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Lecture Il

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
“f"}. » HQ hadronization via coalescence c+qgbar->D,
.® c+g+q—=>/,, or independent fragmentation
b HRG 5 D, A_ further diffusion in HRG via hadronic
T p interactions with bulk hadrons

k . » D, A\, decay long after freezeout of the system
‘ via weak interactions (semileptonic or hadronic
Ve

e.g. B>J/y+K (nonprompt J/y))
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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,T,p): phase-space distribution of heavy quarks

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

%, )
df@zdt(d +UE+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/-:?@.%—3 + p?

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

dfo = Clfo) = f BFw(F+ FF) ot 2.7+ F) - w5 ) fot. 7.7)

gam Ioss

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

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

d3q L L - do
Wfq(ff)l’rel (1’3: q— P — ;"'.' ’I’J) o)

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

=gz | i | e | s
Q QEQ (Qﬁ)SQEq (QW)32E; (Qﬁ)SQE{;.

1
P
f}Q c,8

x 2m)*W (p+q—p =)o) (@) — fo(P) fo(D)]

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

w(p, E) = g

5 d ) (5|

e momentum transfer: k=¢' ' —qg=p—p’

M. He Heavy flavor lecture, Jul. 2023



Reduction to Fokker-Planck equation

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

@ expansion of collision term around k =0

w(f+ B F) fo+ . F) cw(@ B) fo(5) + F- —p[ w(p, k) fo ()
1L L ? HE ._,
+ —kik; dpspk[ w(p. k) fo(p)]

o collision term

Cligl= [ & [A% s ][U'(ﬁ D) foli)]
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Reduction to Fokker-Planck equation

@ Boltzmann equation = simplifies to Fokker-Planck equation

I fo(t,z,p) + Es affcg(f.i,p) O { A () fo(t, 2, p)

5 ~ .
+ Tm[Bij (P)f@(tspﬂ}

@ with drag and diffusion coefficients

Ai(p) = / Bkkyw(p. k),  Biy(p) = % / d*Kkikjw (5. k)

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

A (p) = A(p)pi. Bij(ﬁ) = BD(p)Pz'j'_ + Bl(p)PJ}

. Pl - PiP;
with P“ (15‘) — 71 J . Pd,‘(iﬁ') = 0ij — ;3,2‘?
d3q d3q’
Ai(p) =
)= 3B f fztht‘q) (27 )*2E(q")
{;3 f l
: f Q) 2E(p) v ;S IMP @) Bij(p) = 5((p" = pi(p" — p)j))
Qmy*s* p+q—p —qgH (P — p)il

A,B can be calculated from scattering amplitudes,

= (P = P 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

dfol(t, p) 0 5
Joll. P + —S8i(r,p) = 0. Sir.p)= —{As(p}f(?‘-m + .{_[ij(P:'f{f-P}]}
dt d p; ap;

» In the equilibrium limit =» Boltzmann-Juttner distribution
,féqlf-’-T:' = Nexp|—E(p)/T] E(p)=+/ p*+ m?

particle current/flux vanishes S;=0 = fluctuation-dissipation theorem

T i JE(p)  9Bij(p.T
between drag and diffusion coefficient A{(p.T) = By (p. T)?< wg; ) i {;};p )
L Of

» Non-relativistic limit with diagonal diffusion

l (D[E(ﬂ}] B UD[E(P)]) Bo(p) = Bi(p) = D(p)
E(p) T JE

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

A(p) =

—1/2
’ « drag on mean momentum: {p)=pye "

» diffusion in momentum & coordinate space:

fip,t)= l—Lu e—2rt)

— —ri)2 _
Xexp [— 4 (p Pof : (FZ)___<P>2=£{1__8—2}'I] (x?)—(x)~ 22D2f _2Dst
2D 1 e 14 - - m?y
Di=o—==%
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Langevin equation

» FP equation stochastically realized by Langevin equation

Pj Af(t,p) 3 AC ik
dx; = —dt, — f
j E o7 o7, [(F(P}P —&Cu(p) )f(f ]

I 02
dp; =—=I(p.T)p;dt + \/Efjk{erEdp.T)pk 2p,9m

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

[(p,T) --- deterministic drag/friction force; ,
Cy-- stochastically fluctuating force with independent Gaussian noise P(p) = (21 ) 3/2e=P7 /2
no correlation at differenttimes  (F;(1)Fy(1")) = C;;Cd(t —t')

> Pre-point scheme: § =90

Pi
dx; = —drt, _ . . I (D[E(p)] 0D[E(p)
T E with equilibrium condition: T'(p) = ( [TU . EEI ]) = A(p)
C

E(p
dp; = —F(p)pjdr—{—‘deID(p)pj P)

= F-P equation: fU p) = oD {FU))PJ f(t,p)+ T[D(P ) f (. P)]}

'!l

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

dx; = %dr

with equilibrium condition: () = () + I 9D[E(p)]
' ' E(p) OE

dpi = =T (p)p;dt + V2 D(Ip +dphr, In terms of A and D, the F-P equation:

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

L )
= F-P equation: .;—r,f'tf-p) C(p)pif (1,
[

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 7" = 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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I (a) pre-point —_— analytical exp[-p-u/T] -
I — — - analytical m/p-u*exp[-p-u/T] |
n ] I'=const, D=TE T 1
0 ’(};} . '=const/E, D=const |
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/ \ -
W _
N, |
7~ | | | \ m-
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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)

10’

o
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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

- — - blast wave, (m/p.u)*exp(-p.u/T) e

T
blast wave, exp(-p.u/T) (a) pre-point 1

=20.0, D=TET 1
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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
il R iy 4 ey 1500 prpeerperer e
P o :‘& ] 12 | — Wuppertal-Budapest | = N — Mu,d:Ms .
: % I I 3 E 10 |— hotQCD = R . i
":;.__3_9-5 %\/ _: “'[_ESE— g 4 = é s _E % 1000 _\\ ]
S S I I A e = " 1= \ 1
= [ FE( \ ] ";4: P Wi E o gE 1 — - o
Tobp B 1 . b B 3 3 i = ST 1
| ];," "P_\\ 1 < EP ] = -
i — e 12 ﬁ;j 3 -E 500
0 pT g [ o =
ﬁo?&apﬂ* e e A OBl ileve i lieuyt
Pt IR bk 2025, 45’ 23
o Toww T TMew) T/T,. 9gr(T) = : T
Plumari et al., PRD, 84, 094004 (2011) (1N -2V A (7 - )|
" >_F|/ q-znw-zﬁgi./ B T2F, e vzl (VO 4 1 = = )
Das et al., PRC90, 044901(2014) L Py L B Py — 0
2E, / (2m)%2E; v / T G RS e R
« Similarly by (Q)LBT with both elastic+radiative collisions: P - dfitx. pi) = E1{Ca + Cigal,
lb_l""l""l" [~ 1 T 1 :EE'HHIHHIIIIHIQIPh:I-':'i\:':S‘!tiIC.IQ.lé ;‘ID'Ilr:ul._lal:'-l:\'[:glﬁgall'_.li.lIIII” |||||:
- E M 95% AT my QPMaHG 55% CA, 1
1 G0k 15 [0 my QPM-WE 5% CA, ]
i 13+ _- E 5I0§ E ‘S"‘ E img QFaHG 55% CA, E
E r ] o 1.05 LE'E: 1-3:— '
T : ] el B :
s L LT s AP 95% €A, ?.D; 05N ]
PP Aot s AR i 3 E
10 2.0 10 L0 20 pobili by b b e iy o0 LL ] | L1 | ]
Tﬂ—c i Tﬂ- 1.0 2.0 3.0 4,0 5.0 .0 1 2 3 4 3 ]
Liu et al, Eur. Phys. J. C (2022) 82:350 TIT, TIT,
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HQ scattering in QGP: pQCD

M, | P=30727202 (P =SNom P —u)
2 M, T
2
Mo 12— 2043172 2(m —s)(m*—u)—2m%*(m*+s)
3 My | sy

S | M lz 20431T2a1(m —u)(m? -—s} 2mAm*+u)
(a) ‘ (m?—u)?
SMME= T MM

|

(t —pt)(m?—s)

SMME=TF MM

(b)
=768172a2 {mz—u)(mz_s)+m2(s_u}
s (t —p2)m?—u) ’
2 2
_26,2,2_ Mt —4m?)
3 g {mZ_“)(mz_s)
e for gluon scattering, and
e S [ M, |2=256N,m"a 2(m —5) 4+ (m*—u)*4+2m*
’ ! (t —p 2)2
C

« t-channel scattering dominates, regularized

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

005 - T TTTTe-—4
T ..
E
6‘!'_"' E . s — = e e e i e e e e ]
G
-
coo Vb4t Svetitski, PRD37, 2484(1988)
0 0.5 1 1.5

p (GeV)

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, =200 MeV, A « a2. 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||||||||||||||||||||||

— Wuppertal-Budapest

a/9 l% P3 10E |— hotQcD 3

— 2 2 L
I — t —kmp(T) . . ' : :
-2 -1 0* GeV? 2

o o ceff
I

» 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.

o ~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

| I I | I
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0.2 |
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J
3
T
T
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-
-

FIG. 1. (Color online) Angular dependence of the cross section
for different values of my for charm quarks (solid lines) and for

bottom quarks (dashed lines).

L
—_ (mD=[].4 GeV)

—at (mD=0.83 GeV)
5—a ¢ (m=1.6 GeV)

=== b (m,=0.4 GeV)

= =ob (m =083 GeV)
= —-1b (m,=16 GeV)

0.02- EFE? - _E‘_‘_?‘_‘_HE __F?:*S‘__
! l ' :
l 0 3 6 9 12 15

Das et al., PRC90, 044901(2014)

FIG. 3.

smaller my =» more forward LO-pQCD

p [GeV]

Matrix element squared increases so does thermal relaxation rate

(Color online) Variation of drag coefficients withpat T=
400 MeV for different values of mp.

M.

He
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Boltzmann vs Langevin using LO-pQCD

2_ ottt e At high pr Gauss distribution of e-loss underlying
o . )m | Langevin becomes less accurate = deviation from
> e fm full Boltzmann
= N
I o] o Charm quark Ry, is ~25% smaller from Langevin than
0.5— | Boltzmann at high p; while v2 from Langevin a bit larger
Charm

« Discrepancies between Lagevin vs Boltzmann
vanishes for bottom

o— 1+ v L L L L
o 1 2 3 4 5 6 7

p [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
formp =04GeV: 77 ’

- T | T I T | 0.1 T I T | T

B ] L —— M=1.5 GeV (BM) i

L — M=1.5GeV (BM) 7 —— M=2.5 GeV (BM)

L — M=25GeV (BM) | 0.08 M=4.5 GeV (BM) —

C M=45GeV (BM) | = = M=15 GeV (LV)

—- M=15GeV (LV) F = M=2.5 GV (LV) .

- —-M=25GeV(LY) { ~ o5l M=4.5 GeV (LV) |

— M=45GeV(LV) — 4 -----Z°

L 7 ‘-:" e

- 1 > 004 l

L < 0,=0.4, m_=gT

Fooo=04, my=gT ——. == 0.02 o =9

[ Pb+Pb@2.76 ATeV, b=9.5 im T Pb+Pb@2.76 ATeV, b=9.5fm
0 1 | 1 | 1 ‘ 1 | 0 1 | 1 ‘ |

0 2 4 6 8 0 1 2 3 4

p; (GeV) p; (GeV)
RRTF-EMMI, NPA979(2018)21-86
Fig. 24. Nuclear modification factor (left panel) and elliptic flow (right panel) for heavy quarks in semi-central
Pb+Pb( /sy N =2.76 TeV) collisions (at b = 9.5 fm) for different values of the HQ mass, Mg (indicated by the different
line colors), in a Boltzmann (solid lines) and in a Langevin approach (dashed lines).
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pQCD: NLO

= f _!?)1 g3

03

0

000 005 01 02 03 04

| [ [ |
Next-to-leacing order
Leading order
Truncated leading order

s

Caron-Huot & Moore,
JHEP02(2008)081

Fig. 20. Comparison of leading and next-to-leading order inverse heavy-quark diffusion coefficient, k/ I = 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)
3 r

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 [Py T) MeV] i;f«i‘ﬁ*i exp(—F3 (1, T)/T) = (L (1)L (y)])

[ Lo o00
05} me @224 Ahasist fum ¥ AT, f there’s only Coulomb=» F<O

SRE T2 147NV B «  F>0 for T<2*T., remnant of

178MeV o 3 linear confining term
194MeV 4 :

A 222MeV v §
[ ® 320MeV .
" 442MeV =
19 479MeV o

! 732Me\/ m T [fm]

0.1 0.2 03 04 05 06 0.7 08 09 1
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T-matrix resuming HQ potential

Q
AN %
T = @-Fﬁ) T Q—?:./;Eq \_:5— = _|!
i=Q.a. -~

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

, The . .y —
lia(E:q',q) Cialkig) E—oi(q)—wlq)— %, —Zg
2 (% 2m(q) (0?(q) + »9(q))
=Viag )+ = | dkk* V(g k BYS(Eg) = L A
Lalq.q)+ - [0 Lalq' s k) G (E:q) E? —[0(q) + 0%(q)+ X, + Xp]?
X G(E: k) T a(E:k, @) {1 — nploi(k)] — nplan(k)]} m@) = —2"¢ _ Riek et al., 2010
w?(q)w9(q) '

* momentum transfer

s 9 s s > static/space-like potential
@ 1 =ilg L interactions, with relativistic
| 9~q" /2mg<<|q| corrections
'
0 //\ 0 0, * single heavy quark in QGP 2 soft interactions
Ptzh ~ ZmQT >> T2 q~T << pQ

« Soft & (approximately) static Q-Qbar and Q-g/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

25

20

15

o [GeV?)

10

80

60

40

o [GeV?]

20
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r. " 200 =» vacuum spectroscopy
A ' 100 |
26 28 3 32 34 36 38 4 °5 5 a2 24 well reprOduced
Y Ecm [GeV]
* no hypertine splitting
* (bare) masses adjusted to ground state
« ~ =50 MeV accuracy
i BbS-scheme [ Th-scheme
9 95 10 10.5 11 Potential 1|m"”[1.355 Gev [1.264 GeV
E,, [GeV] _ mE 4.?12 GeV 4.1*.:2 Gev
BbS / Fot. 1 Th/Pot 1 —--- SR | P 0.8 . , : : ;
BbS/Pot.2 ------ Th/Pot. 2 - m, — 04 GeV, m, — 0.55 CeV 07 I pOCD R \ ]
) non reL .............
Riek et al., 2010 0.6 | with COIT. === i heavy-heavy.
— 05}
a ’ i
_ _ = 045 heavy-light }
=> Born approximation compared to pQCD © 03! \
=> Breit correction essential 8'2 [
Vae®) — Vaier) (1-v,-v;) 0 S

22
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In-medium HQ potential: F or U

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

Free Energy Internal Energy
FoMav] ' u, [Mev]
woo b, ey T ¢ +_i 1500 N +*H,++H+'HHHHHH/
. o™ . ‘ngﬂ . 1000 | ‘PH H-FH{-HH-{- .'tH [Kapzmarek
500 LT pp— # M‘*‘”‘H et 31 *03]
0967, —— .m.nnw tog
0% a0 | T
1077, —a— 1.19T, —=—
ur 1 ?:‘lnT _ |.29T; —a
1 '*UT,:_ -— ol 1.43T, —— |
1.98T, ——— 1.57T, —a—
4.':'|T,: — . r [fm] 1,897, —e—o
-500 - - : : : - = : = -
0 o0& 1 i5 2 25 3 0 0.5 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 = Hjyp)
=> weak QQ potential, => strong QQ potential,
small Q “selfenergy” F,(r=x,T)/2 large Q “selfenergy” U,(r=«,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)
Fo5(T,r)=-TIn(Zy5) =(-TIn(Zy5)) — (-Tn(2))

N Zog 2 x G e PEY T (r) x + () |n
Zog = ;Q = n{nlxCrz L ~ : ) McLerran and Svetitsky,

PRD 24 (1981) 450

— [;:)(_I.T' ?‘l,r3|r1.r:)|,r:5 — {?}(—fT,}"NT:ﬁ

- - Blazoit et al., NPA06 (2008)
r=n-n, F=1T 312-338

Foo(T, 1) = -Tln (E>(—ir, r)) =g

« Two-particle Green’s function: full vs free, z=-it: time - energy representation
1

“Cn = T e

-[Géz)]_l =z—2(2)

1 ‘ —TE
— e’
[Go(E + i€)] t_ V(E +i€,7)

« Q-Qbar free energy F related to Q-Qbar potential and self-energies éig&)Rapgp, NPA 941
] 15) 17

~ oo -1
G~ (—it,r) =f dE ?Im

[ dE o .
FaalrmT)=-T1 [ r__,—.,J»_I ( _
QQ\Ti 4 n L e M\EC Vir:T) - 2Amg — Egg(E,nT) J

=> weakly coupled limit, self-ghergy 2—>ie >O(E-V-2mg) > 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)

Lrl Iy i d/;
T5,(E.p.p) = V5, +f o Vil )G, (B KT, (E K. p)

. ilwr, k)po(ws, k) :
G'E]QITE.kII = fff:‘.d[fibu‘g PE. —]L,-J| fi‘z j—iﬁf 1+ fy:;;;,']f! — f@fhgﬁ]

« Single Q spectral function related with T-matrix aa?in
Go =1/|w—wglk) — Eglw. k)], po= ——Irll Gg

\ d*ps . . [dE ImT“““E k.pz2). . X
Yglw k) = f (2 ) f‘iﬂ'zzpiiwzdﬂ‘z}fTE_w s 1 ic [fi(ws) F f(E)]

=>» Finally aided with a relation 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 T=0400GeV ] Valn=Ca ]Q e ot +£” —e7T)
: 1 Solutions not unique:
;‘—;g",“ 0'5__ 1 weakly coupled V~ F
T o0 1F VS
S oo Flatice)] | Strongly coupled V=>» long
058 [ yiweak) =--- 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(fm) (2015) 179
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Charm-light T-matrix

el
[y |

[}
—

[
[ g ]

[l
=

ImT (1/GeV?)
on

—
=

—

s T2 1 B4 Y, |}:U Gay
""" T=154 ME"-", |}:2 Gay
=400 MeV, p=0 GeV
T=400 MeV, p=2 GeV

0N 1/GeV)

Phe,p

T=0.258 GeV 2y
Mmeson

—T006V] |

— 7=0400GeV] 3§

z
D Meson Resonance g 1
05

15 20 25 30 35 40

w (GeV)

In strongly coupled solution: at low T~194 MeV,

00
0

T T T T T T

s Ilght — Weak

4- I |I

: | T=0.124GeV

3 |

ﬂ |I Ill

2F [\

it/

) "\h :

[j]r = L TP B o S Wi £ S R,

00 02 04 IIIIJ 08 10 12 14
LLH:":"E."E

Liu&Rapp, PRC97, 034918 (2018)

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]

M. He
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Charmonia/Bottomonia spectral functions

charmonia bottomonia
- ' \ e TeD 1MGEV - L[ ;I I | — T-ol13aGev |
I | T=-0.2SEGEV [ sof ] T=0ICBGeY
N T=0 320G - . | TeoAanGEsy
= II — TeOAOGE =0 |act Il — T-0400GeV
B! |
- | i L4t |
Ei ”:l__ I '_ T;._ 'v' | II
: | I| _/4'@(‘: 1I:l._ ::- "'-:I IH". I ]
0sf- I _' — = . | oE @5 @

]_l:l- N -"--I 1 1 i o 1 _.-"'Il 1y "'-.l 1

Z0 .5 20 is 40 4.£ &5 9.0 5.5 100 i0c 1.0

=mews  Liu&Rapp, PRC97, 034918 (2018) =(Gev)
Strongly coupled solution with interference effect
« Astrong 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*', or 2*T, (strong interference effect)
» For excited states g(2S), Y(3S) [dissolves at T~194 MeV] and Y(2S) [dissolves at
T>200 MeV] =» their 2*T'; or 2*T', > Ey; 454 thus cannot survive
spectral width ~ 2*T . or 2*T, (interference effect small)  MH et al, 130 (2023) 104020

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

1,05 ]
R
00 01 02 03 04 05
"1 40T

1051 1.687c
TS TITTTY oo 186TC3
‘l:::l:' AE.UQTO

00 01 02 03 04 05

1(fm)

Golm P T

E 1,05 *E' 1.10f ] *g 1.10F ey
£ . E 4l 1E ot -
0 1,00 vt 2 1'055 ot ] @ 1
§ el b b L &1'00:-|-TI|II|I||||I||||I||||I|||\: §1'UUT‘."..|...|....|....\....
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
A
S ] 8 T 1.02Tc + 140Tc g E2F
8 h ﬁ 102' 120Tc ‘l |".,,‘ﬂ'ﬂ‘ 1EBTC- (351-
ﬁ ] :ér 1_009_“5#"1""' 136TC_ § 50_
E -I | | | ] & 098 | ! 2-0970 E 4'g-l | | | ]
020 025 030 03% 040 00 05 10 020 025 030 035 040
T(GeV) 1(fm) T(GeV)
Euclidean point-to-point correlator accessible to lattice Liu&Rapp, PRC97, 034918 (2018)
_ 3. iPry s . f \
= | dre™ " (a7, 1, Ja(0,0)) K(r,E;T) = cosh[E(t — 1/2T)]/ sinh[E/2T.
i Go(m:T)
Gree(m: T)

Ga(m:T) = /rIEpn[E_TjﬁC:;r_E:Tj Rg =

Spectral functions with interference effects (1st, 3" columns) a bit better than
without(2"d, 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

Uvs Fvs V(strong vs weak solution)

LRI N L B LR B xlmwm
1.5F « U S ,xmc*" ]
::"jt
10 e F ,xf
0.5F -
0.0 —— Strong
L — Weak |
-1.0f T 0.194GeV ;
J.l P TR B A 1 1 1

0.002 04 0608101214

r(fm)
10F ®F
0.5} o
0.0
-10‘ T=0320GeV

00020406 08 1012 14
r(fm)

VIUIF (GeV)

1.0§ O F oo iionno
05} fﬁ E
0'02 .fw Strong
'0*5;'" Weak |
-10F) T=0258Gev 1

0002040608101214
r (fm)

—
=
T

T 0.400GeV ]

0002040608 1012 14
r (fm)

F ~ V(weak) = similar A(p,T)

U & V(strong) =» stronger A(p,T) especially at low T and low p [resonant interaction]

correspondlng c-quark thermal relaxation rate

My

x T=0.194GeV ~— Stmﬂg
. -——-- Weak ]
x U
® F

Ixx =
Irkr .
o I l.".‘“'.“"rfi!i:mx:‘
0 2 4 6 8 10
p(GeV)
P\ T=0.320Gev —— Strong ]
b ----- Weak

A(p) (1/fm)

I T T T
% T=0.258GeV Strong
0.20F Weak ]
X
0.15F X < U
’; ® F
0.10F X, .
:"a xx
0.05F e, ]
'h-.. XXXy xy
[ "’"'°M-o-.§§.‘ﬁii§.{
O.UU 1 1 1 1 1
0 2 4 6 8 10
p(GeV)
KI T T T T sst T :
0.4F x T=0.400Gev —  =W0oNg]
P Weak
x U 7]
® F

X
X
x
KKII

Xy
- Xxy
. xx
208ee, LTT FEELR R 000 ]
A T 1T T 4

6 8

P ju,He&Rapp, PRCY9, 055501 (2019)

near-by thermal partons = instrumental for large A(p=0)!

V(strong) features long-range remnant confining force (-dV/dr) to encompass more

M. He

Heavy flavor lecture, Jul. 2023

29



Charm quark A(p=0,T)

¥ (1/fm)

06

0.5

0.2

0.1

0.0

04F

0.3F

- AH--rfc
—_—rng ] 010‘Pb—Pb, 5.02TeV, 30%-50% ~ — otong -
e Weak L i g
sumsmnnn 5xpQCD 1 x 008
r . v T — g :
_/‘."_. E ¢ 0.067
i It .-""” g :
i e 1 S 004)
------- et - - @) i
e - 1 0.02:
:I | | | | | | | | | | | | | | | | | | | | |: 000‘
0.20 0.25 0.30 0.35 0.40

T(GeV) Yo P =ﬂ T, " (1-cos@) f*¢ n7(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,MH&Rapp, PRC99, 055201 (2019)
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Landscape of T-matrix HQ & quarkonium interactions

V or F(GeV)

Remnant confining force

10F  T=0.194GeV -
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0.0} _
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Comparison of A(p, T) in different models

—~ 04r - 0.8 116
E T=180 MeV 1 T=300 MeV 1 T=500 MeV
=035} 107 ] .
< ] — pQCD*5
03f 106 — T matrix (U) .
; ] — Subatech 1
025 1 0.5 — QPM 7
' ] — UramD
0.2 1 04
0.15F 103
0.1 102
0.05F 4 0.1
%1020 30 40 50
p (GeV) p (GeV)
Figure 3.1: Friction coeflicientz for charm-guark diffuzion io the QGIF az a fuoction of three-momentum for three different temperatures
from various model calealations: black lines: pQCD Born diagrams with ae—0.4, multiplied with and overall K-factor of 5, blue lines: T
matrix results using the internalenergy (U7) as potential proxy |20, 89], pink lines: pQCLD with running coupling constant and reduced Debye
mass |24, 25], purple lines: guasiparticle model with coupling constant fitted to the 1QCD EOS [63], and green lines: D-meson resonance
model |26]; figure taken from Ref.

. 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
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Lattice-QCD HQ diffusion

* Vector meson spectral function encoding a transport peak

AP(@Y®
Y m)=|

@ = [ [ (170,8), 770,9)

x
D

w < wWiv s

Z PL (w n
}';I n? +w

Petreczky. Teaney. PRD 72 (‘06) 014508

n =

t

drag constant

fl-

« HQ drag coefficient ~ width of the peak in the limit w—=>0
k=2MTn=2T?/Ds

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 277D with a mass of M. = 1.28 GeV and
M, =4.18 GeV. For some temperatures, the method did not

Ding et al., PRD104, 114508 (2022)
» Using mid-point correlator (1T=0.5) and a

work out to yield a result.

model spectral function,
Ding et al. extracted a larger drag for charm

Charm Bottom h b 29 q pert
mod (1)) — A v — B
T, T " TD T 7D than bottom at T=2.25Tc ,ii**(@) = Apy (@ — B)
1.1 - - - - . .
13 <027 2748 _ _  Inthe heavy quark limit, Ds=T/my independent
1.5 0.85-2.78  0.84-2.73 - - of heavy quark mass
225 332-528  0.66-105  029-1.10  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
1 & (ReTx[U(8,7) gBi(7,0) U(r,0) gE4(0,0)] ) . T
-3 <R — k= lim —pe(w)
— eﬂ[{f{_ﬁ_._ﬂj]) w0 W

Caron-Huot, Laine, Moore,

1y,
cosh (T - 2‘1"‘) & JTHEP 0904 (*09) 053

ce(r) = [ Eopw)

v sinh %
Francis, Kaczmarek, Laine, et al, PRD 92 ('15) 116003 . ..
) - « Can lattice go to finite momentum ?
10 E T T T T TTT II T T T TTTT || T T TTTITTH lf
ol q)(i_i' /’: 30 Brambilla, Leino. PP, Vairo, NLO T Ding 2012
I wv i PRD 102 (*20) . :
[ |-——- model laa VA - O Banerjee 20124 Brambilla 2019
10° |- model 2aa VA Francis 2015 ¢ Our result
E model 3a !J .
~  [|--- BoM _ u)Cp o] -
NP‘ | phzgh(w) — q (%W)CF wS_ |.;_T 20
S 1w0'f ¢ TS Q
= E ;ﬂf E Nt: o
{54 L i
a i F ]
Ty ] 10
mmimmemeisIiTT
100 E---~ = ',' E +{i} + %
lowg, | — E / ! E
- Y - 01
10-1 1 oAl 1 Ll 1 Lo . T T N T T
10_1 100 101 10_ 110 1-5 2-0 2-5 3r0
w/T T/T.
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Lattice-QCD HQ diffusion -- latest

* In the heavy quark limit (unquenched, full QCD) chromo-electric field correlator

GE:_

3
(ReTr[U(1/T,7)E;(z,0)U(z,0)E;(0,0)])
;: .

3(ReTrU(1/T.0))

Ge(e.1) = [

e dw
—IpE(m, T)
Jo T«

coshlwr — w/(2T))]

sinh[w/ (2T )]

« Spectral function - HQ diffusion coefficient «(7) = ZTHr%[f;E(m, T)/w)
= model spectral function: small vs high energy T

pel@w=>T) = pyv(®w) = KpLoxio(®)

pel@, T) ~ pri@, T) =kw/(2T)

Kaczmarek et al., PRL130, 231902 (2023)

[ ce 53 | W N —241QCD T
9 (norm E"f Ny =00QCD &
12 ~ ALICE »a 5
8_ f‘§ i__._.i | ’
,‘E «E 1 Bavesian © A
7 E LR o]
T— - E E’(
r§ o "‘_," C:;l 8 - .
7 § ._,E’ ’}‘_'E_——-*ﬂi e - T
67 %’ % ,fﬁ':},,/f } S 6l + = ]
"( - - e _”__,-..;-—"____'-' I e o]
5-%» e TMeV] Al % % T-matrix]
ﬁa—f’*’i -~ D 195 # 352* | J; l_ — ;",\,T 04
- == m220 - l ])E!r.. i B )
A1 T 251 2‘1 5 } o i
T 293 T M- AdS/CFT
3 | T | T | T ["] 1 " 1 " | " 1 " 1 " 1 L | " 1 "
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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 Eotcntials I—-—-—
1 T
[ s This work ‘_."r ]
0'2“,'---- He et al. P .

[ ===+ Ghosh ef al. - '
b ==s Tolosetal. .-~ '
— {]‘15 : olos et a _- i :
E | -
= 0.10f .- o
= - Pron
0.05 F L= o
0.00 " —i —l . NP S
0.10 0.12 0.14 0.16 0.1

T [GeV]

d3q d3pf d3qf

Yh j 1
(2m)° 2Ep 2E} 2E;

A(p,Dzz_ED

fMEp: T)

x |[Mpn|227)**® (p+q—p —¢') (l B

(-75)

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

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

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

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

8For full HRG:
» Substantial contributions from higher states

as temperature tends to Tc from below

Figure 3. Thermal relaxation rate of low-momentum [ 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] (sold
from [102].

line). Figure taken

M. He
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D-meson diffusion in HRG

« D + light hadron empirical scattering amplitudes/cross sections

30 T T T T I I I I I
— +m ] {a} -
bik  Di(2460) @ h
B _ D4y I 7 L D+ N (1=1)
|'| D + N (I=0)
20| ||| ] 60 - - —-D+A{=1) .
D{(2308) A ‘ ] _
5 [ \ £ T
g Br | i I E 40t N .
= . 5 L ~
2] | | \ -
10 J \ 1 I T el
|'.\ \ 1 a0 L S-a R
5 \ Sz : I — )
00 200 2400 2600 2_8'[; 3;,30 2800 2900 3000 3100 3200 3300 3400
s (MeV) | g|2 s (MeV)
2 2741 \/‘rDII T(\/EJ = ]
8ry/s G+ 1DVsly Js—mg+ilg/2
M(s.0=0)=) - TN v
j=0 §= M+ 1Vt ' D+, 7-10mb '
0.05 D+ N, 10-15 mb
«  Contributions to y, from different [ prlKban, 710 mb ]
i . S + 7, resonances
light mesons/baryons; well approximated 0.04 |- === D+ N, T-matrix i
. . . — D + anti-N, T-matrix
by light constituent g-q scattering K F e D+ (K, Kbar), T-matrix
with 0=3-4 mb ]
« 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

0.20
0.18
0.16
0.14
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I
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< 0.08
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0.04

0.02 -
0.00 &=

C T T T T T T T
|—— hadronic resonance gas, empirical amplitudes
~ = = hadronic resonance gas, 7/10 mb

----- pion gas

|- =— hadronic resonance gas, RHIC

160 180

Contributions to the thermal D-meson thermal relaxation rate at T =180 MeV in-
dicating the quantum numbers of the included scattering channels with L: partial
wave, I isospin and J: total angular momentum.

D-meson thermal relaxation rate at low
momentum near Tc ~0.1 /fim =
relaxation time ~ 10 fm/c, already
comparable to the fireball lifetime

0.16 e e
. . = = =c-quark
014 ©) / --=-DatT, 1
0.12} 4 =D, atT -
0.10] o == hydro D,
/ _/"“- ~ o
., 0.08F R N A =
0.06
0.04
0.02
- Au + Au, sgrt(s, =200 GeV, b=7.24 fm
000 1 L 1 L "'IIN L 1 L 1 L
0 1 2 3 4 5 6
p, (GeV)

Hadrons Ly Alfm ) «  Enhancing the D-meson v, by 20-30%

i S120 P Dipa Sino 0.0371 at intermediate p,, because the

K+n S0.0, 510 0.0236 background bulk v, already almost

p+o+K* $122: S0 512 0.0123 fully built up by Tc

N+N So.1, 511 0.0128 ]

ALA 514 00144 MH, Fries, Rapp, PRL110, 112301 (2013)
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Summary: transport coefficient: D (2xT)

L)

L)

' |
Lee etal. 2203.16352
Lattice QCD
" oDing et al. 12'
Qe +Banerjee et al. 12'

40

¢Francis et al. 15'

mAltenkort et al. 21'
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lw]

put
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5

oODing et al. 21'

S nezeae st 20 4 ABrambilla et al. 20"

O aKaczmarek et al. 14'-

» HQ spatial diffusion coefficient: D =T/myA(p=0)=T/mqy

models & lattice D, (2nT)~2-4 near T,

x10 smaller than pQCD, scattering rate
Loon ~3/D; ~1 GeV > M, , = thermal

partons melt, Brownian markers survive

maximum coupling strength near T,
remnant of confining force?!

minimum structure across T,
analogous to n/s
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HQ radiative e-loss

» elastic collisions VS medium-induced gluon radiation

(wky)
(wk,)
» Factorized elastic * radiation probability 2o
ossiaux et al., PRD 89 074018 (2014 ) CE o T=250 Mev. | E=10Gev SUtPPFESS'Oﬂ due
o coherence

f
Pa—>— n

=1 = pg B —}—‘)ii
k

del

w d—'l o rad

Dop—————N

q

cafg

dmdgk,dqf_"

k., w = transv mom/ energy of gluon

(I-=)-

Po—s— oM

'Prad

E = energy of the heavy quark

c—quark

LPM

increases with
energy

0.05 0.10

0.50 1.00

T=250 MeV

E=20GeV

500 IO.Dﬂw[Ge\ ] 1

e} LPN

n4f
ook c—=quark

0.050.10

CA(

=250 MeV.,

w/E) m?

Emission from heavy q

0.4
.. b— k
Emission from g 02

0.501.00

E=20GeV

w[GeV] I

Suppression due
GB to coherence

decreases with
increasing mass

5.0010.00

0.050.10

0.501.00

Toooeo - @GVl

M.

He
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HQ radiative e-loss

. 1
Higher Twist formalism dNy  _ 2&30;11’(1?)@ K a2 (L0
dudk? dt k] kM2 ) 21

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

Average number of radiated gluons & probability of radiation within At

(N T _ gt 4Ne
-,.'"\'g}“.. Ar) = linel &t = Ar f d‘ld'e‘— (f_r(fkiﬂrf
Pine.! =1- e_(N‘g}
25 T T T T T T
| | — — c: elastic 1 .
— — q: elastic Ei = 30 GeV * Implemented in LBT
20| — — g: elastic .
. . T =300 MeV
—— c: inel
_ == § inclastic p1 - dfi(x1, p1) = E1(Ca + Ciner)
% 15| —— g: inelastic -
<C 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
> & Liuetal, Eur. Phys. J. C (2022) 82:350

t (fm)
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HQ hadronization (I): SHMc

 Statistical hadronization model (SHM) for light quarks:

103 E—'_;:"_;_' Pb-Pb M:?.?G TeV, 0%-10% centrality ;
. " : F K+ K- K® :
grand-canonical partition function for HRG g
- I TS
v 0o 10 £ e = =+
InZ; = 21‘32% f +p?dpn[l + exp(—(E; — pi)/T)] . 7 RPN
! 0 F 8,0, 43
Ter = 156.6 + 1.7 MeV. g W il
pup = 0.7 £ 3.8 MeV V= 4175 £ 380 fu® 3 0tk
107 ? ® Data from the ALICE Collaboration St{:_.?_? ,?H %ﬁ
10 ;— — Statistical hadronization RIS
10°3 —
- i e He -
ok Andronic, Nature,561(2018)321 §.8.

« Statistical hadronization model for charm quarks (SHMc) :

: 1 ) o s
- charm balance equationNe = S gcV Soonft + g2V Tl + Sg2V S nft
h’;:r hﬁr_-:i
where Na=dNe/dy = Ty *docePa/dy is the charm quark number per unit rapidity,
« thermalized c-quarks hadronized at T, (strict charm conservation=» canonical correction)

dN I:hg ¢h IQ- I:f"v'rct.':'t ]
dy b To(NEY)

C_.Ct] — q? -|I-;.r P

« g2 € docc/dy

*  ps-spectrum modelled by hydrodynamic blast wave at T,
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H ad ronlzatl On SH M CAndronic, et al., JHEPO07(2021)03¢

» SHMc: open-charm statistical AN e
hadronization at T, &(we) _ oy wla@e) 2 \IB\

dy Ip(NEot) = AN

O multicharm baryons a=1,2,3 emerging pattern 1“2: D\ )
4 yields enhanced by g.*~30* than pure thermal E | N
->strong signal of deconfinement 10—535HM.: r 155 ey i '

109z 2" 25 "'3 35 4 45 5

» SHMc yields + blast Wave%pT spectra  Mass (Gev)

'::: F= #*E-EEI,ISIN;" 502 TeV, 0-10% 3 = D 7 Pb-Pb, {53,=5.02TeV,0-10%  FPb-Pb, |5, =502TeV,0-10% 3
3 1 _ D" v | =05 D0% Iy | <05 3

— . D __I ——-__.—-—" E_ y _E

%— 10 0.5 =E 8 —+- _;__ ..._'__- _;

-y 10—2 04 L_ ____J__-_-—-—-_g:_ -"""--..___;

2 03 = E

Z 107 0.2 ZEp™D% | <05 3

% m ALICE data - ‘ m ALICE data = m ALICE data 3

10~* - OSHMc + FastReso + corona 0.1 |:|‘-“HM|: + FastReso + corona | | I_E |:|'=‘HM4: + FastRem + corona | | I_'

il 1 o N B = N

= = . Pb-Ph, |5, = 5.02 TeV, 0-10% =07 F'b F'b \’H 5{!'2 Te«r t] 10% = F'b F'b 5{!'2 Te“ t] 1{; 3

S 10| N AnlI<05 & o DD I<05 S stronger flow ;

— S on baryons E

% 1072 05 = =

04 = 3

S = 3

< 10 0.3 Nt ;

= 10t 0.2 o = =

PDG-only baryon 0.{E. ALICE data — T AD" <05 E

107° | | . | | | | - - D-\JHME + FautF'tescu + corona DqHMc + FastReso + cnmnﬁ 3

e — 11 11 — s S . i I R PRI BT | L 1 | I T T [ I T A1 1 T T T I i |
2 4 6 8 10 12 14 16 O30 124 T8 2 4 6 8 10 12 1416
P, (GeV) p, (GeV) p, (GeV)
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HQ hadronization (I1): coalescence

A
@ G ¢ .
Coalescence: @%—> - vs. Fragmentation
°©
0 90

HQ independent fragmentation into HF
hadrons =» dominant at high p;

* 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)

d 2 J.Nl—H
dPZ

= gu fH (Qi{_}jjig pi - doi fg.(xi, pi)
S
* Instantaneous projection via Wigne_r function
°T o (a2 —a2)
x e(a?—prmm%?}
814“29 (Ai :12 ﬂ) xO( 2 %pfl)

© (A2 —22,) x © (A2 — pla — Amia) .

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

% fH(X1..Tn, P1..pn) 6

far(xq, 225 p1,P2)

B

+ successful in explaining B/M, v, scaling

@) ~ 1P/ {par(P/2) VS fa(pr) ~ £4(P1/3) 4 (P1/3)”

p /m ratio

- ¥
=015 b

fy(Pr/3)

|

|

I H
#ﬁ

| q

|

I I q

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

AutAu@200AGeV |

(central)

with flow
—=—=— without flow

o2 |

01

0.05 [ .y

M. He
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Instantaneous coalescence model

< ICM: usually implemented only in momentum space ©hetal, PRC7S,

044905 (2009)
- with a Gaussian Wigner function, A,=0~hadron radius, A ,=1/0
dNM (2‘\/;0) le ng
_ =8 dp,dp _
dpyy ‘TPI dp,

< exp(—k'cr')S(pM — P, — P>)

relative momentum k measured in meson rest frame 1 f !
degeneracy gy=(2sy+1)/[(2s,+1)*3:*(2s,+1)*3], k= m, + 2P )
e.g. 0po=1/36, gp-=3/36=1/12 i

« for charm baryons

dNp 2J7)%(0,0,)° dNi dN> dNy
= 83 H‘fdpd dps—=-
dpg V2 dp, dp, dp;
X exp (—k%cr,") —k303)8(pg — Py — P> — P3):
1
ki = — (m,p| —m,ph),
m, + niz ga=2/216=1/108
ko= m; +m, + ny [ms(py + p5) — (my +my)p5]

» By construction, only 3-mom. conserved, energy not conserved =
equilibrium limit challenging to reach at low p-
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HQ hadronization (111): RRM

¢ Hadronization = Resonance formation cqQ — D

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

¢ Realized by Boltzmann equation Ravagli & Rapp,2007
L = = A () = =
Pt oy fu(t, x, p) = —mUfy(t, x, p)+ p B(x, p)
o d? pd’ I I
B(x, p) = f é;}ﬁpg fq(X. p1)fa(x. p2) gain term{T
X o (5)Urel(p1, P2)8 (P — p1 — pa)

T\ Breit-Wigner A (T )?
—
>J{S B 2 (s —m2) 4+ (Tm)?

'y / (2m)3 fQ‘{I:pl}fq{I=p2}

X oar (8)Urel (P11, P2)0° (B — Pr — P2) -
¢ Energy conservation (finite width, not on-shell) + detailed balance

equilibrium mapping between quark & meson distributions

¢ Equilibrium limit fa (7, p) =
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Generalization to 3-body RRM

O The 15t step: g,(p,) + d,(p,) = diquark (py,)

L~ Eu(pra) [ @pid’py
Ja(Z, pro) = L'amyq fo

O The 2" step: diquark (py,) + qs(ps) = baryon (p)
Eg(p) [ d*prad®ps

(Z, 1) fo(Z, P2)o12(512) vyq (P1, P2)8° (Pra — 1 — P2)

f5(@.7) = Ipmp (2m)3 fa(Z, Pr2) fa(Z, P3) 0 5 (8a3) vier (P2, 13)0° (P — Pz — )
Enl Ao d*nod®pa Ea(D.
B F;Eri pl(gfiﬂ = ;jij)f (%, p1) fo(Z, Do) f3(Z, P3)

x 012(512) 00 (P1, P2)0 B(843) V) (P12, P3)|m 511520 (P — D1 — Pa — D3)

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

Scalar [u,d] | 710 ?colorgﬂamrozl—;in At‘-: C‘[Ud] /
Axialvector {u,d} 909 3color6ﬂavor1;;in Ze: c{ud}
. C

* Meson/baryon invariant spectra on hydrodynamic -
Cooper-Frye hypersurface at T,,=170 MeV dNyp — _ [p-do fars(Z.5)
MH & Rapp, PRL124, 042301 (2020) prdprdé,dy ) (2m)3 PV
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RRM: equilibrium mapping

O RRM on hydrofreezeout hypersurface at T, with fUZ,p) = gqe—ﬁ'u(r)mw}

10 ¢ T T T T T T T T
E RHIC Au+Au 200 dev m sTAR -’pﬂ-1d“.ﬂ':.. PRLS9,112301{3007)
4 [ & STAR ¢10-20%
& STAR (£ +13)/20-5%, PRLOA, H2301 200
RS STAR (007 +00)/2 20-40%
. r =
E: !
o 1E-3 3
o E
Z tE4f ¥
gphalanhard hydro 0-20% atT =170 Me
e 32 ¢ direct Cooper-Fye
sl ™ $RREM Nao artificial shift in nor
§—¢dim£1 Cooper-Fye but absolute spectra generafh REM with
ser [0 01 REM ) . ful] hydro spgee-momamtum cofglations
0.1 — T — T T T T T T T T T. 7
HIC Aus-Au 200 Gev. 0-20% photonhand hydro at T =170 M
oo RRM with full hydro space-momenturn correlation
O° hydno Cooper-Frye
1E-3 o
= D°RRM
1E-4 A hydro Cooper-Frye
2= & RRM
E__- 1E=S s
H_
(E— 1E-5
:'E' 1E-T
= Mo artificial shift in morm;
15 |- but absolute spectra generated by RRM
.,
1E-10 1 L 1 L 1 L I L 1 L I L 1 R
o 1 2 E] 2 = = 7 El
p_{Ge\V)

o4

0.3

01

L

0.4

RI—'iID .ﬂlu.u-.ﬁ:u 263 GIEV.IG-Z':I]% |:I|h{:|1lun helwd Il'lywdr{l:l ailll__=‘ll'|"ﬂ i'n."lE‘u
FREM with full hydro space-momantum correlations =]
| b hydro Cooper-Frya |

4 RREM
0 hydro Cooper-Frya
= ORRM "
]
- ...’ -
J.,. Mo anificial shift in nomn; ]
but absaolute spactra ganaratad by RRM
= 1 . 1 . 1 . 1 . 1 . 1 . 1 I

RHIC Au-Au 200 GeV. 0-20% photonhard hydro at T=170 Me\
| RRM with full hydro space-momentum comelations .__J::-.’-f
B O hydro Cooper-Frye Fl_d_,f i

n [°REM
A hydro Cooper-Frye
= & RREM

Mo artficial shift in norm
but absclute spectra generated by RREM
- 1 1 1 1 1 1 1 -
o 1 2 £ 2 = = 7 8
P (G

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

mq:O.B, m=0.4, m;=1.5,T ,~0.1 GeV, I' ;~0.2 GeV, I" 3~0.3 GeV

M. He
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Space-momentum correlations (SMCs)

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

longitudinal boost in\fm:y-/n/tl'ansversL 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 IVleV at freezeout T =170 MeV
T — T T

I

2 N

1 2 @m\

O what if neglectlng Sl\/lCS uniformly distributed mdependent of p
as usually done in conventional instantaneous coalescence models

dN.,  (2m)*  dN.,
d3Zd*F  V E(p) prdprdé.dy

fc,q I;'}T) = Q?T) & fp-dcr _ {er
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AN (x.Y)

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 =3.0-4.0 GeV,

Langevin charm quarks p_.=0.0-1.0 GeV,
at freezeout T = 170 MeV

at freezeoutT 170 Mev B _
0.0014 T —
........ AR
0.0012 N T"}! 0.00010
0.0010 W 0.00008
0.0008 R '*’L-i
I
0,006 A= 0.00006
I o
0.0004 HEH |z 0.00004
0.0002 g
A 0.00002
0.0008 & .
| 0.0000@ ~“=tleagllf 6
6

g2 G Mim, 5

O SMCs usually neglected in ICMs: uniformly distributed mdependent of pr
O what will be the role of SMCs in recombination/RRM?
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Charm quark recombination probability

O No. of mesons/baryons formed from a single c-quark of rest frame p_*
d>pr - En(p”
-'.I‘\'Tﬂ-f (p:) — [ pl —E‘{FI:IKTIH: lﬂl'f(p }J(E}UI‘CI

. (;_Z?T )31' Ja€ mar L
. Epdpy gy sy EdPo ) ﬁ]
Ng(pe) :J 2 gie “gre P! m o1, ) —_ (s (. Pro).

O Renormalizing Na(p}) and Ng(p:)by a common factor ~4 for all charmed
mesons/baryons such that ) , I Fuf(pc = () +ZB sl B( = 0) =1

020 ——m————+——7+—+—7—+—r——17— 10"
i _ ] E Pb+Pb vspyN= 5.02 TeV, 0-20% ]
RRM self-consistent recomb. prob. ] 100 L ,
015 [ allD's ]
+ all Ds's ] 1071 L. ]
----- all PDG Lc's ] e
all PDG + RQM Lc's = 5 ]
all PDG Sc's = 107k E
2‘ 0.10 i all PDG + RQM Sc's &
=z L — all PDG + RQM Cac's Cl\d.l 3 ]
E 10 i taa. ™~ E
0.051 © [ RRM#frag, dNg/dy=15.38"= "~ o _ ]
10°FE — RRM comp., dNg/dy=14.12 R
10° l—-=1frag. comp., dNp-/dy=124 , -~ "
0.00 = 0 2 4 6 8 10 12

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)
:VM lp—0 = Z ANy [n] =D wg@ﬁ’ml 7

B |, =3_3_ ANaln.na]

p - do(Go) Eqg(p : == T,
_ Z Z ( ) ( 12)0_(312}?_}:‘3{3}1“11}}2}12 Yo (saz)vis;.
mpl o gl a

n T Pe

I
"Cﬁl

ﬁ — ﬁ]nl + ﬁﬂng + iﬁ::

O equil. mapping with large transport coeffi. checks out: SMCs incorporated

1w’ . . : : : 0.40

Po+Pb = 502 TeV, 0-20% (&) Po+Phmyy=502 TeV, 030% (b)+7
T D" hydro Coopar-Frys1 0.35 0" mydro Cooper-Frye il
107 | . I:I':ir'm75,11-.':.i|-1"'|:II RRH'!' a0k " an"ﬂlﬂfa -f  RRM .
F . o o Lam * D" large cosffi. Lan- it
B ;Brg:..f;plm T3 0.25 gevin-RRM ‘ .
g 10y L L0.20 "
"_",_. 1.:_1"5 o " 'i = 3
E : B E 0.15 A" hydro Cooper-Frye"
T W0 4 hydro Coopar-Frys L 1 g
.:r'f A ¥ iq_"- 3 0.10 = A analyticalf RRM ]
1 i i“ I:I [
' " A i""ﬂ?'l"-:'i"r‘“ RRM ’3;: 0.05 = A ' large coeffi. Lan- |
W0°F -« A jargs coeffi. Langayn-RRM , | 4 o.00 et _geynREM |
i 2 A i5 & 10 0 Z A & & 10
p (GaV) p, (GeV)

O equil. mapping : both kinetic & chemical =» observables come out
as RRM predictions with realistic T-matrix transport coefficient
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Direct DY & A_* production via RRM

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

10, . . . .
E Po+Pb syN= 5.02 TeV, 0-20% @) 3

W0 wi SMCs

-3 h _K:h:\‘ — o
1':' r - '\\,h“'\-\.\_' L

.E ...._\__Wlah I‘I.:i-
10k | x% ]
-% B s o -\-\""'-\.\_\_\_\_\- 3
2 it C N
% F wioSMCs ~ e
b ASMCs™]
) Ag T-matri coeffi.
2 4 L &

1.0 T T —

:F':n-F':u wyy= o.02 TeV, 0-20% Sy ]
GE:—-—-'.'.'.C::- SMCs, T-matixcoafi.

rw SMCs S ]
T S Stronger

- K=50 thermalization
0.4 [ _: _d K 192

[ s".-'l""'.'#-‘ Y -
0.2 pmeer™™ SMCS ™
ool : : '

iQ 2 1 L &

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 Ilght g of pT 0.6-0.7 GeV & c of p~3.0-3.5 GeV

- Rencombinant quark density enhanced
vs W/o SMCs: V +<Vy,

ANps(4.2) ~

AN, + (42) ~

AN(30-35) AN, (0.6-0.7)
chﬁ

1l’c,s:l:f

AN,(30-35) AN,(0.6—-0.7) AN,(0.6-0.7)--

Vc,eﬂ Vq,cff

Vq.cﬁ

the ratio A.*/D° enhanced!

Enhanced light-g 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, , Ac*

10° — | — T T | — T T T — r — 10° :
: Pb+Pb 5.02 TeV 0-20%, 2.0A-Langevin > D° Pb+Pb 5.02 TeV 0-20%, 2.0A-Langevin --> A"
10° (N ] 10° | 3
2 \ with c-quark norm=20M 3 with c-quark norm=20M 3
i . RRM comp. ] ) RRM comp.
10 N -« = frag comp. . 0E N\ =« = frag comp.
\ . == RRM+frag : %:_ i \ == RRM+frag
10° N, B 10 N\
F e g N
a
1k Z 2l
: 10
10 E +
n? Ac ~. 3
10° . L 1 . ] ) ] ) I . ] ) ] A ] ] 10° ! . L L 1 - L 1 L 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

b, (GeV) P (GeV)
00 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 p+~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 (1V): fragmentation

« charm quarks that are not consumed via recombination (P, (p.)<1 is a decreasing
function toward high p.. ) go to independent fragmentation

5.0:-|-|-|'|'|'|'|'|'|': 1c}ﬁg""ll"'I""I""I""I""
4.5} charm fragmentation function : ol PP 5&? TEJ’tFON'I'_L fit of o quark Nl
. — ] ==> then Metropolis sampling; norm=
40F Peterson,e;=0.05 : e cquark
35E * MC Peterson F 0F then FONLL-frag.--> D-meson
30 f —— FONLL,r=0.1 (pseudoscalar) : o L
~F « MCFONLL 1 3
T 25 : T 10
Q 3 ] g
2.0E ] S gl
15F ] ©
r 10° |
1.0F 3
05¢E __._.-.-""H ] 10k
00 .|.|.|.|.|.|.|..' P P T R PR R PR
00 010203040506 070810910 0 5 10 15 20 25 30
Z pT(GeV)
y Z= pTH/pTc rm/Tpo = (mMy — me)/mpy)/((Mpo —Me)/mpo)
rz(l — z)?
De . — N 6 —18(1 — 2
e (2 H [T — (1 —r)z]® LC ‘ r= rg/T s+ =({mpg —.'rnf}fmg}f{[mﬂr- —mfl,fmhé,}

+(21 — 74r + 68r°)z2
—2(1 —r6 — 19 + 18r*)=z>
+3(1 — 21 — 2r +2r>z?].
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Recombination vs fragmentation

Z 2:l Pb-Ph, s, =276 TeV, 30-50% J o AR A L
T 48F gD = 0.4~ ALICE Preliminary yl<0.8 ]
C — TaMU 1 = - 30-50% Pb-Pb, |5, =502 TeV 7
16F flow bump — Mares ERa i
1.4 B — Cataria a1 o TR « Prompt D°, D*, D** average 4
R f — LEL-CL 1 @ I [ ] Syst. from data N
1.2 B2 . —EI:I::Lal'gu'.lil H < oo E B Syst. from B feed-down _
; W= N — POWLANG 3 N ]
%ﬂ*‘_ ' M FHED a N ]
AR ", - 0= ]
0.8/ | . fragmentatiord E —
S \ e~ = r Bl ‘%
06\ N 0 =
4 S —n. ~ - T o — ]
0.4 T —= N mmim LIDO ]
- S - _ _ ] = - BAMPS el+rad .
- - - — . POWLANG HTL  summi BAMPS €l 5
0.2 EMMI-RRTF 18 E 0.1~ g MC@sHQ+EPOS2 DAB-MOD M&T
D_ 1 1 1 ] 1 1 1 1 ] L. :: N T T T T :
0 2 4 6 8 10 12 14 16 18 20 5 10 15 20 25 30 35
P (GeV/ec)
dNp/dpr AN /dpr + dN 8 /dpr
Haa(prs pr = pr) = — = _
dN./dp; dN./dp;
* 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
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D-meson Ry, & V,: extracting D,(2nT)

< 1gET T T T e ALICE, JHEP01(2022)174; PLB 813(2021)136054
o C : ]
1L4_§hadowmg Pb-Pb, {5y =502 TeV Model \2/ndf
C Centrality 0—109%
2 . Prompt D", D*, D** average — Raa Vo
o flow bump ¥'<%% -
- - Catania [6, 7] 143.8/30 14.0/8
s ] DAB-MOD [9] 234.1/30 9.8/6
LBT [10, 11] 411.8/30 15.8/12
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0.15F =
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DL AT S eae :
0.0 g:foS'O“b_ ; Sl .. « models with y2/ndf <5 (2) for Rys (V)
0.00f" recompination ~1 2 D(2aT)=15-45near T,
_0.05F , = o
g0 CorralySO-So% <08 3 < caveat: also affected by hadronization,
1 2 3 4 5678910 20 30 hydro, hadronic phase
P, (GeV/c)
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Charm hadro-chemistry: A /D°

O 14FALICE  0-10%Pb-Pbly| <05 30-50% Pb-Pbdys, =502TeV pp
4o TALICE, PLB 839 (2023) 137706 1
- SHMc + FastReso + corona ]
[: T : T Catania :

08 : ' T U™ :
0.6k - tend_to pp :% 1
04} . | % :

stronger depletion * -} compatible ]
[l ! 1 ||||||| -|W|thDD Ll 1 L1 Tl 1 Lol

1 p (Gewc} 10 P, (GeVic)' 10 p, (GeVic)

« Catania: instantaneous coalescence + fragmentation  Plumari et al. 18
« SHMc: hydrodynamic blast wave spectrum on PDG-only baryons + corona pp
Andronic et al. °21

« TAMU: RQM charm-baryons + RRM w/ SMCs

integrated ratio compatible with pp MH & Rapp "20

p-integrated A./D° compatible with pp = kinematic redistribution in p; in AA
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Charm hadro- chemlstry D./DY

0_5_0—10% Pb-Pb

0.4:—

U_1_—

Djzf—ﬁ%\/\ﬁ’r ﬁL

[ +3.7% BR uncer‘talnt¥ not shown
H

30-50% Pb—Pb |

/%ﬂ%ﬁrfﬁ

::I +3. ?",-" BR uncertalnt;i' not 5I1own

Fop .

F +3.7% BR uncer‘taint# not shown

- 01 D“x’u F"b—Pb

1 1
r 30—5 G‘E’fo Pb—Pb

11 2 345 10 20 30

=8 (GeVW/c)

z.o‘— ow bump
- Jﬂﬂ T ALICE

Lok J&} 1 VS = 5.02 Tev

1_0_ % $~$ :: $ SHMe + FastReso + corona
- T {ﬂ— LGR

0.5 tend tO pp I TAMU
F Catania

PHSD

TooB 3ase 10 B v 2 2458 10 D Reviey 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)
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Flavor dependence: charm vs bottom

nonprompt D (6 B) RAA ALICE 2202 00815
~ ) -

'IIIIIIIIIlIIIIlI"l

30 50%
insignificant
bottom shadowing

prompt

S

Prompt, o

non
RAA

F ALCE
"~ Pb-Ph, (5, =5.02TeV =

nonprompt-to-prompt D-meson R, 4 ratio

0-10%, || <0.5

¢ (ata

[
WCUJEIT(;S@ radiot
of bottom

EILGR

= TAMU B8 Mo@sHO+EPOSY]

ve e-loss]
than charm

N [ S )
due to flow bump

in prompt D

pT(GeVJC)

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

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

”

M. He
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Bottom hadrochemistry: pp vs PbPb

« Statistical hadronization model with 0 S0 T 05 @)
RQM-augmented b-hadrons CMs_® B o B RQM: do™/dy=39.30 1o
+ fragmentation + decay simulations - ™
=>» baseline for PbPb 5
= 107
b 107
* Bottom hadrochemistry: pp vs PbPb | o
MH & Rapp, PRL131, 012301 (2023) ° : e 20
enhancement of B/B at low p: b coupled to equilibrated strangess via recombination
enhancement of baryon to meson at |ntermed|ate pT 3- body recomblnatlon with flow
08 ————— . 1.0 ——r , 0.5 ——
@ B ] 1O e () e sy
06 T Ram aTey 0eL o LHCh13TeV 2 dif#f) 1 04p = = PDG13TeV P
e = = PDG: 13 TeV o ROM: 5.02 TeV |y|<0.5
"~ rowseTeyas , TThamute o
. : ROM:502TeV |yi<05 o
LTI S
[
Tt o it 2
P21 by Vo, =5.02 TeV 02 -:""_\-;f: ne'e e e e L]
& CMS BB 0-90% [yle2.4 [ POPh 1s,,=5.02 TaV
—20-40% [y|<0.5 ! —— 20-40% [y|<0.5
:IU ! 1 1 1 1 1 ! 1 ! | ! ! 1 1 | 1 1 ! 1 '.JU ! 1 1 ! | 1 ! ! 1 1 1 1 1 ! UD ! 1 1 ! ! 1 | ! 1 ! 1 1 ! 1 1 !
0 5 10 15 20 0 5 10 15 20 0 5 0 15 20
p,GeV) b (GeY) py(GeV)
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Bottom hadrons nuclear modification factor

* R,,for ground state b-hadrons: hierarchy of flow effects and suppression

driven by their quark content ANAA | dprdy
Raalpr) = — -
Aa(p < Tya > doPP [dppdy
25 T T H T T T T T T [ T T T T I T T T T 25 T T A T T T T T T I T T T T I T T T T
F PbPb vs,,=5.02 TeV 20-40% [y|<0.5 (a): F PbPb vs,,=5.02 TeV 0-10% ly|<0.5 (b) ]
1 = CMS B™ 0-100% |y|<2 4] , i =  ALICE non-prompt D"
20r g . ] 20 & ALICE non-prompt D,
J - —B
—_—n B
15 o . B. .

rion-prompt O°
non-prompt 0,

'n”"5"”1:1”"15””:&1 n""5””m””15”"2ﬂ
priGeV) p.{GaV)
MH & Rapp, PRL131, 012301 (2023)

* Bs: b-quark coupled to equilibrated strangeness via recombination
Ab: 3-body baryon recombination, RRM with SMCs
=b: combining two-fold role of being baryon + containing a s-quark

« Non-prompt D° & Ds: weak decays of all b-hadrons via PYTHIAS8
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