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Relativistic heavy-ion collisions

Time: 0fm/c s1fm/c ~10 fm/c ~10'5 fm/c
[figure from EPJC 84(2024) 8, 813]

* High temperature and density

* Heavy quarks created in hard processes at the beginning and conserved
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Heavy meson suppression

* Various influences through
all stages of heavy-ion collisions:

initial production, medium expansion,
HQ interaction in QGP, hadronic effects, etc.

* Heavy-quark energy loss
- Collisional at low momentum
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- Radiative at high momentum 04
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* Significant uncertainties
at intermediate momentum: 8.
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Transition between collisional and radiative energy loss
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Outline

* Heavy quark transport at Intermediate momentum:

(5 +0 5 £8) = Culf] + Coal

* Collisional and radiative energy loss with a single transport parameter
[heavy quark diffusion coefficient]

* Hadronization: coalescence, fragmentation

* Radiative effects on the suppression factor and anisotropic flow of
heavy mesons



Boltzmann equation
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Collisional energy loss

* Heavy quark(m > T): elastic scattering at low momentum Svetitsky (1988)

* For soft gluon exchange: Fokker-Planck approximation
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drag diffusion
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* Momentum diffusion coefficient: k. r(p) = C(Q) qfr
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Hard-Thermal-Loop resummations
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* Thermal equilibrium [f(p) % e_E/T] int - oo: n(p) =
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Heavy quark diffusion coefficient

 Weak coupling expansion: k;o ~ a2T3, Kypo ~ ga>T?3
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* Nonperturbative lattice QCD for spatial diffusion: D, = —
K

» Temperature dependence by running coupling: k¥ < a (ET) as(ml%)
Peigne, Peshier (2008)
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Medium-induced gluon emission

* Radiative energy loss at high momentum
Arnold, Moore, Yaffe (2001,2002)

* Ultrarelativistic: soft gluon exchange, collinear emission 1

<

S 77
* Formation time for heavy quark: tf ~ —_* < mfp — K=k

o m2x2+kz "~
0
e Semi-collinear emission from a single scattering é é §
C(q) XX
e Dead-cone for QNE < m Dokshitzer, Kharzeev (1998) 1
k E ~—

g°T
 Using diffusion kernel, gluon(k~T) emission rate by diffusion coefficient:

ar  g%C
dk : HZE [1+ng()][1 — np(Ep-)|[(1 — x)?+1]

d*pr 1
(2m)? (pF + m?x? 4+ mg)?
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Radiative energy loss

K
. . . ~ P+ K
* Eikonal approximation: p+ k= (p + k)p il ? ’6]?66
AdT(Epins, k dU(E,, k
Cualf) = [ |10+ 9p) T E2 D) s TG 1 293 v o) o)
S— y J
if k < 0, gluon absorption for detailed balance radiative correction
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e Radiative correction:

Skp = [ ("‘2 ")7; K2 5C (k) [1 + ng (k)]
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Radiative energy loss by k1 ; 0 20 20 40
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* Boltzmann equation with only k¢ [which can be constrained by lattice QCD]
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Numerical study
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Heavy quark distribution
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* b evolution with initial 6-function in a static medium

* Collisional energy loss: Gaussian fluctuations

* Radiative energy loss: non-Gaussian distributions

» Qualitatively distinguishable medium modifications by two energy losses
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Observables

dN A A
. . . d
* Nuclear modification factor: Ry,= —Zﬂpp
coll de

* Collective flow by Fourier components of the azimuthal angle distribution:
aN — L N |:1 +2 Zv”(pT)cos nqb}

d?py 27 prdpr
* Hydrodynamic simulation: anisotropic temperature and flow velocity

* Elliptic flow by asymmetric energy loss

° Coalescence near T

dN dNg
T fd3de3pq d3pg d3pg . fW(pQ'pq) 6(p —Po — pg)
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Fragmentation: Ed3p Eo pg @ Do-m(2) 1z =p/pq]
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Heavy meson R, 4 and v,

(b)
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* Collisional energy loss is dominant at low momentum

e Radiative effects increase with momentum:
make R, 4 and v, more independent of pr

* Transition between two energy losses: qualitatively different pr-dependence



Mass dependence
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*my = 3m,: less suppression, weaker anisotropy
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Summary

* Heavy quark transport at intermediate momentum

* Boltzmann equation with a single transport parameter:
heavy quark diffusion coefficient constrained by nonperturbative lattice QCD

* Medium modifications by collisional/radiative energy loss are distinguishable
because of different momentum dependence

* Momentum-dependent transition between collisional and radiative effects

* As radiative effects increase, R4 and v, become more independent of pr
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Thank you for your attention
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