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« HIC, early universe * Neutron stars

¢ e.g. RHIC, LHC, GSI ¢ e.g. NICER, LIGO/Virgo

H Insist in perturbation theory:
learn important constraints
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Setting

* Grand canonical ensemble (Z = tre~HQ/T; ¢ . i7 formalism)
i 1T .
Zqep (T {p}) :[@[Aﬁ,w,w] eXp(—f drfd leCD({pj}))
0
¢ Euclidean QCD
| — L 0
Loco = 3 FivFjiy + le//j(ll)+ wiy” + m)y;
]:

¢ Periodic bosonic fields — Py =2nTn
¢ Antiperiodic fermionic fields — Py =2T2n+1) + iu
* Momentum space measure: sum-integrals

d%
=T f
ip nezZ 2m4
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Hot QCD
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Energy scales in hot QCD

* Non-zero modes & fermions — protected in the infrared

* Expansion parameter

& s gT
g np(lph) = gPT_] I_pl
o ical plasma scale: |p| ~ 21T (hard scale)
p
¢ Electric screening: |p| ~ gT (soft scale)
* Magnetic (non) screening: |p| ~ g*T (ultrasoft scale)

High T: g°T < gT <2nT = effective field theory

¢ Zero modes are static = physics effectively 3-dimensional (dimensional reduction)
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The hot QCD pressure

* Main bulk quantity (= free energy density):
T .
pqcp(T) = ‘}1_{20 T/logZ (T) = )_ (conn. vac. Feynman diags)
* Non-trivial weak-coupling expansion:
paco(T) = po+ p2g” + psg’ + 8" (p)logg +pa) + psg’ + 8° (pslogg + pe) + O(g")
* Long history: p» oo Py

* Non-analytic behaviour in a; ~ g2 = screening of static gluons

* ps = leading non-perturbative effects =
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Electrostatic QCD

* Integrate out |p| ~ 2n T = non-zero Matsubara modes & fermions

T
pacp(T) :pE(D+‘;iiI;onlogf@[A?,A§] exp(—fddeE)

Effective 3d Yang-Mills + adj. Ay (EQCD)

1
Lg = >Tr FyFyj+ Tr (D, Ao)? + mETr A3 + AV (Tr A% + A2 (Tr Ag)* + 6 L

m: ~T?(g*+g"+g%+...) = static Ay propagator in QCD and EQCD
g ~Tg+g" +g°+g%+...) = extracted from A propagator (BF method)

Ag,z) ~T(g +g8+...) = 4 point functions of soft A4
o pp~T*1+g*+g*+g%+...) = vacuum diagrams in naive QCD
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Matching coefficients: reduction

* Example: m% from static Ay propagator
P*+Tg(P)=0 at Py=0, |p|=img~g

¢ Taylor expand in p = vacuum sum-integrals

¢ State of the art: three loops = 447 diagrams in QCD

@~ =1 {E}+M§g}+i{£}+ 444 diags

¢ 10 million vacuum sum-integrals = project to basis = reduction algorithms

¢ Graphs’ symmetries + integration by parts (IBP) = collider physics
* 10 "master" sum-integrals = 3 non-trivial
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Magnetostatic QCD

* Integrate out |p| ~ gT = massive Ay field (MQCD)

T
pocp(T) = pe(T) + pm(T) + lim —logf@A?exp(—fddeM)
V—oo V

¢ Effective 3d pure Yang-Mills (MQCD) = confining

1
Ly = ETrFijFij + 5LM

o o2 2T1 i g_é 2-nt f
S~ T+ + o = 2-ptfct

6
£+ g—%) = vac diags in EQCD; note g"dd
mg Mg

* pm~myT(1+

T
PG ~ T/logf@A?e_fddXLM ~ go T x (non-pert. coeff.)
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Progress report: the g8 term of hot QCD

* The pressure at order O(g®) = physical leading order

pacp (1) = pe(T) + pm(T) + pc(T)

* pg(T) = plaquette in MQCD v
* pm(T) = 404 vac. diags. in EQCD v
pe(T) = 117 vac. diags. in full QCD y

pE(D|g6 = {:g:} + {5 + 15 diags)

¢ Focus on gauge sector (65 diags); SU(V) & mg = 0; R;-gauge

* Algorithmic reduction = exploit graphs’ symmetries = momentum shifts
* 176k sum-ints. — 21 "master" sum-ints. v’ = v

* 11/21 factorized structures = known (IBP) v/

¢ 10 unknown four-loop sum-integrals !
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Cold and dense QCD

* T=0, ug 2 few GeV = few tens of rgqt

¢ Quark matter cores in neutron stars !

* Finite ug = Sign Problem of lattice QCD
* Energy scales:

hard scale |p| ~ u, soft scale |p| ~ gu

* No g?u ultrasoft scale, but A ~ ug=Se '8 = subleading in pqcp (UB)
* Soft physics = hard-thermal-loop (HTL) effective theory

-2nT 0 2nT
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The cold and dense QCD pressure

* quark matter

pqcp (UB) =
+ Cl as

+ az(cél) logas + ¢, )

+a (c mlog ag+ (l)logas+cé))

State of the art: (next-to)® leading order a2 (N°LO)
céZ) = 2-loop full HTL diags.
d (1) = 3-loop mixed HTL/QCD diags.

. (0 = 4-loop full QCD diags. !
C:(;O) E;U C;Z)
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Progress report: N3LO pressure

¢l ~ (41 diags) N + (10 diags) Nf + ( @ )Nfs

* General SU(N) & Nf (mg = 0); use Rg-gauge = v
* Reduction: 156k ints. — 114 "master" ints. v

#ies. | N2 | NEGy | NECp | NpCR | NpCaCp | NpCE

£ £
&0 TREET 958 5975 2841 890
R 205 | 7428 2054 | 34554 11507 2209
&2 173 | 9461 2452 | 72831 17340 2949
&l 125 | 5507 1080 | 75344 10951 1300
& 2632 - 44618 3491
& B B 20036
O T 18 [ 50 48 65 | 55 | 45
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Progress report: N3LO pressure

* ~ 70 four-loop integrals = more integral topologies than gauge sector !

o GO GDH D

YM sector fermion sector

* Newresults; e.g. (d=3—2¢)

B (j;;:;\j)g (4'L7t:)8 (% + % +P3+ O(e))

¢ Alternative approach?

\‘,\%*.n his Talk!
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Outlook

* Pressure main equilibrium observable

¢ Hot QCD in heavy-ion collisions and early cosmology

* Cold and dense QCD in neutron-star environments

* Weak-coupling hot/cold QCD: O(g%)/N3LO = four loops
* Large-scale multiloop thermal field theory

* Need new tools to tackle (sum-)ints at the four-loop level !

T Do
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