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Motivation

QGP Phase

Pb - Pb Viscous Hydrodynamics
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HQ Hadronization

g coupling

Heavy quark formation

Produced early & delayed thermalization
—Encodes full medium evolution.

Stron
¢t

Need for a nonperturbative
HQ propagation multi-ingredient framework!!

mgy > 4
Friction coefficient: A(p)
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_Ingredients for Transport

HQ Medium Interaction

Elastic HQ transport coefficients from
heavy-light 7-—matrices.

e Vector Confinement Potential (VCP)

-

o

HQ Production

Fixed order next-to-leading
logarithm (FONLL)+

nPDF modifications

~

J
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e Wilson Line Correlator (WLC)

HO Transport HO Hadronization

Diffusion
_|_

Radiation

Fragmentation

_|_
Recombination

Bulk evolution
(2+1) D viscous flow: VISHNU
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Transport Coefficients: T-matrix formalism

Based on T-matrix formalism: nonperturbative scattering framework for strongly coupled QGP;

Q ——
] , =§+§ 3@ g §:> Tij = Vij + J VijGiGiTy;

1=4q,9 : : 4D Bethe-Salpter Equation
Infinite-Ladder Resummation

1
My >T = i: Small Energy Transfer limit ->3D Bethe-Salpter eqn G i =
mq W — Wy — X
Kernel V;; - V(p — p'): Input potential
Quark propagator
Vip—p') = V¢ 4+ V5°? + (spin dependent terms.. )
(p-p") Zi=] T
— 4ot 44 o 4 : m
A(p) = [ d*p'd*qd cI.2 (1 T2 )pQPQ’pp’fq

Self-Energy
— Self-Consistent Dyson-Schwinger like calculation

T-matrix: [Riek+Rapp PRC 82(2010),Liu+Rapp PRC 97(2018)]
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Transport Coefficients: IQCD Constraints

Input potential

[Color-Coulomb (V) + Confining term(V;)] -
a.: Coupling constant

4 . ) Determined by vacuum quarkonium spectrosco
Vacuum: V(r) = — 5% +or o: String tension \d ‘ 1 P 24
_ 4 e~Ma T mor —(eomery? my s - Debye screening masses
In-medium: V(r) = — 3 %s ( — T md) - (e ° b 1) c;,: Mimics string breaking

Ty
— T

Vector Confinement Potential (VCP) Wilson Line Correlators (WLC)
Confining potential: scalar + vector admixture Same vacuum structure as VCP but with (y = 0.8)
e = (1-0VG+V 1, =06 -
ysea = yi X =V Constrained with Wilson line correlator from 1QCD
S .
¢ > . . computations
40% “vector’ confining potential Pt
Improved Vacuum spin-splittings in Quarkonia _
(Imp pin-splitting Q ) W(r,t,T) = [ dEe " pgo(E,7,T)
Constrained with HQ free energies in-medium Pgo:Spectral Function evaluated from in-medium 7-matrix

VCP: Tang +Rapp PRC 108(2023) ; WLC: Tang et al EPJA60(2024)
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Transport Coefficients: Predictions

VCP vs WLC
e A Tt L 10— LA [N S S S RN B B S | L S
: e VCP ] r—— VCP
0.5r e WLC . [ — wLC ]
X T =0.300 GeV ] 8F O N=2+11QCD L i
G --- T=0.196 GeV ] [ ¥ N=2+110cD )/ D = T
e = / T MA(p=0)
y— L J
§ @;, ~ i | 1 Spatial diffusion coefficient
< - S
> F—F ]
5
0—620 025 030 035 040
T[GeV]
Vector component in confining potential leads to Wilson Line Correlators leads to
* Harder momentum dependence of 4(p) * Softer momentum dependence(due to less vector component)
e Smaller D, *  Weaker T'dependence in D, : Due to lower screening

VCP tends to agree better with IQCD data for spatial diffusion coefficient IQCD data: HotQCD, PRL132 (5) (2024),

HotQCD, arxiv: 2506.11958

3/25/2026 Hard probes in non-equilibrium QCD matter, ICTS-2026 8



HQ TRANSPORT ¢
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HQ Transport: Diffusion

df .
dtQ D|fo] + €72 (fo]

A(p): Friction Coefficient

o B(p): Drag Coefficient
Diffusion operator: D = — (A(p)pl +—B (p))

Equilibrium limit
Encodes soft momentum kicks from the medium. )
Enforce Einstein Relation
Fokker-Planck for HQ diffusion <=> Langevin dynamics B =TEA

A = —nppAt+E£(t)At  (&(1)E(t)) = k66(t — ') (s =2TEnp)

Heavy quark treated as quasi-particle + quantum effects encoded in transport coefficients
[Weiyao Ke, et al, PRC 98]
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HQ Transport: Radiation

df .
d_z? =D|fo| + €'7?|fo]

C'~2|f, |: Diffusion-induced radiation

Incoherent medium-induced gluon LPM effect
radiation Incoherent gluons generated
Collision rate given by Accepted with a probability
~ 2 2
Rq—>q+g X as CISP(x)/(kJ_ + moo) + i ]nz
Tf A
No interference between successive gluon suppresses emissions for
emissions Tr >> )
lf < A “Destructive interference”
(Gluon formation time < mean-free path) between successive gluon emissions

[Weiyao Ke, ef al, PRC 100]
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Recombination

HQ
Hadronization ‘__*_'. )

S

Fragmentation: D(z, 1)
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Hadronization: Recombination

Resonance Recombination Model(RRM)

Recombination: Yu
[Ravagli+Rapp,2007] fu = ﬁf dll6® fofg0(S)Vrer

Meson Phase Space Distribution

VB 3
a(E) - fs = F_Bf dlls> f1 1513 Odq (qu)UB (SB)Vrer
el ,L ,. Baryon Phase Space Distribution
// \ ) e RS -
-T Mg MM } 0.4f__ i;c:::,.emye :
. fm :Loss term through M - q + q  DoRam
p L ]
f: Gain term q + ¢ — M; Resonance formation from quark distributions N°'3:’
Equilibrium limit->LHS=0 i.c. fyy = y,8/T 0.2F ]
Extension to baryons: Formation of an intermediate di-quark > g
0.0- il P P S S R |
0 1 2 3 4 5 6
q+4q~dq prGeV]
dg +Q - B Equilibrium PSDs for quarks —Equilibrium limit for Hadrons!

For a flowing medium
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Hadronization: Fragmentation

~ Fragmentation: Statistical hadronization approach ; constrained using p-p data [He Rapp, PLB 2019]

Input charm quark p; spectrum
pr-dependence from (FONLL) — [Cacciarri et al, THEP 1998]

l

Open Charm-Hadron spectra
* D-mesons(D, D", Dyg) : PDG.
* Charm Baryons: PDG+RQM *-predicted states,
addnl 18 A.,42 X, 62 =Z.,34 0 [Ebert et al, PRD 2011]

o ! ' ! ! ' I ! ! L T v T T T T T T
[ g, PP@5.02 TeV
10?2 -r/:ﬂl\é\ S~ ly| <0.5
B E: ;
Q) o 1
g o
Q 101 3
=1 (s
F —_—
Q
| -
S L
S 109
I ALCEAS :
% ALICED® ;
107t AucEDS doce/dy =1.0 mb
1 1 1 1 1 L X 1 " 1 » 1 ) o . 1 y . ,
. 2 4 6 8 10

pr[GeV]

Fragmentation function
* D(z,r) from Heavy-Quark Effective Theory

Ty X Tpo(Mpy — M) [Braaten etal, PRD 1995]

*RQM: Relativistic Quark Model

1QCD predicts more baryon states [Madanagopalan et al, PoS LATTICE 2014]

Populate all hadrons with relative thermal weights.

w; & ysdim?THKz (%)

strangeness suppression ys(=0.7 for LHC)

Decay to ground states with appropriate branching ratios.

[ALICE: EPJC 79 (2019)]; [ALICE: PRC 107 (2023)]

3/25/2026 Hard probes in non-equilibrium QCD matter, ICTS-2026 14




Hadronization: Recombination + Fragmentation

@<,
‘ — Fragmentation ‘Populate’ heavy quark to one hadron.

.. . Calculate a recombination = |——» _
HQs marked for hadronization dNy = ) [dNggpy + (1 = Bec)Dy(2)]g
Q

atT~160 MeV

Preserves space-momentum correlations

probability P, . for every

heavy quark
Do this for all hadrons in spectrum
_|_

perform strong feed-downs into ground
state as in p-p
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DO at LHC: Pb-Pb @+/Syy = 5.02 TeV

Semi-Central Central Observables
030_ LA L B LN DL B L LN LI LS S L B S L PR B L FEL LS A OO PR S B LB B [ R L S S F oo i s s 7
: PbPb@5.02TeV  —~* xtg“ha”") ] 0.14¢ PbPb@5.02TeV = ycf ]
9250 30-50% -=- VCP(charm) Jo0.12F 0-10% } AuCE ]
C 0 , lyl <0.5 —— VCP ] r 0 , lyl <O. ¥ cms
0.20F e I ALICE 5.02 Tev 10.10 b meson. ly1<0:3 - dN (dNAA)
o preriab I SR ¥ : | rageos?® __1 \dpy
St - %% ] vz(pT) = aa(pr) = N dN
0.10F 0-08¢ ‘ ; _dN col “Npp
5 0.04F ] dpT d¢ dpr
0:05¢ 0.02F : . : L
: 1000t Elliptic flow coefficient Nuclear Modification Factor
14}# 1+ ;;Plbé;.o:r‘re{/; +—+—t 1-4:' 4W§L(|:(C=h§ar:n;5 14:_- 1+ ;ng'bés;.(;z;-e{,; 1 ?_l.i ¢L(ﬁ: §:

30-50% — WLC ] - 0-10% — veP | . .
D° meson, |y| <0.5 $  ALICE 1 Hadl‘Onlzathn

¥ cms 2

7 =] * Augments v,

. * Changes shape of Ry, (flow bump)
_—RRM + HQET FF| J

—=—- VCP(charm) 4 1.2F
: — VCP ] -
o ¥ ALICE 4 1.0f

D° meson, |y| <0.5

________________ I-————"": ' . . .
0.2f 1 02 % VCP constraints aligns l?etter with 1QCD data
08055 50T oo 125" %80 es s T ioo 125
priGeV] prlGeV]

irmeiionis 0 ol ety ip fncsredlim Q0D) s Pair agreement with ALICE and CMS data

[ALICE: PLB 813(2021)][CMS: PLB 816(2021)]
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Af and Hadro-chemistry

T T T T T T

0.15F

0.10F

— WLC ]

0.25F — VP
r § ALICE prelim :
0.20F

1.75F

1.50F

1.25F

1.00F

PbPb@5.02TeV
30-50%

NS lyl<05

— vcp ]
¥ ALCE ]
I cms

< _ o 0.75}
0.05F Af LIyl <05 0.50F
0.00f o) 1| 025} k]
R 000§ S
pr [GeV] pr [GeV]

« Enhancement of DJ going from pp to AA.

« A} picks up more flow relative to D°:Flow bump

Recombination with 2

light quarks.
v, (A7) = v, (D)

3/25/2026

Bands: uncertainty in
branching ratios of A, —

D+ NvsAi-» Al + 7

1.4F WLC ]
[ PbPb@5.02TeV VCP

1'2: *pp ]
[ 30-50% ALICE ]

1.0k @ ALICE pp ]
o

T

T ™7 T

0.5+ e e o U,
r VCP
- Pb-Pb@5.
i b-Pb@5.02TeV e
0.4 30-50% - ho ¥
y| < 0.5 §  ALICE Pb-Pb A

ALICE pp

Hard probes in non-equilibrium QCD matter, ICTS-2026

' : : ; : _—RRM + HQET FF -
0'8. B 215 = ‘SIOI = '7f5l ' IiOl.(.)l ‘iZl.ISA ‘1.5.0 0‘00 l é :1 I é . é l'Ol ‘ I12
pr [GeV] pr [GeV]
Hadro-chemistry
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RHIC: Au-Au @+/syy = 0.2 TeV

030 T T T LI L T T T LI | =
T i | () —PYTHIA 2 0 Eh ok ik, (065
0.25EF — VCP 4 - PYTHIA,CR Ko et.al: with flow (0-10%)
S I STAR A ———— Catania, coal.+frag. (10-80%)
C ] 3+ S Catania, coal. (10-80%)
L 4 — — Tsinghua ;10-80%)
0.20r- . Io’“ Rapp et.a (0-20%;
: AUAU@O0.2 TeV ] Q T e — . Cao et.al (10-80%
o~ E & OO [l s N
£'0.15¢ 10-40% ] s 2
0‘10:_ D° meson, |y| <0.5 _: f
; ] 5 N
0.05F . - s
: ] T RERMUS e R
0.00 A I AR B R N T R L | L | 1 | TR | i) l
0.0 2.5 5:0 7.5 100 125 150 0 2 4 6 8
pr[GeV] Transverse Momentum (p. ) (GeV/c)
20 LONLZ0NU N OO I I SOE B ER A O PR B SR R W U P N (N PSS PR
- - CP - .
AuAU@O0.2 TeV — wic [ For RAA, we need shadowmg.
aE L 10-40% E_SIER But no A¥ measurement down to low p; at RHIC
[ D° meson, |y| <0.5 ] =
i . A . . ’
S5, : 5o ~0.51n Au-Au + measured D° cross section in Au-Au
< | ]
| [ ] — ~30% shadowing for semi-central
I (RRM + HQET FF| ]

TN TN TN TN N T AN Y T A TN T T T A Y A T N Y
0'8.0 2.5 5.0 7.5 10.0

prlGeV]

257150  VCP constraints: fair agreement with STAR data
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Conclusion

* We have developed a new framework for heavy-flavor transport in URHICs combining
state-of-the-art ingredients into a fully nonperturbative and lattice-QCD—constrained
transport coefficients, without any parameter tuning towards experimental data.

o Effects such as

1. Pre-Equilibrium Effects
2. Event-by-event fluctuations in the hydro evolution
3. Hadronic diffusion

are expected to be sub-leading and incorporation of this is underway.

The presentation here is based on work done in
1. Krishna, R. Rapp, Y. Fu, S. A. Bass, and W. Ke, Phys. Lett. B 871,(2025)(139999)
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TRENTO and VISHNU

Hadronic Phase
I

‘ " Free streaming for pre-equilibrium

Au Au

VISHNU
e 2+1D relativistic viscous

Parametric model for ‘nitial conditions
TRENTO used to generate the initial entropy (or energy)

density distribution hydrodynamics solver that includes

. shear viscosity.

Based on nuclear thickness functions  Calibrated to produce light hadron
Ta(x, ), Tp(x, y) observables.

projected nucleon density of A&B in the transverse plane.

The produced entropy density: generalized mean of the two
thickness functions:

1\ /P
S(X, y) X ((TA(x»y)»-I_TB(xr y)) 5)
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T-matrix: Back-up

VCP: s -

—1 —BE I

Foo(r,B) = 7111 {/ dE e 1.0}

55 :

—q 1 S 05}

X —Im[E V) —Sua(E 1 >] S |

U ge— ¥ \r) — SUE T 36, F £ i

: QQ ’ s 00
. - :Cha‘rmc‘)n'luvrj.‘ I >8 : « 1QCD data |
125 —e ‘|| without mixing! i x=1 - —0'5} 7
: ; : 95 1 : —_— FQ(—)(X=0.6) — V (x=0.6)
10} - 1
' oo b RO R YUY

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Vii (P, P) = RijV***(p—p')+V*** (p-p’)

d d . : 3
(3_Vvec — _Vsca) spln_sp|n VSS _(Sl SZ) A vec
d d 3MZ

in- i : VLS —
spin-orbit 5 MQ

2
tensor: V' = : —— S5 1iyuec d pvec
12M2 " \rdr Ap2

E(GeV)

Improved hyper/fine splittings yvee = VCoul = (1 =8 § )Vcon f  V/5¢4 = X Vcon f
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T-matrix: Back-up

WLC 08 T=195MeV,my=0.36,m;=0.2,c,=1.2 0'8; . T=251MeV,my=0.81,m;=0.2,c,=1675
. 0.6 ek 0.6}
(0o | ~
S o4 N - S 04} e

‘4 / (r T T) —_ da)e —T . (a) r T) 8 — 1=02241m, =0.023 3 [ — r=0.224fm,®=0.051
y TR p QQ 2=92 £ 0.2} = r=0.505fm =0.207 1 £ 0.2} — r=0.505fm,®=0.373
= =0.757fm,®=0.505 ] [ = r=0.757fm,®=0.700

—00 0.0p . O o o e pen e mnay

. N VNN ] -0.2f, : : ——— : : :
—_ l 1 0.0 0.1 0.2 0.3 04 0.5 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

pQQ ((U, L, T) = —1Im t(fm) t(fm)

Al
]Z. a) - V(r, T) - ¢(r’ T)ZQQ(O), T/ 08 T=293MeV my=0.99,ms=0.2 cp=1.925 0'83 T=352MeV mg=1.11,ms=0.2,c,=2.3
0.6f 0.6f
1 : S o4 & al
Quarkonium spectral function 3 - & = ‘
~ = r=0.224fm,®=0.053 ~ b= r=0.224fm ®=0.053
£ 02} £ 02f
— r=0.505fm ®=0.45 1 [ — r=0.505fm,®=0.52
0.0} — r=0.757fm ®=0.792 ] 0.0F— r=0.757fm,®=0.874
T) = — 9. 1nW P o el
ml (r’ T’ ) T n (r, T’ ) 0.00 005 010 0.15 020 025 ~=" non nne noan nas non n.25

T=667 MeV, r T=1/4
01 -

HIE ——
Lat. e

Need smaller screening masses, even less potential screening

0.05 |

Predictions from
i Perturbative
F=-TIn / dE e 7" p(E) Hard-Thermal-Loo

p Approach orf

-0.15

-0.05

(my-Fg)/T

* ‘

01 02 03 04 05 06 07 08 09
TR
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Implementation of Recombination probability

To effectively partition charm quarks into fragmentation or recombination, we calculate a self
consistently derived recombination probability.

d3p ™M
v (Pg) :®/ 27T3qfq pq Ty, 0(8)Vrel

100 Recombination Probability in the rest frame of the fluid
T T T l T T T l T T T l T T T l T T T

6x 1071
4x10°1!
_E(m)/Tnge_E(ﬁ;)/TH < 3x 107!
(s 3) ql 2x1071
re
—— ALL Hadrons

—— Meson contribution
10—1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Charm quark 0 2 4 6 \ g 10
momentum * p. [GeV]
P (pf=0)=> Py(0)+ Y Pp(0)=1
in fluid-rest o (P ) %: w(0) EB: 5(0)
frame
Prec equal to 1 for a charm quark at rest Comes from baryons

3252026 in the thermal frame. Hard probes in non-equilibrium QCD matter, ICTS-2026 24



HQ Transport: Diffusion vs Radiation

0_25 r T T T T T T T T T T T T T T T T T T T L
L ——- WLC(D®);diffusion only ]
L - —- VCP(DY);diffusion only
C —— VCP(D?)
L L ALICE 5.02 Tev ]
0.15¢ ¢ ALICE 5.36 TeV prelim -
~ L 4
> C ]
0.10f J
- b e
L \ 4
: \
oos5 # | TS~ st ]
r g
0'00 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10

Partons considered independent until
2x(1 = x)E

0.6F

1.4F
1.2F
1.0F

$(O.8:

0.4F

0.2F

LI LI B B B L B B B LI B N
-=- WLC(D);diffusion only -
——- VCP(DO);diffusion only 7]
— WLC(D?) 7
—— VCP(DY)

— -
T T

0'8:""

l— tO =T, = 5
T 1 ,10) + x2 M2

k | : Transverse momentum broadening.

3/25/2026

> Accept with a probabilityrif
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RQM and RRM info for Baryons

* Similar to RRM. Form qq-> dq and dp+Q->B. With two separate
potentials.

ggq-> dg potential Qdg-> B potential
V(p, q;M) =ity (p)ita(— p) V(p, a; M)u; ()ur(—q), )
5) V(p. q; M)
with
(d(P)|J,d(Q)) _ 4
= io(p)z 5D, (K)y up(g)
Vip q; M) = %[g ;D (K) vy v3 2JE(p)E4(q) pinki i §
+ VY (T (k)T (—K) + Y5 (P)ig(p) 4., T (K)Veone(K)up(q) ¢ a(Q)
$ Vfonf(k)], + Y(P)iag(p)Ve s (Kup(q) ¥ 4(0), (6)
Quark content Diquark type M (MeV)
[u, d] S 710 Width for mesons = 0.1 GeV; width for
{u, dj A 909 baryons near threshold = 0.1 GeV, away
[u, 5] S 948 from thereshold = 0.3 GeV
{u, s} A 1069
{s; 5} A 1203

STZO7ZUZ0 Hard probes in non-equilibrium QCD matter, ICTS-2026



Recombination Probabillity

To effectively partition charm quarks into fragmentation or recombination, we calculate a self
consistently derived recombination probability.

Recombination Probability in the rest frame of the fluid

3 100_"'1"'1"'1"'|"'
d a4 "Pq ’YM
pc 9 3 fq pq (S)U’Pel
(i L'y 6 x 10~
4x 1071
_E(m)/Tnge_E(ﬁ;)/TH < 3% 1072
(s 3) rgl 2x1072
—— ALL Hadrons
v \\\ —— Meson contribution
-1 [ SN TR AN SR NN NN NN SR SHN SR R I | L
Charm quark oy 2 4 6 \ 8 10
momentum * p. [GeV]
) . P, pCZOZ Py (0) + Pgp(0) =1
in fluid-rest ot ) %: ©) EB: ©)
frame
Prec equal to 1 for a charm quark at rest Comes from baryons

in the thermal frame. 27



RRM vs Fragmentation

V2

025 T T T I'U,".:“ T-'I' "‘I"'“l'" "l‘"“ --l -—-I--]T.._,

r T — v ¢ & ] RAA
L _ [ rfrrrrrTTYTTTT T T TR T T T T R T T T LT )
= . 1.4F \ —— RRM -
C . LA — Frag ]
0.20 F 7 F '\‘ ---- Charm RAA -
C il L2r \ — Total ]
L il ] Ly o) # ALICE data ]
0.15F F L0y e :
[ i 0.8F ]
0.10F C ]
- S, B 0.6 7
0.05F — RRM STl ; 0.4k 3
r — Frag ——S==ead] R T i -
F —— Total . galf 00 s T
0.00 L R D-meson v2 from He+Rapp, PRL-2020 n “r ]
: * ALICE data old : 0 Covv o by vy v by v v v b v v b v b v by a
. $  ALICE data new ] 0.0 25 50 7.5 100 125 15.0
_0-05 1 1 | i | | 1 | 1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 1
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More Theory to Data comparison-|

1.8
1.6
1.4
1.2

< 1.0F

QE(o.sf
o.ef
0.45
0.2F
0.05—

PbPb@5.02TeV
0-10%

At lyl<0.5

————
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« Additional RQM baryons help explain large Af/D° ratio

[ALICE: EPIC 79 (2019)]; [CMS: PAS-HIN-18-017]; [CMS: JHEP 01 (2024) 128]; [ALICE: PRC 107 (2023)] 30




Transport Coefficients: T-matrix formalism

Based on 7-matrix formalism: nonperturbatlve scattering framework for strongly coupled QGP;

N d
L ‘ Vo) | To — Tyj = Vi + J VijGiG;Ty
4D Bethe-Salpter Equation
T .
1
Gi — Z
Infinite-Ladder Resummation W= W = &
2
My >T = :l— : Small Energy Transfer limit ->3D Bethe-Salpter eqn Quark propagator
Q
Kernel V;; = V(p — p’): Input potential
ij ( ) Zi = f [im Gm
p-p m
— 4ot J4 - T4 1
A(p) = | d*p'd*qd*q .( P2 )pqpq'pp'fq Self-Energy

t

Self-Consistent Dyson-Schwinger like calculation

T-matrix: [Riek+Rapp PRC 82(2010),Liu+Rapp PRC 97(2018)]
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