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Heavy quarks & heavy hadrons

mass =2 .2 MeV/c? =1.28 GeV/c? =173.1 GeV/c?

« Heavy quark m_~1.5, m,~4.5 GeV >>Ay-p charge |

spin 15 u p

=>»produced in early hard process 1~ 1/2m, up |

=4.7 MeV/c? =96 MeV/c?

14 —35

down i strange i

« Hadronization =» well separated from production

J/y meson D meson Ds meson A, baryon E. baryon
: : C d S
Charmonium D mesons D, mesons A baryons E.-baryons
hidden charm - ~ 4

open charm-hadrons
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Outline of Part |

Part I: Heavy quark hadronization in pp

* Heavy flavor hadro-chemistry: non-universal
 Statistical hadronization: grand-canonical - canonical

» Providing baseline heavy-hadron p-spectra for Pb-Pb
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Heavy quark hadronization in pp collisions

« Heavy hadron production cross section: factorization Q
{lch( ) y ApDE( ) - PDF( & dg'—'( ko (z = ) /
dp-I;Ic Prile. Hp) = X1 Hg Xas HE d_p—'f- X1s X2, Hps HE e—H(Z = Pu /Pe. Ur Q

Hard Fragmentation

|
|
' — : - l Q H
functions (PDFs) scattering function Q |
Ccross section (hadronization) % | q
(»QCD) O
|

« Hadronization: heavy quark conservation fu + fa + fs + fearyon =1 2

- hadro-chemistry: universal? - non-universal!
1\

Parton distribution

A,/B vs pp system size scan
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Difference e*e-vs pp = statistical hadronization

« e*e"= heavy Q-Qbar produced as two back-to-back jets

=» heavy quark vacuum fragmentation: costly to excite a diquark-antidiquark pair

= not conducive to A baryon production

 High-energy pp collisions = light-quark-rich environment

=» Coalescence of ¢/b with surrounding q

- Enhancing heavy-baryon production: ny . xn* vs npxn,

 Stochastic/statistical coalescence = Statistical Hadronization Model (SHM)

{ Relative chemical equilibrium between different heavy-hadron species

Heavy-hadron primary production yields N, o thermal densities n,
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Mini. bias pp: Grand-canonical SHM

« Grand-canonical thermal density for primary heavy-hadrons
Ys=0.6 — strangeness suppression factor

m;

primary i

:

di N .
—7s 'm; Ty K,
ZJT_ TH

T,=170 MeV - ‘universal’ hadronization temperature

« Heavy-hadron mass spectrum: ‘missing’ c¢/b-baryons
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Ground-state c/b-hadron ratios

» Ground-state heavy-hadron total density = primary + feed-downs
Ny = ﬂ_grimeu:f 1+ Z _H}i':rirrmr}r _ BR{& _} ﬂ')
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p;-dependence: fragmentation + decay simulation

« FONLL c/b-quark p-spectrum + fragmentation into all primary states + decay simulations
=» ground-state b-hadrons p;-spectra: z= p+/p;

{ { weight o primary density (relative chemical equilibrium)
D,IJ_.HL_ -I'.] X -I'.ﬂ | - -Z'J

a tuned to fit the slope of known spectra
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p;-dependence: b-hadron ratios in mini. bias pp

p—
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But still why A, /B falls with system size?

A,/B vs pp system size scan
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Coalescence viewpoint: n,,«n* vs ngen, = Ay/B e n */n, = n falling toward smaller system

« Statistical hadronization viewpoint: switch to canonical ensemble for smaller system
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Canonical ensemble (CE) SHM

« Canonical ensemble partition function: strict conservation of quantum charges

e =
. = = {_EJ!‘-;. —: r r . ‘i'||~" . a= T
2(Q) =[ 'V Cexp[Y g i iy e
J0O F

(2m)
§:Ef” O ¥
z; = (2J; 1 s Ko (—
¥ (2J; + 55 e Q[T”}

correlation volume ~ system size

—

Q = (Q.N,S.C,B)

[y}

* Primary hadron yield: CE vs GCE

¥ T r . r . E 3 R
{_'n'i'rj}{.. F — ""r"ﬂl""'-] qu:.r.llhrjl'ﬂ;rgl‘ bij ?_j (Q _Ll!zl'_i.]
Z(Q)

\GCE Z(Q — ;) chemical factor <1:
3 canonical suppression for
charged hadron with q; # U

- E.g. exact baryon-number conservation requires: simultaneous creation
of a pair of baryon and antibaryon =» energy-expensive exp(-2my/T,)
=» canonical suppression for baryon production
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Ground-state b-hadron ratios vs Volume
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 As volume/system size reduces, canonical suppression due to strangeness/baryon
number conservation = B/B, A,/B, E,/B suppressed by a factor 2 or more

« All ratios tend to the corresponding GCE-SHM values at large system size

(@) M.He@NUST
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Ground-state b-hadron production ratios

B,/B vs system-size A,/B vs system-size
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Outline of Part Il

Hadro-chemistry & p; spectra computed above in minimum bias pp collisions
= a controlled reference for studying modifications in heavy-ion collisions =

Part 11: Open heavy-flavor transport in Pb-Pb

 Interaction of HF with medium: T-matrix approach
« Heavy quark diffusion & hadronization in QGP

» Collective flow & p;-dependent modifications of hadro-chemistry
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Heavy flavor transport as probes of QGP

0 0S5 5 10

T [fm/c]

v &3

cc production ¢ quark o

;;-

’chqrd*"l/ch, Brownian = L melt QGP kinetics

buildup of v diffusion OEZ?Iic?r]:ium €+ coy hadronlzatlon. hadronic
wave packet in QGP ?egeneration t,%~1/T, c+q >D phase
t,~1fm/c T.ca~5 fm/c ctqtq DA, diffusion

* mg>>T =» number conserved through diffusion/hadronization: tagged & traceable probes
* 19%92 106p > Carrying a memory of interaction history: quantitative gauge of coupling strength
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HQ interaction & diffusion in QGP

« Heavy quark Brownian motion: Fokker-Planck/Langevin equation

9,
o [pi fo(t. )] + O)As folt. p)
thermal relaxation rate momentum diffusion coeffi.
4o~ q*/2my << q ~T <<m, y ~[|IT ol (1-cos0) f7 Einstein relation D,=ym,T

* Q-qg/g soft scatterings: T-matrix resummation of in-medium HQ potential
2-body scattering amplitude 1-body HQ propagator

Toi=Vo +1VpiDpD; Ty D=1/[o- o,-Hak)]

Riek & Rapp ’10; Liu, MH & Rapp ’19; Review: MH, van Hees & Rapp 23
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Charm quark thermal relaxation rate in QGP

y=A~/|T,,? (I-cos0) f/

T-matrix w/ U-potential == Resonance formation near T, == Accelerating charm thermalization

35 R R 0.6 frr -~ rrrr T

305 = T=0.194 GeV ] [ —Sfrong
255 — T=0.258 GeV O05F amme Weak P
2 — T=0.320 GeV : 04 wemreess 5xpQCD -
20 ] - | —]
g o — T=0400GeV : g s /T';;trm -
T | D Meson Resonance 1 S PPl
= 10F - 021 L. - '_.-", .
5 f_ E 01 :_ ---- _ - _:
L ' . ,,.-"""- pQCD ]
0 RS ' : :

R N R R TSN N TN SN NN T AN NN N SO NN AN TR MO T S
1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.20 005 0.30 035 040
w (GeV) T(GeV)

Riek & Rapp ’10; Liu, MH & Rapp ’19; Review: MH, van Hees & Rapp ’23
- Non-perturbative enhancement at low p & T; approaching pQCD at highp & T

- X K-factor=1.6 for mimicking spin-dependent force/radiative contributions - Tang & Rapp *23
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Hadronization: resonance recombination

A, I
d, vs. Fragmentation: Q | = i
°® e

| I g

Recombination: @

@Q@

« 2->1 Resonance Recombination via Boltzmann equilibrium limit

= == = == ﬂ = = Ty
;:“3# fM{f. .(‘{) P]dSZ_) ;?i! FfM{r. x,p)+p ﬁfl. P d\
YAL\ND ; a-p -
(T, ) = *?ﬂj / ézjgfgfq(;fg 1) f2(7.52) 001 (3)vrer (F1, 52)8° (5 — Py — o) c— O :

} . .. i . . Ravagli & Rapp ’07; MH, Fries & Rapp ’12
- energy-conservation via finite width I, € T-matrix cq resonance

« 321 RRM: diquark correlations in heavy-baryons

diquark type mass (MeV) wave func. charm-baryon
— — u
SC&]&I‘ [uqd] 710 gcolorgﬂavoro: in AC: C[ud]
Axialvector {u,d} 909 gcolorﬁﬂamrliin Y. cf{ud} \
/
Ep(p) [ d*p1d*pad’ps Ey(pro) d |:: >
f(7,p) = ' T, 1) fo(Z, p2) f3(, P
Tams PE Ty fi(@, ;1) fa(T, p2) f3(Z, p3) c

X 012(312)1-’1}3(ﬁl,172)03(3@3)1’51 (ﬁlQaﬁB)‘ﬁm:ﬁl-}-ﬁzéa(ﬁ_ P1— Pa — P3)
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Recombination: space-momentum correlations

* Inhomogeneous distribution: SMCs =» enhancing A/D at intermediate p;
Langevin charm quarks p =3.0-4.0 GeV,

1':"1 3 ' I ' I ' I ' E

at freezeout TC=1TQ_I_VIQ\T/__ F Pb+Pb 5, = 502 TeV, 0-20% (a) i
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0.0000¢ ~~=H 6 10 : D . E

f o~ — AT ) ]

S 107 c_, , , :

-\’[/)?b) 5 & 0 e 4 B &

6 0 priGeV)
: . : .
 Capturing full flow =» Heavier particle’s p-spectrum harder
" ETRC PovPo 502 7oV, 2040% " areatat ]
- excited state RRMat T, 1
——————— frag at Ty, E R . . . .
—— RRM + frag at T, * Excited state more massive: recombination

10" | /

[ “ground state ™

spectrum harder than ground state (SMCs/flow)

dN/2np dpdy
&

" ey e T, - SMCs extends recombination to higher p; >
B S T ] increasing total v,
s [——RRM+fragatTu, . ., ., ., . ., ]

pr(GeV)
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Hadronic phase diffusion

* D + light mesons/bary

30 . ,
| —D+nx
. D+K
25+ D+p

20+ D;5(2308)

o (mb)

5

D L 1

151 ) '
10} x\\\;ﬁ E i -
! \ '\I
. -\ . )
‘.-"' - =

(a)
‘ -

II| 'II /VDE{2460] i
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0.20 | '

o1 " pion gas

0.14 [
o1z}
g 010
< 0.08 |
0.06 |
0.04 | L
oozl
0.00 T

. . | . | .
L hadronic resonance gas, empirical amplitudes
0.18 |- - - hadronic resonance gas, 7/10 mb

|— == hadronic resonance gas, RHIC

i) M.He@NUST

| " | L
140 160 180

ons: mostly empirical resonant scattering amplitudes mm, Fries & Rapp °11

0.20

Pb + Pb5.02TeV, 10-30%

D-meson v2
w/ hadronic phase diffusion 1
= = /0 hadronic phase diffusion’

0.15 |
<4010

0.05

0.00

pr (GeV)

* Ap(p=0) ~ 0.1 fm/c near T, - to be updated

» D-meson v, increased by ~15% at
intermediate p;~ 3-4 GeV
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D-meson & A_-baryon’s flow @ 5 TeV Pb-Pb

ALICE, JHEP 01 (2022) 174

ALICE highlights @ Quark Matter 2025

n:ﬁ 15:_""'| L L L ! A:L"::I}EII_: 30'35:_1||lrr[rrr[rlll|.||1]111]11||||r[rrr[r|||||1]111_.:
1.aF Pb—Pb, y5,,, = 5.02 TeV - — - ALICE Prellmlnary » PromptA; = Prompt D" .
u Centrality 0—10% i 03:_ Pb-Pb, 30-50% Transport models, |5, = 5.02 TeV
1.2[Shadowing Prompt D°, D", D*" average — & N ]
- flow bump <05 ] <1 0.25F sy ="536TeV TAMUA; - [ TAMUD’
1.0f o - .
B EJ__ 0.2— $ t AC =
0.8F ~ - .
= = ]
- E 015__ ]
0.6 *}g u 3
T etms 0.1 =
0.4:‘#-.. - n + .
0.2 il —] 0.05F DO —
B -1:1"..,__‘--‘ ] .
BN 1 1 Lol 1 1 L] 0||||||||||||||||||||||||||||||||||||||||||||||_'
4x107" 1 2 3 4567 10 20 30 2 4 6 10 12 14 16 18 20 22 24
p. (GeV/c) p. (GeV/c)

taken from our model

- \/s v, significantly larger than D?,
predictions from RRM in Mu & Rapp "20
- Vv, at low p+: gauge of coupling strength

calculation in MH & Rapp *20
- Simultaneous description of D's Ry, & V,

@))) M.He@NUST
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D. enhancement over D°
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|1 2 3 456 1|0 20 30 1| 2 3 456 1|0 20 30 DS/DO enhanced In Pbe VS pp
P, (GeVic) P, (GeV/c)
£ [010%Pb-Po T 30-50%Pb-Pb :
o 2.0F + ~
= H_J[ T Jﬂ 1 ALICE
el I 1 s =5.02TeV
,..,531_5_ H ]EE[ W&M@ 1 |yl<0.5
[=) m T )
= 1.0 {ﬂ $_$ 1 $ . SHMc + FastReso + corona
S T ﬁ} ] LGR
0.5¢ T ‘- oS ALICE PLB 827 (2022) 136986
3 | i | PHSD MH, Fries & Rapp ’13; MH & Rapp ’20

1 2 3456 10 20 30 1 2 3456 10 20 30
P (GeV/e) P, (GeV/c)
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Charm hadro-chemistry A_/D: pp->Pb-Pb

taken from our model predictions in MH & Rapp *20 & MH & Rapp °19

T

D 14FALICE  0-10%(Pb-Pbjly| <05  30-50% Pb-Pbtysy,=502Tev  (pp3

p”

1 ALICE PLB 839 (2023) 137796 -
stronger T B
T T SHMc + FastReso + corona

flow push

: EIstronsger depletion | $ Eiﬁ:ompatible with pp i

1 10 p, (GeV/c) 1 10 p_ (GeV/c) 1

- Same RQM charm-hadron spectra (in particular baryons) in Pb-Pb & pp
- RRM with SMCs capturing full flow effects =» enhancing A/D at intermediate p;

- RRM satisfying correct relative chemical equilibrium limit =» same integrated A_/D as in pp
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Bottom-hadron nuclear modification factors

- PbPb s, =5.02 TeV 0-10% |yl<0.5 | (b)] FPopo \5,,=5.02TeV 20-40% y|<05 (o)
I m  ALICE non-prompt D° 1 -
201 ’ = e ALICE non-prompt D," 8 s CMSB" 0-100% [y|<2.4
) / \ - - B 7 —b .
1.5 -;, 1 \\ - Bsﬂ i 6 K Bf: i
- \ non-prompt D° i ! 5 B _ i
3 \ \ ~—— non-prompt D" e = c
EE -
1.0 7 Y ] 4r B, meson B
[ non-prompt D& D] 3r . @ .
05 } ] 2k B ]
1 -_-=-—"—'--
0.0 T T . L o] 0 [ T N . . 1 Lo
0 5 10 15 20 0 5 10 15 20 25
p(GeV) p-(GeV)
MH & Rapp °23 Zhao & MH, °25
- Enhanced strangeness coupled to b-quark - Statistical recombination of b-quark with
via RRM =» larger R,, for non-prompt D plenty of near-thermalized c-quarks =

x5-6 enhancement of B, at low p;
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Summary: transport coefficient D (21rT)

« HQ spatial diffusion coefficient: D =T/m,A(p=0)=T/myy = <x*>~Dt

Pr—Bmon ARG T ' T

f ——LO pQCD, 0,=0.4 f
30 F 7

| T-matrix from U-pot.*K(=1.6) :
25 = = c-quark, used in He&Rapp '20 -

t —— b-quark, used in He&Rapp '23 ¢/b quark Ds used in our
—c20F ' transport in addressing
& [ lattice QCD b-had h 1
S | e 4 guenched ¢/b-hadron phenomenology
o 15 2+1-flavor, HotQCD PRL '23

- Models & lattice D (2nT)~1-3 near T, x10 smaller than pQCD =¥ collisional rate
[eon ~3/Ds~1 GeV > M, , = thermal partons melted, Brownian markers/HQs survive

- Minimum D (2xnT) near T, = maximum coupling strength of strongly coupled QGP

% M.He@NUST ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025
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Summary: hadronization & sQGP

« Heavy flavor hadro-chemistry: non-universal but environment-dependent
- Large enough system: mini.bias pp - PbPb, grand-canonical ensemble SHM saturation

- e'*e vacuum fragmentation limit; In between, canonical suppression important for A /D

- “Missing” baryons essential via SHM

« HQ probing the inner working of sQGP

- Small D, close to quantum limit =» large collisional rate: sQGP = quantum liquid

- Likely supported by residual confining force (small screening of HQ potential) Liu & Rapp, 15
HotQCD Colla. *24

- Same force responsible for color-neutralization = hadronization ~ recombination

- Recombination = flow pattern + p-dependent modifications of hadro-chemistry
(but only kinematic redistribution in p; with integrated A/D unchanged)
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Outlook

* Open problems: =_/D & y-dependence of A /D in pp/pA

.9 OIG_ T | T T | T | T | T | T ] - T - - T - - - T - - - T - - - ] - %] :II|||||||||||||||||||||||||||||||||||||||||||||||_
p— o r AUCE + =0D° BRunc. " ® Prompt A, / D" (LHCD) pPb 5.02 TeV2 < p, < 10 GeV | Z-05-ALICE p-Pb collisions  —| /D
i='C/D c 0.5F PP Is=13TeV | o E 0.8 - © Prompt A/ D" [ALICE) pPb 5.02 TeV/2 <p, < 12 GeV ] 1 ] =¢
c WV.Jr e i - 1 -MlCEEﬁ-‘D“. 5 -502TeV ® 096<y =004 -
% b vl <05 s SHM+AQM ] - 1 o - ]
= E 0_4_ —
r #p Calania (coal +fragm.) ] - 1 4
g 04¢ == ==+ QCM 1 0.6 |- 4 F LHoD =90°, (G- BtE Toy o Y™ 40
_.3 r PYTHIA 8.243 - - : 0.3-_ B 50<y_< 25
o {]3 Monash ~ — O C BR uncertainty :
o =mmn Motle O ] =, F | - d
= ﬁ% —— Mode 2 1 < 04+ g B L _E_ K mi y
m - —— Mode3d L L] e 'y - k 0.2+
o 02 ] L MU gl )i C _P:'_ e e
%, . I - C m— i
15 0.2 T 01Fy 2 a8 o :
' AJ/D ; - i -jsi-€& foward-y
B 1 _II||||||||||||||||||||||I||||I|||||||||||||||||||_
0 b L 2 3 4 5 6 7 8 9 10 11 12

p; (GeV/c)

* Outlook for charm atfinite g c-quark interaction in pg-QGP =» A(p,T,up)

- Adapting our transport model: D-meson interaction in pg-HRG =» hadronic phase more important

finite ug EOS & hydro

- Recombination in a quark D-/D*>1 =» p-dependence via recombination

excessive QGP still pivotal
N/D° [cud/c-ubar] may be more pronounced wrt LHC
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Back-up

The following are back-up slides
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Canonical suppression: chemical factors

C'F Ve=5 fin’ 10 20 30 50 100 200

B’ 0.0097194 0.023927 0.058660 0.094845 0.16493 0.32591 0.56988
B~ 0.0078259 0.021863 0.056893 0.093168 0.16331 0.32438 (.56858
Bl 0.00399201 0.013624 0.045935 0.082725 0.15364 0.31546 0.56101
Ap 0.0049325 0.014844 0.047305 0.084415 0.15574 0.31768 (.56300
S 0.0021863 0.0089128 0.037336 0.073498 0.14477 0.30720 0.55402
(2 0.000464% 0.0030092 0.019475 0.047296 0.11221 0.27231 0.52265

BY/B" 041072  0.56939 0.78307 0.87221 0.93155 0.96793 0.98443
Ay /B° 050749 0.62039 0.80643 0.89003 0.94427 0.97474 0.98793
=, /B 022494  0.37250 0.63648 0.77493 0.87776 0.94259 0.97217

At a small volume/system size,
» CF of B, & A, < B, canonical strangeness & baryon suppression

« CF of Q, <E <A,, increasing strangeness content despite common baryon
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Canonical suppression: chemical factors

@) M.He@NUST

C'F Ve=5 fin’ 10 20 30 50 100 200

B’ 0.0007194 0.023927 0.058660 0.094845 0.16493 0.3259
B~ 0.0078259 0.021863 0.056893 0.093168 0.16331 0.3243;
Bl 0.0039920 0.013624 0.045935 0.082725 0.15364 0.3154
Ap 0.0049325 0.014844 0.047305 0.084415 0.15574 0.3176
S 0.0021863 0.0089128 0.037336 0.073498 0.14477 0.3072
(2 0.0004649 0.0030092 0.019475 0.047296 0.11221 0.27231

0.56988 \
0.56858
0.5610

0.55402
52265

BY/B" 041072  0.56939 0.78307 0.87221 0.93155 0.96793 D}gﬁa
Ay /B° 050749 0.62039 0.80643 0.89003 0.94427 0.97474 0.98793
=, /B 022494  0.37250 0.63648 0.77493 0.87776 0.94259 0.97217

As volume/system size increases,
 canonical strangeness & baryon suppression attenuates

« same residual CF at large V: common canonical bottom number suppression
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Ground-state b-hadron densities with feeddowns
na(-107° fm™%) Ve=5fm® 10 20 30 50 100 200 @

1.1220 27920 69508 11.313  19.759 39.148 68.534 12041
096934 26261 68105 11.181 19.635 39.038 68.452 12045
0.14641 047267 1.5299 27242 50273 10.285 18.263 32,513
0.29886  0.90201 28845 51551 9.5210 19.435 34.453 61.702
0.043883 017479 0.72393 14247 28132 59882 10.818 19.548
0.00028060 0.0018164 0.011755 0.028549 0.067730 0.16437 0.31548 0.63204

0.16020 022010 0.24080 0.25443 0.26273/0.26648\0.27002
0.32307 041499 045568 0.48186 0.49644 0.50271 b.51243
0.062602 0.10415 0.12504 0.14238 D.laiﬂﬂ{].lﬂi‘ﬂa

- As volume/system size reduces, B/B, A,/B suppressed by a factor 2;
=,/B suppression stronger, two-fold role of baryon + strangeness

- All ratios tend to the corresponding GCE-SHM values at large system size
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Ds/D & Lc/D vs dN_,/deta

AL/ D°

0.8

0.6

) M.He@NUST

ALICE

rid

{dN,/dny. ALICE; PYTHIA; SH model
3.1, 2.9; 3.1
37.8, 40.6; ar.e

——
—.—

C pp, Vs=13TeV, |y| <05

N, .. multiplicity classes

PYTHIA 8.243 Y. Chen and M. He
m— Monash ) GE-SH madel
[ CR-BLC Made 0
[Z= CR-BLC Mode 2
CR-BLC Mode 3

[

re

2 - AN
C — i
- =
e
- l _
Tt ]
gl S 1 ALICE, PLB829(2022)137065
T i Chen & MH, °21
1 i _
|é| 1b| |1%|| ||Eb|| L [ BRI B ||1b|| ||1%|| ||26|| L1
P, (GeV/c) P, (GeV/c)
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RRM equilibrium mapping: check out

» Event-by-event Langevin-RRM simulation with very large trans. coeffi.

& with SMCs properly incorporated

=» kinetic & chemical equil. mapping

10! 0.40
i 0.35
i 0.30

dN2xp dp dy
=3

—— 4 hydra Cooper-Frys

= A, anaytica-{ RAM
* A Jarge cosfi. Langayin-RRM |
0 P 4 6 8 10
0 (GaV)

=» Observables come out as RRM predictions with realistic T-matrix coeffi.

Po+PD I-.-E-H

NEE02TeV k0% (oL
D" hydro Cooper-Frye
0" analyticaf RRM
D" large cosffi. Lan- Bt
gevin-RRM

i
—— 4 _ hydro Cooper-FrydY

= A analyt caf RRM ]
* A large coeffi. Lan-
M T

1 & 8 10
p_(GeV)
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SMCs in hydro light quark distribution

» hydro: a manifestation of SMCs
—p-ulx)/Tix —yr(x)[mycoshiy—n)—pr-tr(x))/ T(x
ﬁfq{f-..ﬁ} _ E:I’fjr'? pulx)/Tix) _ Er'fjr'? yrix)[my Y—n—pr-orix))/Tix

longitudinal boost invariance: y- n transverse SMCs pT=vT

» hydro-q: low (high) pr more concentrated in center (boundary)
hydro light quarks p,=0.0-0.3 GeV,

at freezeout T =170 MeV
ST T T

hydro light quarks p,=0.6-0.9 GeV,
at freezeout T =170 MeV__

] Ll
0.08 r 006 1711
. ]
7
£ 008 2
X = 004
°, )
% 0.04 %
0.02
0.02
0.0§

i) M.He@NUST
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SMCs in Langevin-charm quark distribution

» Langevin-c: low (high) pr more populated in central (outer)

Langevin charm quarks p,=0.0-1.0 GeV,

Langevin charm quarks p =3.0-4.0 GeV,
at freezeout T.—-=170 MeV
T T L

- at freezeout T =170 MeV
0.0014 __L_r | T“_ﬁ_’jr T C T 'T_T__-
0.0012 i 0.00010
0.0010

0.00008

= 00008

>

%u 0.0006 0.00006

0.00004

0.00002

0.0000¢ ~“EHnglfittir

foa(®§) = (2ny?INea _ 21 dNeg
B BIdPF  VEp) prdprde,.dy
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SMCs: enhancing A_/D°

» Including SMCs makes spectra harder & enhances the A */D°

(&))j) MHe@NUST

1':"‘ B I B I B I B 1I:| b I B I i I 7 B
Po+Pb = 5.02 TeV, 0-20% EY PP = 5.02 TeV, 0-20% fop) ]
107 dihﬁ il SMCs n.g[~ — Wb SMCs, T-mafixcoeff. [
—— --‘-,'_‘u._‘_ﬁ gl rw SMCs S
W0 R N . - —— T-mairx coafh., K
i . "".__:""'-\. ."l_-_- F_I ] K=2 f'
3 10 . Jj}\x O o
; * N = 04 .27 ANK=12
£ 10 & - : AT — "
% wio SMCs SSMCS- N S, o TSMCS-- i
-II:I'I1 —_ D':I ' :: -----------
b --a; T-matrix coeffi. ga: T
a P 1 & & a 2 1 L &
oiGeV) o (Gal}

» Fast-moving c-quarks [p;~ 3-4 GeV] moving to outer part of fireball find
higher-density of harder [p~ 0.6-0.9 GeV] light quarks for recombination

» An effect entering squared for the recombination production of A_*
=» larger enhancement for At = A */D° ratio enhanced!

ECT* Workshop: Penetrating Probes of Hot High-muB Matter, Jul.22 2025

36



Modifications of bottom hadro-chemistry

T — I — T —
pp =713 T 5 i i vE= T3 Tal 2aycd5 1 f =13 Tay Daogcd 5 PPy s =h 0F Ty
8 pp =T TeV 2ey<d.§ . [ (b PP 8 W ] C) po =13 Tey 2eopc, 0P 45, =502 Ta
[ } LHCH [N, = 7TaV » 13 Tal _[ ]I B LHCH T Te¥ f,l-.lT‘ ] |I ]I — A0 13 TaV ?Dhﬂjli'?'-lg.'ﬂ.h
—— ROM: 13 TaV o 0/D- * LHGD 13 Tav 2, M H ) - 04 | - = PDG 13 TeV a
e - BOS/B' FOG 13 Ta - : Ab /B ROM B3 TaY " —— ROME 5,02 TaV [yi<i,5

R 5.0 Tl [yl 5

POG: 13 Tel o
ROM: 502 Tel <5 A

04
: - _* -=.='T\_r=.ﬁ-""\-ﬁ--
. . - 1 = ¥
I:"E ™ it KT Fal - 7 " i TR = = ¥
PR =0 02 Tal 02 P o in e il . )
* CMS BB 0-90% <24 [ PEPS W, =502 TaV ] STt T e - ==
|:.|:| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ':'.:l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |:.|'.| 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
a " 0 15 0 0 5 10 15 21 { & 10 15 N
piGaV] o {GaY) PGV
* pp =2 PbPb

4 B./B — enhancement at low p+: b coupled to equilibrated strangeness via recombination

4 A,/B — flow-bump at intermediate p;~5-15 GeV [significantly higher than c-sector]:
stronger flow push on baryons, captured by 3-body RRM with SMCs

4 =,/B — enhancement more pronounced: combining two-fold role of containing
a s-quark & being a 3-body baryon
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