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INTRODUCTION
•QCD at finite baryon density largely unknown due to the Sign

Problem of lattice gauge theory (focus on zero temperature)
•Perturbative methods reliable at baryon chemical potential
µB ≳ 2.4 GeV (baryon density nB ≳ 40ns)

•Cold and dense QCD highly relevant for neutron-star-matter
equation of state; significant constraints from perturbative
QCD at large baryon density (fig. from [1])

THE PROBLEM
•Compute the pressure (equation of state) of cold and dense

QCD as a series expansion in the strong coupling constant αs

•Thermal gluon screening triggering infrared effects require
resummation of the soft sector in multi-scale system: µB (hard)
and √

αs µB (soft) =⇒ non-analytic series in αs:
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•Knowledge of p(µB) dating back to the late 1970’s: c1, c2,1
and c2,0 from two- and three-loop diagrams

•Recently (2021-2023), c3,2 and c3,1 determined using the Hard
Thermal Loop effective theory for the soft scale [2, 3]

•Remaining challenge: compute c3,0 =⇒ get full O(α3s)

•Up to logarithms computable from renormalization-group
invariance, c3,0 is a pure number

•c3,0 obtained from 40 non-trivial four-loop diagrams in cold
and dense QCD [4]:

THE STRATEGY
•Sort diagrams by numbers of quark flavors Nf , each quark loop

contributing a factor Nf ; here up to three quark loops

•Set general covariant gauge and project O(105) scalarized four-
loop integrals to canonical basis of O(100) master integrals;
check cancellation of the gauge parameter

• Identify and extract infrared divergences with existing semi-
analytical techniques; check cancellation against Hard Thermal
Loop divergences

•End result: ∼ 90 purely ultraviolet-divergent four-loop master
integrals to be computed with a novel numerical method

THE METHOD
•Large-scale perturbative computations require automatization:

ultraviolet divergences subtracted via R-operation [5]
•Enter dense Loop-Tree Duality (dLTD) [4, 5]: novel Monte

Carlo approach to multi-loop integration in momentum space
•dLTD in a nutshell: compute all energy integrals analytically

and construct locally finite spatial integrand; solve numerically

THE WAY FORWARD
•Full O(α3s) pressure of cold and dense QCD within reach:

improvement of a five-decades-old result
•Feed integrals into dLTD and get final number c3,0 out

•Utilize O(α3s) result in state-of-the-art neutron-star studies
•Final goal: what can we learn about Quark Matter?
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