentum comelationsy L RRM with full hydno space-momentum comelations e
] ____.-"
1E-3 Dn hydro Cooper-Frye ] ozl D" hydro Cooper-Frye = A
= D°RRM E s
h Co = n [°REM :
e A_ hydro Cooper-Frye J A, hydro Cooper-Frye
‘;;_ e A, RRM 1 = A RRM
(= E -
L= E 0.2 |- .
(E— 1E-8 3 ="
% 1E-T -.
1E-8 E T ]
Mo artificial shift in mormn; E
15 [ but absolute spectra generated by RRM 4 No artificial shift in norm
- but absclute spectra generated by RRM
1E-10 T T B B | PR 0.0 ju L L . . L L L -
Q 1 2 3 < 5 5 T g8 o 1 2 3 2 5 5 7 ]

P Ge\)

P (G

O Equilibrium mapping: ensured by 4-momentum conservation in RRM

m,=0.3, m=0.4, m =1

5,T ,~0.1 GeV, T ;~0.2 GeV, T ;~0.3 GeV

M. He
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Space-momentum correlations (SMCs)

O hydro: a manifestation of SMCs
= . —puix)/T(x) _ —yr(x)[my cosh(y—n)—pr-or(x))/ Tix
fa (X, P) = gqe™" = g e " ep

longitudinal boost invariance: y- transverse SMCs p*vy
O hydro-q density: low (high) p;-q more concentrated in center (boundary)

hydro light quarks p, =0.0-0.3 GeV, hydro light quarks p =0.6-0.9 GeV,
at freezeout T. 170 MeV} at freezeout T.=170 MeV

2 N 1

N

O what if neglectlng SMCs: uniformly distributed 1ndependent of pr
as usually done in conventional instantaneous coalescence models

s dNey  (21)*  dN,

feq(Z,P) = (21)° d3Ed*F  V E(p) prdprdé,dy

& [p-do=E@V
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AN (x.Y)

c

SMCs: Langevin charm quarks

O Langevin simulation of charm quark diffusion in a hydrodynamically
expanding QGP with T-matrix charm thermalization rate

O c-quarks: low (high) p;-c more populated in central (outer) region

Langevin charm quarks p.=0.0-1.0 GeV,
at freezeout T =170 MeV____
T T T

0.00010

0.00008

0.00006

[+

0.00004

AN (X.Y)

0.00002

0.0000¢ - ¥

O SMCs usually neglected in ICMs: uniformly distributed
O what will be the role of SMCs in recombination/RRM?

Langevin charm quarks p =3.0-4.0 GeV,
at freezeout T =170 MeV.

anaEnEnn

0
6independent of py

. He
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Charm quark recombination probability

O No. of mesons/baryons formed from a single c-quark of rest frame p_*

. &cpy gy Ev(PY)
-'-Mﬂ-f(pc) = /—)lagqf. E{pleTIJ{mJ(S}Urol

) xd?pldapal E _E(i)/ Eﬂr(ﬁl ﬁ)
— _rrr- .F'JJJTr
Na(p:) = J (276 gie j 2€ mﬂrl} rEI ﬁ' mal s qu‘)[m! ﬁ'a—*ﬁm )

O Renormalizing Ny (p;) and Ng(p:)by a common factor ~4 for all charmed
mesons/baryons such that ) , Fo.y(p. =0)+) 5 Poaplp; =0) =1

0.20 T T —T T T —T T T L— T T 101 E ) ' ' ' ' ' ) ' ' ' E
[ _ ] E Pb+Pb vsyN= 5.02 TeV, 0-20% ]
RRM self-consistent recomb. prob. ] -100 L ,
0151 all D's 3
L all Ds's 10" 3
----- all PDG Le's =
all PDG + RQM Lc's = 5 ]
m i all PDG Sc's o 10 E
= 0.10 all PDG + RQM Sc's Iy : E
= all PDG + RQM Cac's & ol ]
E 10 E T, _E
0.05L © F—RRM+frag, dNC/dy=15.3"6"‘-\-‘__\q___‘ g
10°FE _ RRM comp., dNg/dy=14.12 T
10° [—-—frag. comp, dNp/dy=124 =~ 7 ]
0.00 === 0 2 4 6 8 10 12
0 2 4 6 8 10 12 14 16
pT(GeV)

p*e(GeV)
--- charm conservation separately built in, in a (e-by-e) way without

spoiling the relative chemical equilibrium realized by RRM
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Event-by-event Langevin-RRM simulation

O for a single Langevin c-quark sample a/two thermal light-q distribution(s)
AN pr - - dJ{JD} - - - -
dmn ln—o = Z ANMm| Z mipr D ag “arTar O )Vl P = Pin T Pe

d'\r
|r]| o = E E ﬂ.:\'B T'E.j_ ?12]
Z S— P dolo) E | 0 = Pin; + P2ny + D
_ p- (JD} 4(Pia) o ($12)01 2 (Frms s P Yo (saz)vd3,. p Pin,y P2ns Pe

mpepl 5 11 g1

O equil. mai)ping with large transport coeffi. checks out: SMCs incorporated

1w’ . . : . : 0.40

Po+Po spp=502TeV, 020%  (a) 3 PoPD =502 TeV 0-d0% o)
10° D° hydro Coopar-Fryel 0.35 D" hydro Cooper-Frys o 3
1|:|':| = Du-ﬂ"lﬂ '!,I'I.'E-ﬂ-'ﬁl:q H.H.Fli 0,30 = D a“y‘l{a-f:qHHH & ]
i b 3 * D" large coeffi. Lan- s,
107k * D large coeff. Lan- g ]
B, N gevin-RRM 3 0.2 gevin-RRM -
'g._ i g L N 0.0 .
':.". 1':'4 3 o 2 = .
o E E 0.15 A" hydro Cooper-Fry"
E 10"l A" hydro Conper-F "y ] :
'Il:l"E A Mydra Gonper-Frys . 3 0.10 = A analyticalf RRM 7
LA anaiytica-{", , RRM u',q, ! 0.05 «  p ' lerge cosfi Lan-
10k = A Jarge cosff. Langeyin-RRM | o 0.0 st . geynRREM |
i 2 A i5 B 10 0 2 4 & & 10
p (GaV} p_(GaV)

O equil. mapping : both kinetic & chemical =» observables come out
as RRM predictions with realistic T-matrix transport coefficient
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Direct D’ & A_* production via RRM

O Including SMCs makes the spectra harder & enhances the ratio A */D,

Sl

E PotPh syy=5.02TeV, 020%  [a) |

i T wi SMCs 3

3 = --Kb:\_h _ D':I ]

10 ) " Hh“""\-\., L

_g E . .H_ﬂh:-\-\_\_\ﬂ |‘|_._-+ E
107k | "“% :

-.% : " -~ "-u.__hh 3
F:! 1I:|--‘. - : n -\‘.\-"- H'\-;
F wioSMCs - g
I Ismcs-
'ICr": --A¢ | T-matri coeffi. N

2 A E 8

1.0 : : —
:F':n-F':u wyy= o.02 TeV, 0-20% Sy ]
0.8 [~ —Wio SMCs, T-matix coefi. ¢
(o SMCs B ]
06} - - H;Ealrxmﬁ' J Stl‘Ol;lger
- k=0 thermalization
0.4 " ANK=
A
0.2 b= f__ TSMCs ““
ool ' - - ]
0 2 i 6 g

pT (GaV)

O Consider RRM formation of D (3.5+0.7) & A_* (3.0+0.6+0.6) of p;~4.2

GeV:

enhancement of density of light-q of p,~ 0.6-0.7 GeV & ¢ of p~3.0-3.5 GeV

--- Rencombinant quark density enhanced

AN,(3.0-3.5) AN,(0.6-0.7)

ANpo(4.2) ~

Vc_.cﬂ Vq,cr”t

AN, + (42) ~

vs w/o SMCs: V <Vg

I”r::_.s:l:f Vq,cﬁ'

1’q‘cf:f

the ratio A_.*/D’ enhanced!

AN,(3.0 - 3.5) ANQ(O_G —0. ;) AN ([] 6 —0.7) --- Enhanced light-q density entering D’ RRM only
' once vs twice (squared) for A,;* RRM =

M. He
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Recombinant vs fragmenting spectra

O Hydro-Langevin-RRM(+fragmentation): for all charm-mesons/baryons
=> higher states decay into ground state D*, D*, D .* , A"

dN/2np. dp. dy

10° p— | — T T | — T — T T —T—7 10°
5 Pb+Pb 5.02 TeV 0-20%, 2.0A-Langevin > D° Pb+Pb 5.02 TeV 0-20%, 2.0A-Langevin --> A"
10° N 2 10° . E
N\ with c-quark norm=20M with c-quark norm=20M
i . RRM comp. ] ) RRM comp. ]
10 N\ =« = frag comp. : 0E N\ =« = frag comp. 3
N\ ——RRM+frag : S \ ——RRM+frag f
0k N, %; 10 \ 3
: e g N 3
S :
10° % i} 3
‘ 10 __
10 E + E
= o Ae ~<3
10° - L | . ] ) ] ) I ) ] ) ] ) ] 10° ! : L . 1 L L 1 : 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

p. (GeV) p, (GeV)
O SMCs extend the recombinant component toward (quite) high p;
RQM augmented higher states’ RRM spectra even harder (also

thanks to SMCs) ® RRM & frag. cross at pp~8.5 (13) GeV for D? (A"

O Helpful for large total v, (weighted between RRM vs frag. components)
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HQ hadronization (IV): fragmentation

« charm quarks that are not consumed via recombination (P, (p.+)<1 is a decreasing

Peterson,e;=0.05

» MC Peterson
——FONLL,r=0.1 (pseudoscalar)
« MC FONLL

0.0 01 02 03 04 05 06 07 08 0
z

* Z= PrulPre

rz(l — z)2
De . giz)y=Ng

[T —(1 —iraz

+(21 — 74r + 68r°)z2

910

]6[[6 — 18(1 — 2r)=

—2(1 —r6 — 19 + 18r*)z>
+3(1 — 21 — 2r +2r-z?y.

function toward high p.- ) go to independent fragmentation

pp 5.5 TeV, FONLL fit of c-quark spectrum
==> then Metropolis sampling; norm=100 M
c-quark

then FONLL-frag.--> D-meson

5 10 16 20 25 30

Py (GeV)
rm/Tpo = ((My — me)/mpy)/((Mpo —Me)/mpo)

i‘Bf‘"ﬂ; —((mp —.'rnf},’mg}f{[.‘rnﬂr_ —mflfmﬂé,}

M. He
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Recombination vs fragmentation

& 2 :I Ph F|h .q".h. ; -I'E _I_El'-r. HL_: 51:1:_.5 : $ _I LI | LI I T I-I |-I T T T I T 17T I LI I LI I I_
L 48 - RN - ? 0.4~ ALICE Preliminary lyl<0.8 —
186 :_I. — TAML _Z — - 30-50% Pb-Pb, yﬁz 502 TeV ]
BE flow bump :g:::l’; 1 = 3L b 08 b D ]
-I .4 [ |  LBL-CCHU 1 oo i L] romp R u average ]
EL L CLUET 1 L - ] Syst. from data i
12 - " — Diks Langsvin - 0.2F - I B Syst. from B feed-down -
1 b j - — POWLANG = - .
CF ", PHED : . ]
08 EF S fragmentationd 0.1 -
E/ \\5_ . S
0.6F | e A = - i
e e ob——"—"——— S ——— — — ]
0.4 e = B e LIDO N
n e — — _ ] = = — BAMPS el+rad -
B ] B —_— POWLAMG HTL i BAMPS 2| 1
0.2 - EMMI-RRTF 18 e 0.1~ mm MC@sSHQ+EPOS? DAB-MOD M&T
Ij u L 1 1 L 1 L 1 1 L 1 _] :I 11 1 | L1 11 I L1 1 1 | L1 11 I L1 1 1 I L1 11 I L1 1 1 I I:

0 2 4 6 8 10 12 14 16 18 20 10 20

dNp/dpr AN /dpr + ANy /dpr

H T, Pr =P =
AA(PT. Pt = PT) N /dp,

dN./dp;

P+ (GeV/iec)

* Recombination dominant at low p adding flow from light quark to charm
quark =» flow bump in the H,, and also in Ry, & v, increased from c to D

« Fragmentation dominant at high p+: p; shift from c to D

M. He

Heavy flavor probes lecture, Nov.2, 2022

55



D-meson R, , & v,: extracting D (2nT)

s 1 g T e ALICE, JHEP01(2022)174; PLB 813(2021)136054
oc n . ]
; sshadowing Pb—Pb, {5 = 5.02 TeV ] Model
C Centrality 0—109%
. ; Prompt D°, D°, D" average —: RAA Vo
f Catania [6, 7] 143.8/30 14.0/8
- DAB-MOD [9] 234.1/30 9.8/6
LBT [10, 11] 411.8/30 15.8/12
LIDO [13] 16.4/26 62.0/11
: LGR [12] 9.2/30 15.5/11
2 3 4567 10 20 30
S 0.35?— TlG.MUI ' ru:lf.l.@sHG+EPOS2 ' E MC@sHQ+EPOS2 [8] 56.6/30 5.7/12
oo EEENGH :_‘: POWLANGHTL - PHSD [5] 204.7/30 19.6/11
- DAB-MOD LGR ]
025E = Catania E POWLANG-HTL [3, 4] 468.6/30 13.5/8
0200 HH E TAMU [2] 30.2/30 8.15/9
0.151 -
0.10F ]
pet %% diffusion NE ith 2
00sB bina —t models with y*/ndf <5 (2) for R, (v,)
0.00F recombination ] > D_(2nT)=1.5-4.5 near T,
—0.05F , = o
o qob onely S0-S0%. 1< 08 E caveat: also affected by hadronization,
1 2 3 4 5678910 20 30 hydro, hadronic phase
P, ({GeV/c)
M. He Heavy flavor probes lecture, Nov.2, 2022 56



Charm hadro-chemistry: A /D’

« Catania: instantaneous coalescence + fragmentation

b 1fACE

'2:§tr0nger depletion *

0-10% Pb-PbLy[ <05

+ ALICE, 2112.08156

'} compatible
'|Wlthpp Lol

30-50% Pb-Pb-]

PP

ST TS

SHMc + FastReso + corona

Catania

_:_ - TAMU ]

1 p (Gerc}

10 P, (GeVic)'

0p_(Gevic)

Plumari et al. °18

« SHMc: hydrodynamic blast wave spectrum on PDG-only baryons + corona pp

« TAMU: RQM charm-baryons + RRM w/ SMCs
integrated ratio compatible with pp

Andronic et al. °21

MH & Rapp 20

p-integrated A./D° compatible with pp > kinematic redistribution in p;in AA

M. He
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Charm hadro-chemistry: D /D’

D /D’

/(D;/D°)

Pb-Pb

(D;/D’)

I T — T — T — T 7 T — T T —
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W = f i L
] T * .

0_1_— + + =
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: _:| 1 I : : . 1 1 1 1 11 1 1 1 1 1 1
0—10% F‘b—Pb I 30-50% Pb-Pb 11 2 345 10 2030

C ] ] p_(GeVic)
2.0F wbump I T

C ] ALICE
1.5F I VS = 5.02 TeV

F T ¥l < 0.5
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il L el L T L P | PHSD

1 2 3456 10 20 30

P (GeV/ic)

1 2 3 456 10

20 30
(= (GeV/c)

ALICE, PLB827(2022)136986

low p;: enhancement due to charm recombination in a strangeness-equilibrated QGP
reproduced by Cantania & PHSD; overestimated by TAMU in both pp and PbPb

high p+ tending to pp value as fragmentation takes over

flow bump due to recombination with flowing s-quark heavier than u/d,
predicted by TAMU (RRM w/ SMCs) & SHMc (hydro blastwave spectrum)

M. He
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Flavor dependence: charm vs bottom

nonprompt D (€ B) RA A ALICE 2202 00815 nonprompt-to-prompt D-meson R, , ratio
—'_""""""" dté !'_I*-' LI B B B B B e L 7
0 0-10% == 5 Eé L ALICE v dita [ELGR 1
3 & [ Pb-Pb sy =502TeV Eramy BR110@3H0EPOST)
4 & [ 0-10%[y]<05 pes
....... 5§ 3 / 6 VAL Fadiotive e-loss]
- = I m
= ™ 1 1 1 1 E Eé B
2.0_ 0 — = -
30.50% TG
15E insignificant F
1 0 Tl bottom shadowipng & 3 S| MERSY T T B o | e
= e = A
V- A
5 10 15 2 25 30(@6@50) = e o floy bump 0 (oo
pT in prompt D

“ X3 mass: b-quark longer thermalization time at low p; than charm
less flow added to b from recombination with u/d/s

7

“ high p>15 GeV: b-quark less radiative e-loss< stronger “dead cone
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