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Heavy- and Light-lon Collisions (Motivation)

040, July 2025: ALICE sees Pb+Pb: charm admits
finite D-meson v, fluid-dynamic description
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[ALICE Preliminary, 2608.02161] [Capellino, Facen et al., 2205.07692, 2307.15580]

040 vs. Pb+Pb: different lifetimes and system sizes.
Is a fluid description for charm valid in 0+07?
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Kinetic and Hydrodynamic Description

Kinetic theory — Fokker—Planck

Bf + %fo =V, [7,,j pf+ %nvpf]
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Kinetic and Hydrodynamic Description

Kinetic theory — Fokker—Planck

Bf + %fo =V, [7,,j pf+ %nvpf]

-

.

Miiller—Israel-Stewart Hydrodynamics

J“:/de“f = nut +vH, Vb =0

Ds
Thot vk == VHP, + O(Vu) + O(2nd)
T N—— —— ——

pressure gradient flow gradients 2nd mom.
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Kinetic and Hydrodynamic Description

Kinetic theory — Fokker—Planck

Bf + %fo: Vp~[7/Dpf—|- %nvpf]
N\

Miiller—Israel-Stewart Hydrodynamics

J“:/de“f = nut +vH, Vb =0
Ds
Thot + vk =—— VH Py + O(Vu) + O(2nd)
T —— —— ——

pressure gradient flow gradients 2nd mom.

-

-
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N
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One input, Ds T = 0.116, fixes everything

T2 m
np=——= kK=2m:Tnp Tnoch—C
MeDs T e o T
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mom. diffusion .
drag current relaxation
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Kinetic and Hydrodynamic Description

G
The HQ is evolved on 2 T(r,7), u(r,7) B
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Initial Conditions and System Size

temperature charm-pair density
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0 0-5% centrality, /syny &~ 5TeV
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Initial Conditions and System Size

temperature charm-pair density
0
«=Pb | Pb 10 =P+ Pb
0.5 == + O == + O
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—~ 0.3 =
N s
=02 T
&~ &
0.1 10’4
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7|[fm]| 7[fm]
0 0-5% centrality, /syny &~ 5TeV
o Noo = 0.3 charm pairs, T >~ 5.2fm/c~ 57, #1, = f dr/7a(T)

o Nppppb &~ 24 charm pairs, 70 ~ 11.5fm/c ~ 137,

0 charm momenta are initialized in 3 ways: (FONLL, thermal, narrow Gaussian)

( = less than one pair per event per unit rapidity in O+0O
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Where the Charge Is

JH = nut + ¥, Vudt =0 = N(T) = 27r7'/JT rdr
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0 top: J7rr, so area is charge — solid closure, dashed transport (FONLL, one of the three)

O bottom: Ji_ 4.0/ Jiin
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Where the Charge Is
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Charm Spectra: The Cooper—Frye Prescription

Y ~ (r,7) with T(r,7)= 156 MeV
Capellino, Masciocchi, Schulz, in preparation

thydro deinetic
270C/[f0+§f(1/“)] 270(/1%1111
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Pb+Pb
q
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O top: freeze-out spectra, Kinetic (3 I1Cs) vs Hydro
@ bottom: Nkin/NhydT0 — unity is the hydro closure
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Charm Spectra: The Cooper—Frye Prescription

Y ~ (r,7) with T(r,7) =156 MeV
Capellino, Masciocchi, Schulz, in preparation
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( A hydrodynamic description qualitatively carries over to O+0O j
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Outlook: Momentum Attractor

Boguslavski, Capellino, Schulz, in preparation

Pb-+Pb 0+0
r=2.5fm, pT71.5 GeV r=15fm, prl.OGcV
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e==Kinetic (Thermal) Ve
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Momentum forgets its initial conditions over time,
Pb+Pb lives long enough to show that in the FO-spectra, O4O not quite.
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o 0+0 is smaller, = 0.3 in O+0O vs. 24 charm pairs in Pb+Pb

o O+0 is shorter lived, ~ 5 in O+0 vs. ~ 13 relaxation times in Pb+Pb

©

Given that Hydro works "well” in Pb+Pb, quantitatively this could be carried over to
0+0

Outlook: charm attractor

©
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Thank you for your attention.

The code used is openly available:

o Fluidum.jl: finite-difference viscous hydrodynamics solver
o FiVoHydro.jl: finite-volume viscous hydrodynamics solver

o LangevinMedium jl: relativistic Langevin solver
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https://github.com/fafafrens/Fluidum.jl
https://github.com/RuwenSchulz/FiVoHydro.jl
https://github.com/RuwenSchulz/LangevInMedium.jl

Backup: The 7y Cap

the medium at 7, the charge that never crosses
0.6
M~ ~ 0 + O 10" =0 + 0
>~ P - P =Pb+ Ph
05 ~ T, = 0156 GeV o
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o Charm born outside rg,(79) never crosses the isotherm

o O+O0 is hot only to 3.93fm (Pb+Pb 8.19fm) = cap 0.66% in O+O vs. 0.028% in Pb+Pb.
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Backup: The Cooper—Frye Prescription

the full surface ¥ : T'= T + 7, face

1 | ==outer branch
e==inner branch
T CAD

' ’ T[f:n/c] !

An equilibrium, an out-of-equilibrium, and a cap contribution

dn dN©@  gn)  gpneap dN)
= + + , == / fx ptdz,
d?pr  d2?pr  d?py  d?pr d2pr  (27)3 Jxy
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Backup: Knudsen Number

Pb+Pb 0+0
1.00 5 1.00
0.75 0.75
4
0.50 0.50
0.25 5 025 o
T =
= 0 0 =
=~ 2 %D
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~1.00 0 —100
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0 Ky = 7 0 compares the current’s relaxation time with the expansion rate. White is Ky = 1;
blue is where the medium expands faster than the current can relax.

o O+0 emits 65.9% of its charm through Ky > 1, Pb+Pb 5.9%; on X (Ky) = 1.07 in O+4O.
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Backup: A Two-Branch Freeze-out Surface
Pb+Pb

040
the freeze — out surface T'= T’ the freeze — out surface T'= T’

10.0
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. // s
g g
= / =
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Tt = 156 MeV

In O+4O the hot region turns disk — ring and the isotherm has two radial branches at the
same 7. In Pb+Pb it is single-valued.
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Backup: The Pb+Pb Freeze-out Surface

the freeze — out surface T= T, charm frozen out by time 7

T PR S NUUU
—lydro (IS2) ™

e transport (Kinetic)

= = Ny (conserved)

r|fm]|

Nio(™) /N iotal

@ outer branch

00 2.5 5.0 7.5 10.0 6 8 10 12
T[fm/c] 7[fm/c|
( In Pb+Pb r¢,(7) is single-valued ]
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Backup: A Two-Branch Freeze-out Surface

the freeze — out surface T'= T’ charm frozen out by time 7
e | ==hydro (IS2)
4 \_/ \ 0-25 [ commtransport (Kinetic)
) = @ N, (conserved)
| Tﬁ 0.20
3
— / g
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Nfo(T):/ dZHJ”:/ 2rr'r [ = J7dr 4 J"dr'], JH = put 4 *
T, 7'<r ¥, /<7

( Both descriptions emit the same conserved charge, the majority freezes out late ]
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Backup: Background Temperature

O-+0 bulk temperature

O+0 bulk temperature (zoom)

0.5
—r— 0.4fm/c
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T¢, = 156 MeV (Gray dashed line)
( The centre freezes first, at 7 = 5.2fm/c.
Sep 2026
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Backup: O+0O Charm Density at Freeze-out, Animated

0+0 0-5%, charm density n, (1+1)D T =5.30fm/c frozen: 39%
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gray is charm in fluid below T¢,, on the same colour scale.

The charm freezes out from outside in and inside out.

Ruwen Schulz (Heidelberg)

Charm in O+0

Sep 2026



Backup: Pb+Pb Charm Density at Freeze-out, Animated

Pb+Pb 0-5%, charm density n, (1+1)D T =11.00 fmjc frozen: 52%
10 -

w

y [fm]
<
°
&
n / max n(t)

—10 b
-10 -5 0 H 10

gray is charm in fluid below T¢,, on the same colour scale.

( The charm freezes out outside in. )
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Backup: Transport Coefficients

Bulk lattice QCD + HRG EoS Charm m.=15GeV,z=m./T
" _o1 _n/s DsT=0.116  (2nTDs = 0.73)
- =0.1, Tr =
s Cs T
T2
¢ 0.1 np = ——— =2mc T
2(T) = __ D= h T t=2mcT 1p
T—175 MeV ]2 m
s 1+ [y o Ks(2)
z
=Dyz -3
- ¢/s Tn s Z Ka(2)

G T(3 -2

'S

G =02 C =15

Ds = 0.147fm, 7, =1.81fm/c at Ty
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Backup: Charm Initializations

Transverse: three f(pr) at 79, all azimuthally symmetric

FONLL pQCD charm production spectrum  (default)
thermal local Jiittner at T(r,7g)
delta narrow Gaussian

Longitudinal: one choice, for every curve shown

ps =0 comoving with the Bjorken fluid at 7

momentum initializations

. ==FONLL
| emmthermal (7, — 496 MeV)
7 o i = enarrow Gaussian (o, = 01 GeV)
5 |es
1
=
0?
AN
H N\
0 2 1 6
p[GeV]
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Backup: Building the Initial Conditions

@ Glauber 50,000 min-bias events into Neoi(r) < TaTg

0+0 Pb+Pb
@ Charm from binary-collisions
doee/dy G 536TeV  5.02TeV
Mara(r) = Neon(r) —— == p (NeonYo—s5% 41.6 1806
onn (pp inel.) 70 mb 70 mb
@ Bulk s(r) = N sshape(r), Sshape < V/TaTg, via doce/dy 463 1ib 932 b
lattice+HRG EoS to T(r, 79). T(0, 70) 0.496 GeV  0.581 GeV
@ Run the (141)D bulk to freeze-out, Cooper—Frye the Necz pairs 0.275 24.0

pions, = Ni.

® lterate N steps 3—4 until N, meets ALICE yield.
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Backup: The Diffusion Current per Particle

(density weighted)

(v'/n)

The plotted quantity

=4
=4

=
1=
5]

—0.01

—0.02

—0.03

—0.04

Pb-+Pb: how fast it diffuses

T
[190% FO contribution
a=losure (IS)
== transport (FONLL)
= transport (Thermal)
@ @ transport (Narrow Gaussian)

2.5 5.0 7.5

7[fm/¢]

10.0

_ w
n=—u,J",

12.5

: the diffusion current per particle

N
vt = A7,

0.05

0.00

—0.05

—0.10

O-+0: how fast it diffuses

T
[190% FO contribution
a—closure (IS)
=== transport (FONLL)
= transport (Thermal)
@ @ transport (Narrow Gaussian)

The fluid’s current runs ahead of the transport’s, in both systems.
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Backup: The Full First-Moment Relaxation Equation

Parent form

D.
—AKV,TE + v =0
Tg" = equt'u” + PoA"Y + h(u"v” +v*u")
Po=nT, eq+ Po=nh, h=7,T/D;s the enthalpy per particle

Expanded, in the form the code evolves

T A" u'\axu'/ + vt = —%(nTV“a+ (n+ T%)V“T)

—7ona" — (- Vu)* — 7" (0+Dlinh) — 'r,,l/”(i+i

T r

) + O@nd)
O(@2nd) = —em AX YV, MY, cu=D,/T
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Backup: How Big Is the Term the Closure Drops?

10

\ a=—Ph{Ph
=010

2.5 10.0

The second moment’s feedback, against the first-order drive

(|02na mom| ),
(015t mom] ),

O1st mom ~ VP, O21d mom ~ V- 6M, 5CM(T) =

( Small everywhere, and about twice as large in O+0: median 0.07 against 0.12. ]
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Backup: The Conserved Charm Number

o Charm is made at 7 = 0. M > T suppresses thermal production and annihilation, so the
total number is fixed and the net charm carries nothing:

Niotal = Ne 4+ Nz = const., Ne — Ne =0

©

The distribution splits into an equilibrium part and a dissipative correction, with one fugacity
conjugate to that sum:

kO
f=tfa+of, fal)=ep(a—=), a=5 p=pctpu

(%]

The charm current is its first moment, decomposed on the fluid velocity:

d3k
J”:/de“f(x,k):nu“JrV“, dK:W7 Ko = VM2 + K2, vhu, =0
T

o Quark and antiquark never appear separately. One current, one conservation law:
(-
V=0
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Backup: Fokker—Planck and Langevin Are the Same Equation

Fokker—Planck, for the phase-space density f(t,x, p)

Oef + %fo: Vo [0 B F + 3nVpf]

Langevin, for one trajectory p*(t) in the fluid rest frame

dp* = —npp*dt +mdW,  dx= %dt
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