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The weak-coupling picture

(Quasi)particles and fields

Soft field
modes
P~qT

Figure by D. Teaney



Perturbative calculations

A game of modes

- When computing an observable, one will see the contribution from these
modes. For ¢ < 1 they are well separated and one can resort to EFTs

» Before we do that, let’s mention that each mode will start contributing from a

given order in perturbation theory, and that the order depends on the
observable.

. For the pressure p Jd3pp ng(p) we can see that
. p ~ T starts at order gT*

. p ~ gT starts at order g°T*

. p ~ g°T starts at order g®T*



Dealing with the soft modes

Dimensionally-reduced EFTs

- Let us concentrate on the Euclidean case and thermodynamics. Soft
modes enter at NNLO (order g3T4).

» Exploit scale separation between hard (T) and soft (gT) modes: integrate
out the former to obtain an EFT for the latter, valid forp < T (x > 1/7T)

- Dimensional reduction, as for 7 << x we expand around the zeroth order,
7 = 0. We obtain a 3D IR EFT!
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Dealing with the soft modes

Dimensional reduction

A
A a4
> 0,90, + 0 ¢" Euclidean action

. Take a massless scalar field, &', =

« See blackboard

« Laine Vuorinen chapter 3 for extra details
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Dealing with the soft modes
Electrostatic QCD

» This EFT is called EQCD
Braaten Nieto 1995, Kajantie Laine Rummukainen Shaposhnikov 1995

- Degrees of freedom
« Quarks have no zero modes
» Zero modes of the gauge bosons

« Symmetries: what happens to gauge symmetry?



Dealing with the soft modes
Electrostatic QCD

» This EFT is called EQCD
Braaten Nieto 1995, Kajantie Laine Rummukainen Shaposhnikov 1995

- Degrees of freedom
¢ Quarks have no zero modes

» Zero modes of the gauge bosons

+ Symmetries: what happens to gauge symmetry?

l
A,X) = UX)A,X)U(X) — g(aﬂ UX)HUT(X)
There is no time (derivative), so A is no longer a gauge field but an

adjoint scalar (adjoint Higgs). What are the consequences?



Electrostatic QCD

The action

. The A, field can now have a mass term. Rename it A, — CDﬁ

 Sticking to relevant and marginal operators, the action reads

1
SkocD = Jd3x{ ETr F;;F;; + Tr D®D®+m; Tr &>+ (Tr @2)2}

» |t contains a mass term and a quartic coupling for the adjoint scalar field

. The covariant derivative is D; = 0; — igA.. g has mass dimension 1/2 and

A mass dimension 1. EQCD super-renormalizable!

. Tree-level matching gl% = ng(l T @(82))



Electrostatic QCD

Matching the mass term
Hond
rA

m#Z 0
~ Mg

o M [Q
i) % N
b o

. One-loop QCD matching results in Ily(w, = 0,p — 0) = mz
oy ¢ o 4 o 4 o em

N N,
Diagrammatic evaluation yields mz = o°T* [ =< + !
' T \3 76

. The @ propagator 1/(p2 + mé) resums this hard-soft interactions to all
orders!



Electrostatic QCD

Consequences of the mass term

The @ propagator 1/(p2 + ml%) resums these hard-soft interactions to all
orders!

Recall that in QCD the chromoelectric field is E' = F™. In EQCD it
reduces to &, = D.D.

As this field has become massive, electrostatic fields will be Debye
screened (o e "t") at distances r 2 1/mg, the so-called Debye radius.

No long-distance electrostatic interactions




Electrostatic QCD

Matching the quartic term

Wy 2 A A,E/
P, P,
4
. One-loop QCD matching gives A = (6 + N, — Nf) + @(g6)
2472

- Even though the EQCD Lagrangian contains no dimensionless coupling,
for g << 1 EQCD has two small parameters (expansion parameters)

gz/mgand Az/ gz



Towards the ultrasoft scale
Magnetostatic QCD

EQCD can be used to obtain the soft contribution to the pressure starting
from order g>T*

See my review for other applications of EQCD

But what about the ultrasoft scale and the breakdown of perturbation
theory? EQCD has two dynamical scales, the soft and US ones

If they are separated, we can apply again the EFT paradigm and integrate

out the soft scale. The resulting theory is called Magnetostatic QCD
(MQCD)



MQCD

Degrees of freedom and action

The adjoint scalar @ lives at the soft scale, because of its mass my. It will
be integrated out

Only surviving d.o.f.s are US spatial gauge fields

Sticking again to relevant and marginal operators only
|
Smoch = Jd3x{ ST FljFij}

To first order g@ = gl% + ... MQCD has a dimensionful coupling and no
other dimensionful or dimensionless parameter. No expansion parameter!



MQCD

Degrees of freedom and action

1

MQCD is thus inherently non-perturbative. Though classical, it is still
confining!

Confinement implies that no long-range magnetic forces can exist, they
are screened by the lightest glueballs in 3D Yang-Mills

The @(g6T4) ultrasoft contribution to the pressure can be obtained by
solving MQCD on the lattice

In cases where the hard and soft scales are well separated, but the soft
and US are not, one can solve EQCD on the lattice



The QCD pressure

Perturbative summary

» With ¢ = 2(22T) all RG logs disappear and we have

i A 7 i T
D = 2da + -4N.N¢ ) |1+ 0292 + 0393 + g4 cq1 In C4,2
90 S i mg
T
+c59° +g° | c611n |C621HmE |
y mE ) QQT

« Can we understand the zeroth-order term?




The QCD pressure

Perturbative summary

.« With ¢ = g(2nT) all RG logs disappear and we have

7T2T4
90

7

(sz 1 §4NcNf> 1+ cog” + 39’ + ¢ (04,1 In I 04,2>

p:

T m _
+ 6595 -+ 96 (66,1 In | Cg,2 In 2E | 6673) - ...
Mg g T

« Can we understand the zeroth-order term?

. Multiplicity counting: 2 polarisation x d, colors for bosons (gluons)
o0

7/8 for the fermionic integral [ dpp3nF(p). 2 spins for N.IV; g and g
0




The QCD pressure

Perturbative summary

» With ¢ = 2(22T) all RG logs disappear and we have

i A 7 i T
D = 2da + -4N.N¢ ) |1+ 0292 + 0393 + g4 cq1 In C4,2
90 S i mg
T
+c59° +g° | c611n |C621HmE |
y mE ) QQT

« Which scales are responsible for which terms?




The QCD pressure

Perturbative summary

» With ¢ = 2(22T) all RG logs disappear and we have

w24 7
— 2d —4
p 00 ( AT S

« Which scales are responsible for which terms?

e Hard, soft, ultrasoft




The QCD pressure

Perturbative summary

» With ¢ = 2(22T) all RG logs disappear and we have

w24 7 ) T
p= 2dA + —4N.N¢ | |1+ cog® + c39° + g*| ca11n - Cq 9
90 3 _ mE

T m _
+ 6595 -+ 96 (66,1 In | Cg,2 In 2E | 6673) - ...
Mg g T

. The hard contribution to ¢, 5 is at present not fully known. The soft and US
conversely are known

- Logs signal IR divergences in the naive evaluation at the harder of the two
scales



The QCD pressure

Perturbative summary

» With ¢ = 2(22T) all RG logs disappear and we have

7T2T4
90

7

(sz 1 §4NcNf> 1+ cog” + 39’ + ¢ (04,1 In I 04,2>

p:

T m _
+ 6595 -+ 96 (66,1 In | Cg,2 In 2E | 6673) - ...
Mg g T

- NB alternative expansion scheme (HTLpt) not shown, see review




The QCD pressure

Perturbative summary

 Large scale-setting uncertainty LOy
from varying the renormalisation |
0.8}

scale between T and 4xT -

.« Midpoint value 2z7T in good i
agreement with lattice S |
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Intermediate summary

Thermodynamics, the Euclidean formalism and EFTs

« Introduced the Euclidean formalism, best suited for the evaluation of
thermodynamics

» Explained how for non-abelian gauge theories, even at arbitrarily small

couplings (think about ./ = 4 super Yang-Mills) the pressure contains an
inherently non-perturbative contribution

« Showed how a tower of EFTs allows to factor the contribution of the
different scales



