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Hadron chemistry in nuclear collisions

NCQ scaling in Au+Au collisions

Transverse Momentum p+/n (GeV/c)

[ STAR, PRL 92 (2004) ]

» Coalescence of quarks into hadron

« Quark degree of freedom inside the hot
nuclear matter in heavy-ion collisions

NCQ scaling in p+Pb collisions

'Hydro-Coal-Flag

d
0.15F pep \S,= 5.02 TeV
— 7 (0-20%)
— K (0-20%)
— P (0-20%)

[ Zhao, et. al., PRL 125 (2020) ]

» Hydro + Coalescence + Fragmentation

« Quark degree of freedom produced in
high-multiplicity p+Pb collisions




Chemistry within jets

Vacuum shower JESCAPE (vacuum) simulation
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» Final state dominated by gluons q(g) and g distributions w.r.t. &

What about medium modified jets?



Prior studies on hadrochemistry within jets
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Enhancement of strangeness production and baryon-to-meson ratio within jets

* Medium modified splitting + hadronization

» Jet-induced medium excitation + hadronization

Can hard partons themselves (not soft, and without hadronization) change their flavor?
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Flavor change due to scatterings

Strangeness production inside the QGP Photon enhancement inside the QGP

[ Rafelski and Muller PRL 48 (1982) ] [ Fries, Muller and Srivastava PRL 90 (2003) |
[ Liu and Fries, PRC 77 (2008) ]
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FIG, 1. Lowest-order QCD diagrams for s§ produc-
tion: (a) gg —ss, (b) gg—sS.

 |nteractions between hard and thermal » Jets converts to photons as they travel
partons enhance strangeness as time evolves through the QGP

This work: conversions between quarks and gluons within jet showers



Scattering diagrams

* Dominating diagrams of scattering rate, but no flavor conversion

Jet transport coefficient [ Kumar et. Al. PRD 106 (2022) ]
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» Small contributions to scattering rate, but convert flavors

Conversion rate
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C. spin-color degrees of freedom



Rates of flavor exchange within perturbative calculation
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Conversion rates

QCD annihilation QCD Compton scattering
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Quark vs. gluon distribution inside jets: model |
Semi-analytical calculation using the AMY approach

0,1(p) = C:7f1+ C %[ f]

2 < 2:leading-order pQCD scatterings, with HTL propagators for internal quark and gluon
1 « 2: multiple scattering induced gluon emission [ Amold, Moore, Yaffe, JHEP 01 (2003) ]

f.py) = n,(py) + of (p))

equilibrium distribution hard parton and medium response (recoil + energy depletion)

Initial condition Angular distribution
. (p = EO)2 + p*sin® 0
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do (27)?

Pmin

5" (p,6) = 0



Angular distribution of quarks vs. gluons from AMY
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Angle from Original Parton: 6 Angle from Original Parton: f
soft(p<2GeV) semi-hard (2<p <5 GeV )

« Start with a 25 GeV gluon (allow both perturbative calculation and multiple scatterings)
» Soft region: dominated by gluons till very late time

» Semi-hard region: quarks dominate at large angle first and then over the entire angular
regime at late time
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Quark vs. gluon distribution inside jets: model Il

Linear Boltzmann Transport (LBT) model simulation [ PRC 94 (2016) ]
Implement 2 < 2 and 2 — 3 scattering rate with Monte Carlo method

0.fp) = CF7Lf1 + G2

2 < 2: leading-order pQCD scatterings, with recoil and energy depletion taken into account
2 — 3: Higher-Twist calculation of single scattering induced single gluon emission

— S
dzdl;  dzdlzdt w13 + 72M?)*

JTine! dN, 6a P(z)l} (1=
2T i

Medium information absorbed in § = d(p?)/dt

[ Majumder PRD 85 (2012): Zhang, — calculated using elastic scattering
Wang and Wang, PRL 93 (2004) ]
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Angular distribution of quarks vs. gluons from LBT
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» Soft region: dominated by gluons, negative distributions at large angles (diffusion wake)

» Semi-hard region: quarks dominate at large angle first and then over the entire angular

regime at late time
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Quark vs. gluon distribution inside jets: model Il

Multistage jet evolution JETSCAPE (MATTER+MARTINI) [ PRC 96 (2017), arXiv:1903.07706 ]

low Q and low E
(near thermal)

high Q and

high E e ——

low Q and high E

low Q and low E ."~-:7"'N
(near thermal) M.

r%ed =V ZEQ

MATTER: medium-modified splitting MARTINI: medium-modified splitting
function based on Higher-Twist formalism function based on AMY formalism
(rare scattering induced emission) (multiple scattering induced emission)

2 <« 2 scatterings (recoil + energy depletion) are implemented in both MATTER and MARTINI
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Angular distribution of quarks vs. gluons from JETSCAPE
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« Start with a 25 GeV gluon
» Soft region: dominated by gluons

» Semi-hard region: quarks dominate at large angle first and then over the entire angular
regime at late time
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Implication on the final-state hadron chemistry

In the absence of a reliable hadronization model:

B+B _, pg+q h pqt+q+g
RAA RAA RAA RAA

LBT simulation inside a realistic QGP medium:
initial parton spectra — LO pQCD, QGP — CLVisc hydrodynamic simulation

25 """""""""""""" 15 """""""""""""" -
[ LBT (0,=0.2) O PHENIX i’ (0-10%) | [ LBT (0,=0.2) o ALICE charged ] « Enhancement of baryOn prOdUCthn
| AuAU@200GeV 0-20% * PHENIX n’ (20-30%).  PbiPb@276Tev 0-5% - ALICE PR - - :
of A CSTAR pp 12f = . In the semi-hard regime only due to
i T R q+q+g ] :
4 N i _: o 3 _: scatterlr?gs |
o L= H RHIC - i ﬁ% LHC - » Alternative mechanism of baryon
I "« ﬂﬂ - 06 ' ﬁ % - enhancement besides the
| ‘\.— ~. EE R 0 _
4 _£;{4}_} o Hhiih b coalescence model
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Summary and Outlook

Studied flavor change processes inside quenched jets
Found larger conversion rate from gluon to quark than the reverse within pQCD
Showed significant quark enhancement inside gluon jet across 3 different models

Proposed a new mechanism of semi-hard baryon enhancement: scatterings
between jet showers and the QGP

Require further efforts (e.g. non-perturbative interactions, hadronization, etc.) for a
quantitative exploration of measurable effects

WW/
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Comparison between three models

AMY semi-analytical LBT JETSCAPE (MATTER+MARTINI)
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 Common feature: gluons convert to quarks in the semi-hard regions (just by scatterings)
« AMY/LBT vs. JETSCAPE: high-Q stage delays jet-medium scatterings, g and g crosses at
higher @ at early time (2 fm)

« AMY/JETSCAPE vs. LBT. more jet-medium scatterings in AMY than higher-twist, g and g
crosses at lower @ at later time (6 fm)
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