
• Contrast assumptions of thermal and coalescence 
models


• Final yield independent from the number of 
deuterons on the Cooper-Frye hyper-surface


• Apparent survival of deuterons explained by 
deuterons in partial chemical equilibrium with 
nucleons ("snowballs in hell")

• Direct 5-body reactions allow to investigate 
relevance of back-reaction microscopically for the 
first time


• Back-reaction for 15-20% of all annihilations, 
leads to regeneration of half of (anti-)proton yield 
lost due to annihilations at mid-rapidity


• Relevant for constraining the QCD transport 
coefficients with Bayesian techniques and 
historically motivated by "proton anomaly“

• Relevant in high-density collisions at new facilities 
like FAIR or RHIC-BES and for production of 
certain hadron species


• Included 3- and 5-body reactions in hadronic 
transport approach SMASH employing  
stochastic collision criterion


• Significant for particle abundances studying the 
late hadronic collision stages within hybrid 
approaches
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Multi-particle interactions in hadronic transport

• Multi-particle reactions in the literature:

- Stochastic collision criterion as an optimization idea


- Deuteron catalysis: 


- Baryon-antibaryon annihilation:  mesons


- Gluon Bremsstrahlung: 


• Stochastic collision criterion derived using the Boltzmann 
collision integral 


• Systematic verification of equilibration and detailed 
balance in infinite matter (box) calculation → comparison 
against rate equations


• Faster equilibration when including multi-particle 
reactions
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Deuteron catalysis
Phys. Rev. C 104, 034908 (2021) 

• Hybrid model calculation for AuAu at : Hydro stage employing 
MUSIC v3.0 and SMASH afterburner


• Deuterons in chemical equilibrium with nucleons ("snowballs in hell")


• Work based on previous approach limited to binary reactions 


• Multi-step reaction chain with d’ resonance: 


• Comparison to multi-particle reactions  
confirms previous results 

• Faster equilibration of direct multi-particle  
reactions leads to even closer final yields  
for both particlization scenarios


• Extension to A=3 nuclei using 4-to-2 reactions possible  
→ (hyper-) triton and Helium-3

sNN = 7.7 GeV

πd ↔ πd′ ↔ πnp

p
nπ/N π/N

d

Quark Matter 2022, Krakow

D. Oliinychenko, L.-G. Pang, H. Elfner, and V. Koch, Phys. Rev. C 99, 044907 (2019) 
D. Oliinychenko, Chun Shen and V. Koch, Phys. Rev. C 103, 034913 (2021)

Thermal Models

Coalescence Models

Jan Staudenmaier, Oscar Garcia-Montero, Juan M. Torres-Rincon, Dmytro Oliinychenko & Hannah Elfner

Phys. Rev. C 82, 014903 (2010), Phys. Rev. C 85, 024901 (2012), Phys. Rev. C 93, 044906 (2016); Phys. Rev. C 102, 014909 (2020)



Proton-antiproton annihilation
arXiv: 2107.08812 

• LHC data was overestimated* by thermal models („proton anomaly“) 
→ Role of annihilations?


• Relevance of back-reaction?


• First direct 5-body reaction treatment in transport approach  
(average number of  produced in  annihilation)


• Hybrid model calculation employing the SMASH-vHLLE-Hybrid approach for 
AuAu/PbPb at 


• Interplay of annihilation and its backreaction in the late stage important for 
(anti-) proton yield


• Also explored alternative approach with resonances and multiple binary 
steps


• Reaction chain: 


• Results of multi-particle reaction and multi-step reaction in agreement
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