Heavy flavor
in high-energy nuclear collisions

Juhee Hong

Yonsei University

2024-11-22 Heavy-ion meeting



Relativistic heavy-ion collisions

Quark-Gluon Plasma Hadronisation

e P formati
Initial state QGP formation

Tima: 0 fm/e = 1ifm/e ~10 fm/e ~10's fm/e
ALICE (2024)
* Transport properties and interactions in hot QCD matter
* Heavy quarks(m > T) created in hard processes at the beginning, conserved

* The relaxation time is longer by% : no thermal equilibrium in QGP
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Effective kinetic theory

* High-temperature weakly coupled QCD plasmas: g K1 (a5 = f—i)
* Hard particle(p~T) carry most stress-energy tensor: main contribution to
thermodynamics

* Soft field (p~gT K T)

* Hard-thermal-loop(HTL) perturbative theory

* Leading-order effective kinetic theory for partons:

Boltzmann equation for a single-particle phase-space distribution

d d
<at +v- —) f(p) = Cosy[f] + Ciz[f] Arnold, Moore, Yaffe (2003)
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formation time

HTL
mp~gT
multiple soft scatterings

coherence(LPM) effect

. ~ ~—— mean free path
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Outline

* Heavy quark transport
- collisional/radiative energy loss
- phenomenology

e Quarkonium

* Pre-equilibrium initial stage

* Small collision systems



Heavy quark transport

* Heavy quark Boltzmann equation:

0 0
(E-i—va)f(p) = Ceotlf] + Craalf]

\ J] |\ J
| |

collisional radiative energy loss
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2024-11-22 Heavy-ion meeting

< mf
m2x2+k% p

single scattering?

te ~



Collisional energy loss
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Heavy quark diffusion

* Heavy quark with m,p > T Svetitsky (1988)
* Elastic scattering

* For soft(q~gT) gluon exchange:

dlr'(p +
Clf fd3 ! (p q) fot ) — (p)
J
|
dr o 1
@q’ +("'a_p T2 apﬁm)( )
. 12,
* Fokker-Planck equation: Ceil[f] = [ )] + 5 5=57= [ (p) f(D)]
2 Op*Op7
' T
* Collision rate in Coulomb gauge: dra diffusion
_ dl'(q)
Clq) = (QW)3W,
T 9 9 T 2 (¢* — w?)(¢*v* —w?)
S dw _ _
CFmD/ 6&) q 'v)q ’q2—|—HL(Q)’2+q4]q2—w2—|—HT(Q)]2

\ )
|

HTL resummations
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Fokker-Planck equation

dp

Langevin equation: — = &;(t) — np;
* Fokker-Planck equation: ; ) G i(t) 772’%
3 3 5 L 5 (&:()E;(tN) = kb;;6(t —t")
— . — _ i - ij stochastic noise
(f)t +v 0x> f () o [n(P)p'f(p)] + 2590y 7 (p)f(p)]
* Momentum diffusion: &“(p) = k1(p)p'p’ + kr(p) (67 —p'p?)
*HQmovinginZz: ki(p) = /d3qdr—(q)q§,
d3q
1 5 dl'(q)
kr(p) = E/dq d3q ar
« At leading-log:  #rr(p = 0) ~ a2T%In
e t—00: approach the thermal equilibrium f(p) « e~E/T
77(17) — KZL;? up to O (g) — HQ transport coefficient k

* Collisional energy loss: —i—f = pn(p)
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Heavy quark diffusion coefficient

At weak coupling
¢ LO Kro ~ agTS

*NLO: Ky o ~ ga?T?3 Bose-enhancement with soft(k~ gT) gluons

0 1 g* T
asn ~a ~ — ~
sp Sek/T —1 4wk
s

0.01 0.05 0.1 0.2 0.3 0.4

0.6 : | : : | :
Next-to-leading order (eq. (15)) ——

03 Leading order (eq. (4)) ------ n
04 Truncated leading order (eq. (5)) ------—---

k/g*T?

_ 25 Caron-Huot, Moore (2008)
s

* For a realistic value of strong coupling a; ~ 0.3, poor convergence
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Nonperturbative determination of k

* Lattice QCD, phenomenological estimate from experimental data

. : : 2T?
* Spatial diffusion: Dg = — | B avce § LQCD, cham
K - QPM, charm i LQCD, bottom
QPM, bottom § LQCD, M -
10 QPM, M — =

T-matrix, charm

T-matrix, bottom

81 T-matrix, M — oo
5 61
4 1
A | | E
) 1 f

............ E...... AdS/CFT

HotQCD (2024)

—
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* D increases with T: running coupling
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Momentum/temperature dependence of k

_— nonperturbative
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Cao et al. (2019)

* Transport coefficients vary due to large differences between models

* Kk increases with heavy quark momentum

* /T3 decreases with temperature due to running coupling

12w

as(Qz) =

Q% 2 < 02<
(11NC—2Nf) In(=—) mp < QS ET
AQCD
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Radiative energy loss
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Medium-induced gluon radiation

&

? scattering center

* In the collinear limit,

Myqq ~ M, - (gluon emission factor)

* a, expansion but O(1/g?) enhancement for soft gluon exchange and collinear
emission

* For ultra-relativistic partons, elastic scattering and gluon-bremsstrahlung at LO
1

k —_—
° . . . ~ < ~ 2
Formation time: tr g mfp g%T A
kr m
* Dead-cone for 9~7 << Dokshitzer, Kharzeev (1998) (666§
* Depending on HQ momentum, single scattering é é é
or multiple soft scatterings with LPM effect ‘_’1
~ 27
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Gluon emission rate
& S ‘

? ?+§Wm: P

pertu\rbation

* Bethe-Salpeter equation: ’zrm@mq ~ | ToTT } 5TT0

* Integral equation summing ladder diagrams: Arnold, Moore, Yaffe (2002)

2pr = 88 Fpr) + [ 3 %,0(a) [F(pr) — Flpr +ar)

same collision kernel as diffusion E
splitting HQ - HQ + g
]

(]. — .’L’)2 + { d2pT
(1—2) f my2Pr R F i)

dU(Epsryp, k)
dk

* Gluon emission rate:
|

dF(Ep,k) o gQCF
dk  8wk3

L+ np(k)|[l = np(Epr)]

— f(p)

dk

* Eikonal approximation: Ci.alf] = fdk [f((p+k),3) dl'(Ep, k)}
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HQ Phenomenology
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Observables

dNAA

cre 4 d? .
* Nuclear modification factor: R4y = %pp azimuthally averaged energy loss

coll dZPT

* Collective flow: Fourier components of the azimuthal angle distribution

AN 1 dN
d?pr 2mprdpr

[1+ 2, v, cosng]

dN
f d(p dsz

dN
Jae d?pr

COS 2¢

* Elliptic flow: v,=

- HQ distribution in the transverse plane
- the asymmetric energy loss

(path-length difference depending on @)
- HQ momentum anisotropy through
coupling to the collective motion of media
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Heavy flavor phenomenology

* HQ initial production, HQ interaction, medium evolution, hadronization,
hadronic re-scattering

* Heavy quark interaction with QGP: heavy quark transport coefficient
heavy quark energy loss as a main contribution to HQ suppression

* Expanding thermal background media: hydrodynamics



Hydrodynamics

 Describe the evolution of thermal media in relativistic heavy-ion collisions

* Conservation of the energy-momentum tensor:

vV
auTH =0 shear viscosity

T = (e + P)ut u’¥ + Pg*’ —n (V”u" + VVuH —EA”"a;\ux) + (2nd order)

\ J \ J
| |

ideal 1st order

* (3+1)D relativistic hydrodynamic codes provide the space-time distributions
of temperature and flow velocity fields

* The initial spatial anisotropy due to geometric deformation transfer to the
momentum space through the pressure gradients



Hadronization

QGP
 Coalescence (c+g—D) « Fragmentation (c—D)
W e N e AR
3 Duke Nantes ] r
. —— PHSD | : \ |1
a — TAMU 4; 1
= 10 E Q,f H#~
A 33__ - ‘\\‘
! Q| \
861072 — 2’ d “l
ol 1
103 < ol : : L
R I 0.0 0.2 0.4 0.6 0.8 1.0
pr(GeV)
_ de . . .
* Hyg =3 : hadronization effects
dpt Zhao et al. (2024)
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Heavy quark suppressmn and eII|pt|c flow
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Collisional energy loss only? or collisional+radiative?

* Collisional/radiative energy loss is dominant at Iow/hlgh momentum:
transition at
intermediate J tr < mfp
momentum? ' multiple scatterings?
<€ >

* Different transport coefficients, hadronization, and medium evolution
* Simultaneous description of R44 and v5:
with adjustment of model parameters, most models can describe data



Bottom quark energy loss

* Less energy loss than charm:
16
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* Theoretically more precise in the heavy quark approximation

* Less cold matter effect
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Quarkonium

* Bound states of heavy quark and antiquark

* Color screening: Interaction length < bound state radius

1.5

1.0

() (]

TIT,

10

* Melting at T

* Signal of QGP formation

* Thermal properties of QGP
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Quarkonium transport

. 0 d
* Dynamlcs: (a TV Ec) f(p) = Cdiss[f] + Creg[f] + Cdiff[f] Yao, Muller (2019)

* Dissociation: gluo-dissociation, inelastic parton scattering

'\4_/:" s D_Q:Q_IQQ_CI_Q_QJ
o) ')
m@, . =
0 6
O -
ﬁO::_ -]

* Regeneration: inverse processes, using HQ spectrum

© A
\Q/ D

b

A
)
\O

* Diffusion: energy loss by elastic scattering _
O %\}
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Effective field theory

e Potential Non-Relativistic QCD

1
*m > —~pre »> T =T mp, Ep Brambilla et al. (2008,2013)
\ J

I
strong coupling?

: : : : T
* Thermal corrections to the singlet static potential: ém — i~

* High T:. mp > E, inelastic parton scattering

“O*J%’]WD*’ thermal width
6 ['~{(r)* kLo
- < >
KD
* Near T,.: Ej, > mp, gluo-dissociation RL“%F
0
— S
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Quarkonium thermal width
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* Large differences between models:
- heavy quark-antiquark potential (lattice QCD constraints)

- binding energy

- medium evolution
- HQ transport

- feed-down
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Open quantum system

 System(heavy quark-antiquark pair) + environment(QGP)
* Hamiltonian: H = Hg + Hg + H;
dp(t)

* Time evolution of the density matrix: —= = —i[H, p(t)]
* Quantum Brownian motion: Tp > Tg, Tg > Tg

1 . . 1 . e e . 1 . . .
TR~ (relaxation time), tTg~— (systemintrinsic time), Tz~ — (environment correlation time)
r273 Ep T
APAPEE e AucE-vay 018 ' '
[ 5.02TeVPb- . - Y(1s) ;
- 5.02 TeV Pb-Pb W QTraj
1.0L CMS:0-100% and |y| < 2.4 m ATLAS - Y(1s) 4 5-60%eCentraIity @ ALICE 2019
| ALICE: 0-90% and 25 <y < 4 A CMS-Y(ls) ‘
[ ATLAS: 0-80%and |y <15 ATLAS - Y(2 010l CMS:ly|<24 A CMS 2020
0.8l Qi 0-100% and y=0 = - Y(2s) ALICE: 25 <y <4
4 CMS -Y(2s) QTraj: y=0
i QTraj - Y(15) =
$08p QTraj - Y(2S) - ® 005
x QTraj - Y(35) =
04 _
F 1 i - < 0.00
9
L
0.2_— T 3[[ E
] -0.05 1 .
ool 1 ] Brambilla et al. (2021)
0 5 10 15 20 25 30 0 5 10 15
Pr pr[GeV]

* Open gquantum system approach for heavy quark diffusion
* Open quantum system approach for medium-induced gluon radiation?
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Pre-equilibrium

1.0| |1
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0.5 /
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‘ / Heller, Spalinski (2015)
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w

* Attractor solution: final evolution is fluid dynamical
even if the initial state is far from equilibrium

* Models based on effective kinetic theory: approach to fluid dynamics
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Initial state fluctuations

* Initial conditions for hydrodynamics: large uncertainty

* Fluctuations of nuclear positions, qguantum fluctuations of color charges

* Triangular flow:

dN
[do azp.. €08 3¢

V3= dN

f do dZp;
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Non-equilibrium transport coefficient

* Equilibrium diffusion coefficient:  f(p) = oP/T — 1

* Non-equilibrium diffusion coefficient:
non-equilibrium parton distribution

0 9,
<a _|_v£>f(p) = C2<—>2[f] + Cl‘:—}Z[f]

Kk[GeV?/fm|

Boguslavski et al. (2021)

* HQ transport employing non-equilibrium k7 ; (t):
impact of pre-equilibrium stages in HQ and quarkonium phenomenology
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Collectivity in small systems

superSONIC for p+p, Vs=5.02 TeV, 0-1%
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Weller, Romatschke (2017) CMS (2021)

* Collective flow described by hydrodynamics: small QGP in pp collisions?
* Heavy flavor v, in small systems
* HQ interaction with QGP and hadronization in pp as in AA?
* Small systems: medium-size, path-length dependent energy loss
cold nuclear matter effect
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Heavy baryon enhancement

o L e o e e e e B
?Q 14C ALICE ['Suy = 5.02 TeV, |y| < 0.57
< 1.2 E
s —=— 0-10% Pb-Pb -
0.8 —— 30-50% Pb—-Pb ]
- PP .
0.6 %E}% -
0.4F 457 3
0.2 % .
pto [rm—— ALICE (2023)
0 5 10 15 20
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A : : L
e enhancement in heavy-ion collisions:

incompatible with hadronization in ete ™ collisions (~constant ratio)
* Enhancement even in pp collisions: factorization broken
* Fragmentation function in pp not same asinete™?
* In-medium hadronization: coalescence+fragmentation using HQ spectrum
* Enhancement at low p7: interaction with QGP,
more baryons in heavy flavor hadronization (recombination with diquarks?)
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Summary & outlook

* Heavy quark transport by collisional and radiative energy loss
- Transition between diffusion and radiation at intermediate momentum
- Nonperturbative effects near T,

Employing HQ spectra,
e Quarkonium dissociation, regeneration, and energy loss

- Heavy quark diffusion and radiation in an open quantum system approach

* Pre-equilibrium initial stages
- Impact of non-equilibrium effects in heavy flavor phenomenology

* Small collision systems
- HQ interaction with possible QGP and in-medium hadronization in pp/pA

collisions

More quantitative study in future
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