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Introduction
and
theoretical setup



Heavy quarks as probes of the QGP

Produced via hard scatterings at the beginning of the Mep ~ O(GeV) > Tqap

collision before the QGP is formed
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Heavy quarks as probes of the QGP

X Initially out of chemical and kinetic equilibrium

* Inthe low p;region they provide a window to
study equilibration processes
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Heavy quarks as probes of the QGP

X Initially out of chemical and kinetic equilibrium ALICE PLB 813 (2021) 136054
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Fluid dynamics for heavy quarks

Energy-momentum conservation VMTFW —(

Standard fluid dynamics
Equation of state P — P(T)
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Fluid dynamics for heavy quarks

Energy-momentum conservation VMT”V —(

Standard fluid dynamics
Equation of state P — P(T)

Conservation of QQ pairs VMNU’ — O

NH =n ut4+ H
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HQ density HQ diffusion current
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Fluid dynamics for heavy quarks

Energy-momentum conservation VMT”V —(

Equation of state P — P(T)

Conservation of QQ pairs VMNU’ — O

NH =n ut4+ H

- S

HQ density HQ diffusion current

/

Equation of state n(T, a) — F
T

Y qiMPe " Ky(M;/T)

1€cHRGc
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Fluid dynamics for heavy quarks

Energy-momentum conservation V“TF”" —(

Standard fluid dynamics
Equation of state P — P(T)

_ heavy quark
Conservation of () pairs VMNU’ — O 74

NH =n ut4+ H

/' \ QGP

HQ density HQ diffusion current
i ;L M?e% Ky(M;/T
Equation of state (7', r) = 92 Z qiiM; € 2(M;/T) HQ diffusion coefficient 1)
icHRGc = QCD property

Diffusion equation Tn 875 V'’ + V' = nDs vz (/*L/T) HQ relaxation time '/

= timescale to approach
fluid-dynamic regime
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Fluid-dynamic transport coefficient

We computed the relaxation time and diffusion coefficient associated to charm and beauty quarks by integrating
the first moment of the Fokker-Planck equation:

PO f(P,x,t) = gz Alp) P f(P,x,t) — g7 507 Dip) f(p,x,1)

Drag coefficient Momentum-diffusion
coefficient

We obtain a diffusion equation that allows us the mapping:

_ D3 _r._
Tn = TP, kn = F5n=Dn

Capellino et al. PRD 106 (2022) 034021

.]T
Where the spatial diffusion coefficient is defined as D. = lim
P * T k50 MA(k)
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Fluid-dynamic transport coefficient

We computed the relaxation time and diffusion coefficient associated to charm and beauty quarks by integrating
the first moment of the Fokker-Planck equation:

PO f(P,x,t) = gz Alp) P f(P,x,t) — g7 507 Dip) f(p,x,1)

Drag coefficient Momentum-diffusion
coefficient

We obtain a diffusion equation that allows us the mapping:

D3I31 T2 Caveat: momentum
Tn — TP, Ky — TTL = DSTL dependence of A and
’ D was neglected

Capellino et al. PRD 106 (2022) 034021

.]T
Where the spatial diffusion coefficient is defined as D. = lim
P * T k50 MA(k)
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Consistency with FP relaxation time

4 )
_ Dl
Tn = TP,
2
Ky = %n = D.n
\_ y,

Iy = 3 [ dPp°p* fo(p)

p’ ~ M

DMP, _ p M
= D,

Tn ™~ —Tp,

I3y ~ M Py

[Tn = (2nD,T) % = A7'T ]
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10° -

== T,T (relativistic)
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Consistency with FP relaxation time

[ D13 A —-= TaT (relativistic) Linear in M/T only when M>>T, .~
Tn = TP, 101? = ATIT (non-relativistic) ...-"'".!‘
T2 ] ‘__.--"f'
Ky — T’TL — DSTL ] .
k ) | I —— e -
__ 1 0,.2
I3 = gfdPPP fo(p) 10° -
0 .
pr~M Iy~ MPB | 2nD,T.=3.7
D,MP, M '
Tn ™~ ~7p _DST _ | -
100 10?
M/T

[Tn = (2nD,T) % = A7'T ]
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Charm quark relaxation time

10 7
JRe QGP: Bjorken flow v, =0, =0 v, =2/t

= 8-
=,

b

= G-

3=

-

= 47

O

— 2 -

PR This plot: Capellino et al. PRD 106 (2022) 034021
7’7
0 . . . - IQCD 2023: Altenkort et al. PRL 130 (2023) 23, 231902
0 2 4 6 8 10 ALICE fits to data: ALICE JHEP 01 (2022) 174

longitudinal proper time [fm]

HQ fluid dynamics - F. Capellino 15



Charm quark relaxation time
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Charm quark relaxation time
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Charm quark relaxation time

10 —
1.5 < 2nD,T < 4.5 (ALICE) QGP: Bjorken flow v, =0, =0 v, =2/t
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Initial conditions for fluid fields

T is fixed by the light flavors with Trento

. 5. . 1 d3NQQ
ﬂ?ﬁd(?_ﬂsmliy - U) —

10 drdy
y=0
ANQR 1/ do®Q@
. —— = (Neon) ‘; FONLL/pp data
Y g Y momentum dependence is integrated out

| n(T,a) = ”E:Ed Fixes the initial fugacity
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Numerical methods

HQ fluid dynamics - F. Capellino

20



Discretization

The equations to solve for HQs are:
V,N* =0
T + v =nD NV (u/T)

HQ fluid dynamics - F. Capellino
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Discretization

The equations to solve for HQs are:
M —
V., NF=0
O " ' =nD,V' (/T
ThOw' + vt = nDgV' (u
Viscous correction can be large: solve as a system of quasilinear PDEs (instead of ideal-viscous splitting)

0e6 + A($)0p + S(¢) = 0 ¢ = (a, V")

HQ fluid dynamics - F. Capellino
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Discretization

The equations to solve for HQs are:
V,N* =0
TnO' + V' =nD,; NV (u/T)
Viscous correction can be large: solve as a system of quasilinear PDEs (instead of ideal-viscous splitting)
0ed+ A($)z¢p + S(¢) = 0 ¢ = (a,v")

Naive discretization: unstable!

1
Ordi + A(0i)0z¢|z, + S(0i) =0 Oz, =~ %(@H — i—1)
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Discretization: upwinding

upwind
i=2 §=1  j  j+1 j+2
O C » Cr O 41
i
I
A
P S N— o—n
7—2 j5-—1 3 i+ J+2
_/\+ -
1
AT =U U1

upwind

j;'..! j;] i J+1 i+2

L L

00— O—nt 1

A <0

Orpi + AT (:)0:0|5, + A7 (4:)0:0|7. + S(¢i) =0

1
020

ri

Ax

—(‘i}z — (bi—l)a (‘)ﬂgqb

+_ 1
&Lq

Ax

! Rezzolla,
S L T Zanotti 2013
0 -
A =U Ut
! A1
Unambiguous
discretization

(Giv1 — @)
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Roe method

Express absolute value of A

_ 1 1
Al = AT =A™ suchthat AT = SA+]4]), A7 =5(4-]4])
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Roe method

Express absolute value of A

_ 1 1
|A] = AT — A~ suehthat AT = §(A+ Al), A” = 5(/'1 — |A])

The eom can be rewritten as

]
Or i + §A(3$(f)|;z T 5x</>|;i)+

1
ilAl(abe':; = :v¢|jc—z) + S(¢p;) =0

HQ fluid dynamics - F. Capellino 26



Roe method

By rewriting the derivative operators 1 i - ; 1 ,. ;
~(020l5, + 0:011,) = 7= (hig1 — di1) = 020|a, ,
2 2Ax
(B10)
o - L ;
Ozl z;, — Ouly, = N (Pl T dio1 — 20i) = Azd7ols, ,
(B11)

We obtain the eom in the discretized form

1
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Roe method

By rewriting the derivative operators

| 1 . .
§(dﬂ"¢|ﬂ*t + dﬂ"élj‘;) - (qf)'H-] o (f)‘i—l) — dﬂ*(ﬂf)"rt )

- 2Ax
(B10)
o - 1 ,
qub|mi o d"”(f)l; - E(¢3+1 + Qi1 — 2951) - Amdigb'mﬁ /
(Bll)

We obtain the eom in the discretized form

1
010 + A0y — §|A|A$3§¢|m S(¢i) =0

Numerical viscosity

- Stabilizes the equation

- Canbereduced by
reducing lattice spacing
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Functional viscosity methods

Drawback: Roe method requires full knowledge of all eigenvalues of A

Solution: approximate the absolute value with a function (Castro et al.)

Good approximation in the range x of the eigenvalues

Easy to calculate

flz) =20

Stability: f(z) > |z|

HQ fluid dynamics - F. Capellino
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Functional viscosity methods |

Drawback: Roe method requires full knowledge of all eigenvalues of A

Solution: approximate the absolute value with a function (Castro et al.)

Good approximation in the range x of the eigenvalues

1.00 |
 Easyto calculate :8b55>,52(|)_|_AA2)
. f(:c) >0 0.75+¢
- Stability: f(7) > |z] -~ 0.50 |
Simplest choice
0.25}
1
2 4
~ ___
Al = S (I +4%) + O(A") ool | | | |
-1.0 -0.5 0.0 0.5 1.0
X
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Code validation

Comparison against Gubser flow

0.251 -

(.20 -

— semianalytical

w= = numerical 0.008 -

— semianalytical

= = pumerical

- 0.006 -
3 0.15 1 S
= 0,004 -
0.10 -
0.002 -
0.05 -
0 6 8 10
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Code validation

Comparison against Gubser flow

INumerical/semianalytical -1|

HQ fluid dynamics - F. Capellino
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= ==  pumerical ‘ . N = 20
. . N = 50
4 - N = 100
xS . N = 200
g :
o 2 — ‘~. L . . T — 2 [m
- !‘ - -'-.'... .!. .
-.I" . }.—: '!.‘- .- . "*h
n A FI W o P P - T . HA
0 2 4 6 8 10

32



Code validation

Comparison against Gubser flow

7= 1.5fm

w— semianalytical

[/ ——

numerical

INumerical/semianalytical -1|

6 e L . N=10
‘ « N=20
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4 - N = 100
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Accuracy on the conservation law

Noo = /dga':\/|g|N0(:z_7’) = QWT/T(’TZUT + v )dr

255

2E5.0 1

27.5 1

Ds =10
— N = 2000
= N = 4k
— N = 6ili)

27.0 1

Ds =04
—— N = 20}
— N = 40
—— N = i)

27.0 1 LHC@5 TeV 2.5 LHC@5 TeV
0-10% . 0-10%
2.0 1
26.5 -
0 2 1 6 8 10 0 2 4 6 8 10

Time [fm/c]
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Functional viscosity methods Il

Chebyshev polynomials (Castro, Gallardo, Marquina, 2014)

k+1
)—I—

Z_(Zk— 2k + 1)

Top(x) = h(x), xel[—1,1]

To(x) =1, To(x)=2x" =1, To(x) = 2Tp(x)Tag—p(x) — Top_a(x).

1.00 |
:8P55"SZ(I)-I—A"2) « f(z) = |z| notverified but no difference is
0.75 | ——cheb 4 observed in computation (Castro et al.)
* Errordecreases with 1/(2p+1)
> 0.50
0.25}
0.00 . 1 1 1 1
—1.0 -0.5 0.0 O—léfluid dynamiae-Q:. Capellino 35



Accuracy on the conservation law

Varying N points: comparison with previous method Varying heavy-quark diffusion

T T upwinding. M=o cheb, N=800, DsT = 0
— = upwinding, N=800 , N=800, DsT =
: — = upwindi = cheb, N=800, DsT = 0.1
#o Lclﬁ:tllmlill:%ﬂg 1000 26 cheb, N=800, DsT = 0.24
cheb, N=800 cheb, N=800, DsT = 0.4
cheb, N=1000
24 F
2.4 |
£ :
et m
v S 22
< 22t =
RHIC@200 GeV 2.0 | RHIC@200 GeV
20 } 0-10% 0-10%
1.8
1 i \ | 1
2.5 5.0 75 10.0 25 5.0 75 10.0
t [fm] t [fm]
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Can we do better?

Halley rational polynomials (Castro, Gallardo, Marquina, 2014)

0.10 - . : : .

| —k Hy (x)” +3x7

| e H@) Hrst (0) = Hr) o= g0 o) = 1
0.08 | - Hy(x) : | SHp(X X
--- H.(x) :
0.06 | 1
0.04 | T R 1
0.02 i
0.00 ! ‘ !
—0.10 ~0.05 0.00 0.05 0.10
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Phenomenology



Evolution of charm fields

The evolution of the charm density and diffusion current depend on the spatial diffusion coefficient D, .

The ratio |Vr‘/nis not always <<1— The larger D, the larger the out-of-equilibrium corrections coming from v"are
throughout the QGP evolution.

charm density

charm diffusion current

— (rjl?élujiiffusive 0.000 ~ “‘\\ 'I ’,' ,/ - 8fm
0.15 - ve \‘ \\\ : , ‘—]—I
\ /
— 7 =2fm = —0.005 - ‘\‘\ \'l\ 1 ,«’/ = 12fm
= T 1 Sl =41m
~ —0.010 \ ]
i = \‘/\L/
0.05 1‘ | -
v non diffusive
0.00 F——— —0.015 1 \J — == diffusive
0 10 15 10 20 30
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Charm hadron integrated yields dN/dy

O Cooper-Frye atT,, = 156.5 MeV
thc

prdprdy — (2:?[.)3 IEF‘O dzﬂpﬂfhc(punmu)

Capellino et al. PRD 108 (2023) 11, 116011

dNy, /dy

model—data
model

D° D+ D* DF J/¢ AT =F QO

10

0 — 10%, Pb — Pb \/snx = 5.02 TeV
® ALICE
— w/o resonance decays €=
+ —— w/ resonance decays

ALICE JHEP 01 (2022) 174, ALICE PLB 849 (2024) 138451, ALICE PLB 839 137796 (2023), ALICE PLB 827 136986 (2022)
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Charm hadron integrated yields dN/dy

D° D+ D* DF J/¢ AT =F QO

10
8 -
O Cooper-Frye at T, , =156.5 MeV + PDG resonances = 6-
3
dNp,. g 3
ppo};dy - (2m)° fzpo A%, p* fre(pH, 2*) = -
3
Mazeliauskas et al. Eur. Phys. J. C (2019) 79: 284
2 -
0 -

0 —10%, Pb — Pb \/sx~n = 5.02 TeV
® ALICE

— w/o resonance decays
+ —  w/ resonance decays <=

model—data
model
=
1

Capellino et al. PRD 108 (2023) 11, 116011

ALICE JHEP 01 (2022) 174, ALICE PLB 849 (2024) 138451, ALICE PLB 839 137796 (2023), ALICE PLB 827 136986 (2022)
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Charm hadron integrated yields dN/dy

@+ D*+ D@Ai =+ QO
10

0 —10%, Pb — Pb \/sx~n = 5.02 TeV

® ALICE
8 1 — w/o resonance decays
—— w/ resonance decays <=

O Cooper-Frye at T, , =156.5 MeV + PDG resonances = 6- +

=

thc — g E‘G

prdprdy ~—  (2m)3 fZFo dzﬂp”fhc(p“, .GC'U’) Z"f 4 i

=
Mazeliauskas et al. Eur. Phys. J. C (2019) 79: 284 + +

0 Mesons compatible with the experimental data —_

0 - o —
) 2
I B
N = N —,—,— B
gz Oy ey e
- b

Capellino et al. PRD 108 (2023) 11, 116011
ALICE JHEP 01 (2022) 174, ALICE PLB 849 (2024) 138451, ALICE PLB 839 137796 (2023), ALICE PLB 827 136986 (2022)
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Charm hadron integrated yields dN/dy

D° D+ D* DF J/¢ AT =F QO

0 —10%, Pb — Pb \/sx~n = 5.02 TeV
® ALICE
8 1 + — w/o resonance decays

w/ resonance decays

O Cooper-Frye at T, , =156.5 MeV + PDG resonances

AN § N Missing
c _ — _ 9 3
ppof}dy = ©@n)3 fgpo dz,upufhc(p'uv 37“’) Z-f- N resonancke
~ + states?
Mazeliauskas et al. Eur. Phys. J. C (2019) 79: 284 + Coalescence?
2 - R
0 Mesons compatible with the experimental data I o 110
0 -&-| —
5 "/
g /A
1IE +--—-@ -~ O g
e O I A A
: $

Capellino et al. PRD 108 (2023) 11, 116011
ALICE JHEP 01 (2022) 174, ALICE PLB 849 (2024) 138451, ALICE PLB 839 137796 (2023), ALICE PLB 827 136986 (2022)
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Charm hadron integrated yields dN/dy Not yet

measured!

10

0 —10%, Pb — Pb \/sx~n = 5.02 TeV
® ALICE
8 1 — w/o resonance decays
—— w/ resonance decays
O Cooper-Frye at T, , =156.5 MeV + PDG resonances = 6-
=
dNpe _ _ g 1 [T~ 3
prdprdy — (27)3 fZFO dz”p fh”c(p » L ) g A4
: ¢
Mazeliauskas et al. Eur. Phys. J. C (2019) 79: 284 +
-
O Mesons compatible with the experimental data - o x10
0 e == —
P 2
?E e
=2 0 “““.““t““‘““’““' """"""""""
<| &
| —1 -
- $

Capellino et al. PRD 108 (2023) 11, 116011
ALICE JHEP 01 (2022) 174, ALICE PLB 849 (2024) 138451, ALICE PLB 839 137796 (2023), ALICE PLB 827 136986 (2022)
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Momentum distributions

d Cooper-Frye at T, = 156.5 MeV + PDG resonances

Capellino et al. PRD 108 (2023) 11, 116011

ALICE JHEP 01 (2022) 174
ALICE PLB 849 (2024) 138451
ALICE PLB 839, 137796 (2023)
ALICE PLB 827, 136986 (2022)
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Momentum distributions

d Cooper-Frye at T, = 156.5 MeV + PDG resonances

U Fluid dynamics for D mesons up to 4-5 GeV

0 — 10%, Pb — Pb \/snn = 5.02 TeV

DY x 107 J /2 x 103
_5 + % 10° At
1072 D x 10
Capellino et al. PRD 108 (2023) 11, 116011 ! D™ x 107 Egr
apellino et al. ( ) 11, DjxlO‘L 00
C
ALICE JHEP 01 (2022) 174 10-7 , :
ALICE PLB 849 (2024) 138451 0 2 4 6
ALICE PLB 839, 137796 (2023)
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Momentum distributions LA—

107 I

Dt e
——
d Cooper-Frye at T, = 156.5 MeV + PDG resonances D+ o "'..._._
105 _ +++
A Fluid dynamics for D mesons up to 4-5 GeV DY T e

Primordial J/w ? Dﬂ % 10? J/’l,b X 103
—F + 6 +
10 SR D*_’_X 10 . Ac
Capellino et al. PRD 108 (2023) 11, 116011 D7 10 Sy
P ' ’ DI x 10* Q0
C
ALICE JHEP 01 (2022) 174 10-7 , :
ALICE PLB 849 (2024) 138451 0 2 4 6
ALICE PLB 839, 137796 (2023)
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Temperature dependence of D,

19 A ALICE ® LQCD, charm
QPM, charm ® LQCD. bottom
QPM, bottom ¢ LQCD. M — o
104 QPM, M —
——— T-matrix, charm . . . L.
— =~ T_matrix, bottom Linear fit to the central points of the LQCD infinite-mass
) 89 ...... T-matrix, M — oo diffusion coefficient to allow for temperature dependence of
o
~ Ds
S 61
4 | 1
{1 |
2 1 m
.................. I‘tdS{CFT
0

150 200 250 300 350 400
T [MeV]
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Temperature dependence of D,

DO
—-——_o_
107 - D+ -~ &
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.
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-
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3 I/ R~
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= . =+ -
© 10_ 7 C ®
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= 32
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0 2 4 6

pPr [GBV/C]

eV/e]™

1
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s e
—— -
103 4 —— =
——
*_._
101 __._ e
h— —
=+
B _1 _ _—
10 0 °
Soe
1073 1
0—10%, Pb — Pb /snn = 5.02 TeV
DY x 107 T/ x 10?
105 | DT x 10° AT
D*t x 10° =+
D;_ x 10* Q[cl
10-7 . T
0 2 4 6

HQ fluid dynamics - F. Capelli

pr|GeV /el

Left panel: D, at T=Tc
Right panel: TDg linearinT

* Spectra mostly sensitive
on D, atT=Tc

* Thetemperature
dependence influences
mostly the
intermediate-high pT
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New directions

Fluid dynamics of charm at the LHC

T~

Fluid dynamics of beauty? RHIC top energies? Smaller systems?
Smaller cross section Smaller cross section Smaller cross section
My, ~ 3M. Lower temperatures: Lower temperatures:
Larger relaxation time Larger relaxation time Larger relaxation time

Finite 4B Deformations (Un)

HQ fluid dynamics - F. Capellino 50
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Fluid dynamics of charm at the LHC

T~

Fluid dynamics of beauty? RHIC top energies? Smaller systems?
Smaller cross section Smaller cross section Smaller cross section
My, ~ 3M. Lower temperatures: Lower temperatures:
Larger relaxation time Larger relaxation time Larger relaxation time

Finite 4B Deformations (Un)
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Beauty hadron integrated yields dN/dy

Cooper-Frye prescription at T,, = 156.5 MeV + Resonance decays (FastReso)

/SN = 5.02 TeV

¢ B

@)

(O w/ores. dec.

@ w/ res. dec.

- * Uncertainty from bb production cross

section

fugacity = 0.86 - 10° — 1.05 - 10°

* Presence of currently unknown open

Ag E bottom states would lead to a change in

7] hadrons’ relative abundance

, 2

l
5.3 5.4

|
5.5 5.

M[GeV|

6

HQ fluid dynamics - F. Capellino
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Non-prompt charm hadrons

* Pythia8 decay list arxiv:2203.11601 [hep-ph]
* Momentum distribution compatible within uncertainties up to 6 GeV
e Caveat: D.=0

b hadron

!—||'_| I += |
> |
Il) 1
o |
> - -
~
Pq
=B
o u i
T |
. non — promptD non — prompt Dy
= 6 w/ res. dec. 106 F w/ res. dec. ]
10 " —— ALICE . —— ALICE
| 1 1 | \ | | | | \l
0 2 4 6 8 10 0 2 4 6 8 10
p,|GeV]| p,|GeV]|
ALICE JHEP 12 (2022) 126, 2022 HQ fluid dynamics - F. Capellino 53
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Top RHIC energies

2-3 ccbar per unity produced!
Fluid dynamics still works!

Au—Au, 0—10%, vsyn = 200 GeV
DO

j—t —
o o
Lol

=
9
w

1074

d’N/2nprdprdy [GeV~?]
'—l
<

[
9
(=)

Rossana Facen’s
Master Thesis

D+

pr [GeV]

https://www.physi.uni-heidelberg.de/Publications/RossanaFacen_MasterThesis.pdf
HQ fluid dynamics - F. Capellino

PRC 99.3 (2019), PRL 127 (2021)
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Fluid dynamics of QGP in OO collisions

Caveat: Assuming a thermalized QGP is produced, assuming fluid dynamics is applicable

Fluid dynamics is consistent for the bulk fields

pressure, t = 0.4 fm pressure, t = 0.4 fm
10 4 shearphiphi, t = 0.4 fm 107 bulk x 100, t = 0.4 fm
— pressure, t = 1.4 fm — pressure, t = 1.4 fm
R shearphiphi,t=1.4fm || =2 bulk x 100, t = 1.4 fm
‘; — pressure, t = 2.4 fm ::}1 : — pressure, t = 2.4 fm
3 — shearphiphi, t = 2.4 fm 3 — bulk x 100, t = 2.4 fm
— 97 — pressure, t = 3.4 fm = — pressure, t = 3.4 fm
& — shearphiphi, t = 3.4 fm || & — bulk x 100, t = 3.4 fm
\ 0-
0- k
0 10 20 30 0 10 20 30

r [fm] r [fm]
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Fluid dynamics of QGP in OO collisions

Fluid dynamics is consistent for the heavy quark fields

L

v n < 1
density, t = 0.4 fm
0.02 D, T = 0.4 nur x 100, t = 0.4 fm 0.02 -
— density, t = 1.4 fm
— 601 | “nur x 100, t = 1.4 fm
[ — density, t = 2.4 fm 0.01 -
= — nur x 100, t = 2.4 fm
T 0.00- density, t = 3.4 fm
—nur x 100, t = 3.4 fm 0.00 -
~0.01 -
-0.01 -

D, T'=10.2

density, t = 0.4 fm
nur x 100, t = 0.4 fm

— density, t = 1.4 fm
‘nurx 100,t=1.4fm

— density, t = 2.4 fm
—nurx 100, t = 2.4 fm

— density, t = 3.4 fm

nur x 100, t = 3.4 fm

0 10

r [fm]

30
HQ fluid dynamics - F. Capellino
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Take-home message from small systems

* Thermal production+resonance decays respects the ratio across different systems/energies
* Measuring these ratios immediately tells us if charm is produced thermally at freeze out or not
* Looking forward to data!

Integrated Yields ratios

PbPb w/o reso
1.2 * PbPb w/reso
o OO w/o reso
;:_;1_0_ + OO w/reso
a NeNe w/o reso
7.
< 0.8- * NeNe w/ reso
2
e
% 0.6-
0.4 1 . + e e + o
@ + *
- +
D*+ Ds I!I}Jl‘luid dynamics - F. Capellino



Take-home message from small systems

* Thermal production+resonance decays respects the ratio across different systems/energies

* Measuring these ratios immediately tells us if charm is produced thermally at freeze out or not
* Looking forward to data!

* Pushingthe limits: pp collisions?

Integrated Yields ratios ATLAS CO”., PRL 124 (2020) 8, 082301

o ] | RELELELN ELRLALE ! T
PbPb w/o reso > 0151 ATLAS —_
1.2 * PbPb w/ reso i pp V=13 TeV, 150 pb™’ i
= OO w/o reso 01  B0sN3’<120 _
= 1.0 + OO w/ reso B 1.5<|An|<5 i
a NeNe w/o reso - e CoU 1
2 0.8 - + NeNe w/ reso 0.05-¢c bou | -
= i 1
Z i n 1 ]
| o L
0.4 1 . 4+ e e 4+ o B % i
, : ° T M : : 005, . e T
0 1 2 3 4 ) 6 7 8
+ eV
D*-i— D—+— '4}3: pT [G .

luid dynamics - F. Capellino



Newest
developments



Out-of-equilibrium corrections
Work in progress

f e B/Ter/T L5

——

n pH

Current setup

P =0 at To

Facen, Capellino, Grossi et al, in preparation HQ fluid dynamics - F. Capellino

vt =0

at freeze out
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Out-of-equilibrium corrections

Work in progress

Current setup

P =0 at To

Facen, Capellino, Grossi et al, in preparation

f e B/Ter/T L5

——

n pH

v = (0 atfreeze out

Multi fluid setup

- (t€HRG.)
Tp ~ Zz Tn

HQ fluid dynamics - F. Capellino
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Out-of-equilibrium corrections
Work in progress

f e B/Ter/T L5

——

n pH

Current setup

vh =0 at To

doQQ
prdprdody

/dp (;L)(gf =0

Facen, Capellino, Grossi et al, in preparation HQ fluid dynamics - F. Capellino

only depends on pT

vt =0

at freeze out
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Out-of-equilibrium corrections
Work in progress

fre BlTer/T 5f

——

n pH

Current setup

vh =0 at To

doQQ
prdprdedy

only depends on pT

Y d3p (1) ~ BUT: HQ initial free-streaming would
A B 0f(p) =0 give nonzero radial component!

Facen, Capellino, Grossi et al, in preparation HQ fluid dynamics - F. Capellino

vt =0

at freeze out
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Freeze out

Matching kinetic and hydro... ...we get an expression for 6f; ...
DS If 31 . 1 di
T, = — - 5fl - fi,eq _? —Z 2?1- vH# klu
T Pi J qJ ]
K; = q;n; D,

 Redefinition of total relaxation time for charm current

* Mass/charge dependent contribution out of eq. for each charm hadron

. Sfl — Sﬁl,shear + 5f£,bulk + 5ﬁ,diff

Facen, FC, Grossi, Dubla, Floerchinger, Grossi, Kirchner,

Masciocchi, in preparation _ . _
HQ fluid dynamics - F. Capellino

...which is weighted by each charge g;

5f = Zqic‘fﬁ;

From Facen’s slides DPG 2025
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Initial conditions: free streaming

TPzD" prpT [pT 1 :|
— JEFS\Pzs Py, L — Y ] + In [ — + — Romatschke
f=Trs(o. ’ P%” + m? 7 P-_%w + m?2 ' phT T ) Eur.Phys.J.C 75 (2015) 9, 429

Used to determine

n = /dpxdpydpnfeq(TFS)

= /dpxdpydpnpm(sf(TFS)

Facen, FC, Grossi, Dubla, Floerchinger, Grossi, Kirchner,

Masciocchi, in preparation _ . _
HQ fluid dynamics - F. Capellino 65



Initial conditions: free streaming

Distribution function divided in eq. and out-of-eq component

f 1 ( ) Boltzmann normalized to
= —MNcoll\T :
eq To co o cross section
1 1 doQQ 1 1 do QW do @<
Of = —neon(r) in = —Tcon(r) in B
70 o' dp,dp,dn 5 7o a dp.dp,dn FONLL dpdp,dn ~

Facen, FC, Grossi, Dubla, Floerchinger, Grossi, Kirchner,

Masciocchi, in preparation _ . _
HQ fluid dynamics - F. Capellino 66



Summary and Outlook

Summary

* Fluid dynamics of charm at the LHC and RHIC compatible with experimental data
* Fluid dynamics of beauty + smaller systems: looking forward to data

Outlook

* Flow coefficients: work in progress (Capellino, Floerchinger, Grossi, Kirchner)
e OQOut of equilibrium corrections (Facen, Capellino, Grossi et al)

Thank you for your attention!

HQ fluid dynamics - F. Capellino
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Back up

HQ fluid dynamics - F. Capellino
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Open Beauty mesons

Cooper-Frye prescription at T,, = 156.5 MeV (with Pythia8 decay list)

 Caveat: no spatial diffusion included yet!

Pb-Pb \/syn = 5.02 TeV, 0-10%

>
~
£ —4 -
=
-~ 10 |
- BO B sO
= w/ores. dec. w/ores. dec.
—— w/ res. dec. —— w/ res. dec.
| 1 | | | | | |
0 2 4 6 8 10 0 2 4 6 8 10
p.|GeV] p..|GeV]
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Beauty baryons

Cooper-Frye prescription at T,, = 156.5 MeV (with Pythia8 decay list)

 Caveat: no spatial diffusion included yet!

Pb-Pb \/m = 5.02 TeV, 0-10% In the charm baryon sector:

=
':'I
8]

Q Deviation of 2.4 for A

- missing higher resonance states?
He, Rapp, PLB 795, 117 (2019)

Andronic et al. JHEP 07, 035 (2021)

- coalescence mechanisms?

Plumari et al. Eur. Phys. J. C 78, 348 (2018)
Beraudo et al., Eur. Phys. J. C 82, 607 (2022)

Lambda b0 Deviation is expected also in beauty baryon
SO |

w/ores. dec. sector:

w/ res. dec. Presence of yet unknown resonances

! ! . n would enhance the integrated yield.
0 2 4 6 8 10

dN/dp, dy|GeV |

HQ fluid dynamics - F. Capellino 70



Hidden Beauty mesons

Upsilon Upsilon(25S)
w/ores. dec. | I w/ores. dec.
w/ res. dec. w/ res. dec.
l I 10_8 - ! | -
4 6 8 10 0 4 6 8
p,|GeV]| p,|GeV]|
HQ fluid dynamics - F. Capellino 71

10



Equation of motion for the HQ diffusion current

We derive hydrodynamic equations of motion from kinetic theory (Boltzmann) in a Fokker-Planck approximation

8 i 0

Pl f(px,t) = = [A(p)p f(p,x;t) — g”—-D(p)f(p,x,t)]

5)% op’

By integrating the first moment of the equation

v, i v 0 () % 0

dPp"p"0, f(p,x,t) = [ dPp"— [A(p)p f(p,x,t) — g —.D(p)f(p,x,t)}
Op Op’
We obtain a relaxation-type equation for the diffusion current D, I3
Th =
. : : TP,
o' +v' =k, V' (ﬁ) T2
T Ky = Fn = D.n

HQ fluid dynamics - F. Capellino 72



What about bottom quarks?

* Need of precise measurements for spectra and flow coefficients to study thermalization of bottom
quarks inthe QGP —— Run3 at the LHC: new data for pp and Pb-Pb collisions

* Y described by SHM if 30% of bottom quarks assumed to thermalize—— partial thermalization?

* Presence of currently unknown open bottom states will lead to a reduction of the bottomonia yields

1.6 T T T T T T T T T T
30 1 I ' CMS |y| <2.4, ATLAS |y| < 1.5, ALICE 2.5 <y <4
1.5 < 2rDsT < 4.5 (ALICE) 4+ Cms Y(1§) + ATLA}; Y(15) +yAucs Y(15)
3.4 < 2nDsT < 5.4 (IQCD 2021) 141 4 CMSY(2S) <4 ATLAS Y(25) 4+ ALICE Y(25) 7
— : : - 4 CMSY(3S) 4 ATLAS Y(25+39)
£ 0.9 < 27DsT < 1.5 (IQCD 2023) 12f -
<b) 20 - -
E SHMb 30% b therm., |y| <2.4 |
3= Y(15)
-
>
e
= 10 - beauty quarks
" -
% . e -l‘"-—-
- peion WEo =
GX-??_’,_-"'-
0 - =" 150 ’\760 250 300 350 400
T T T T part
0 2 4 6 8 10

longitudinal proper time [fm]

Capellino et al. PRD 106 (2022) 034021
Andronic et al. QM 2022 HQ fluid dynamics - F. Capellino 73



To thermalize or not to thermalize?

Chemical equilibrium Kinetic equilibrium
= unique local chemical potential = unique local temperature
HQ: out of chemical equilibrium HQ: close to kinetic equilibrium
J(pr
o ()
Og ©
@ @ M #0 Same temperature
... @) ® Fugacity factor Tofthe QGP

®@ O
o \
pPr [GGV/C]

fre BT er/T 45 f

D —

Thermal distribution

HQ fluid dynamics - F. Capellino 74



Momentum distributions:
Ratio plot

U Cooper-Frye at T,, = 156.5 MeV + resonances

O Fluid dynamics for D mesons up to 4-5 GeV
(up to 40% deviation)

HQ fluid dynamics - F. C

data,/model
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