The Equation of State of QCD
up to the Electro-Weak scale
part 2

M. Bresciani, M. Dalla Brida, L. Giusti, M. Pepe
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Thermal QCD in a moving frame

® QCD in a box Ly x L3 in a moving frame:

& — euclidean boost parameter, 3d vector [Giusti, Meyer, JHEP 01 (2013), 140]

e Shifted boundary conditions
Ay(zo + Lo, x) = Ay(zo, T — Lok)

V(w0 + Lo, ) = —p(w0, T — Lo&)
(o + Lo, @) = —(wo, @ — Lo)

® Temperature range 1 — 100 GeV: Scale setting through a NP-renormalized
Couphng g('u) [Leonardo Giusti’s talk]
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Strategy

Definition of free-energy density:

f(Lo L&) =~ 75 Z(Lo. L,§)

Computation of the entropy density:

s (1+€&) 1 0fe "

= — 28 k=1,2,3
T3 & T O

[Dalla Brida, Giusti, Pepe, JHEP 04 (2020), 043]

Split in two contributions:

s (1+€)1 { )

o0 a o
7= e e g Ve 1) + g 1

O,

where fg" free-energy of shifted QCD with quarks at infinite mass
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Mass integral

s (14+€%) 1 0
T3_ &, { (f 7f£) O f& }

Write the difference as an integral in subtracted mass mg = mgo — me,:

9 ofe [~ 0 -
g U= J&) = =g [ my 52 = [Zam, - iune

On the lattice at given Ly/a and go:

A Ve = 18) == [ dmy = [l00)e. — i0)e |

We choose € = (1,0,0), and &€, = (1 £ Lig’ 0,0) [Giusti, Pepe, Phys. Rev. D 91 (2015),

114504]
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Mass integral

o Ny =3 o 6 X 1443‘ ‘
O(a)-improved Wilson — t T=82.3GeV
fermions x4 T=32.8GeV |

¢ Gauss quadratures: = 3| t T=12.77 GeV |

h }  T=4.91GeV
interval points §'

0<mg/T<5 10
b<mg/T<2 7
mg/T > 20 3 (in k)

® Relative error on integral

~ 0.5%
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g; integral

s_(1+£2)1 0 o
B O s 2]

where fE = f . We sample at many bare couplings

d (0 . 10
dgg(%k ¢ ) 3§k<5 Je

and then integrate up to the desired value of g3:

0 M 9 1 a<SG>§
e JR— —_ d _
55, 7% <65k5 >f [ o

u

[Giusti, Pepe, Phys. Rev. D 91 (2015), 114504]
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g7 integral

® Integration rules:

interval points

0< gg <04 1 (trapz)
0.4 < g2 <0.67 3 (Gauss)
T; — Ti1 3 (Gauss)

® Relative error on integral
~ 0.5%

5_)[<SG)E+ —{S®)_|/T* - Lloop
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Continuum limit

e Lo/a=4,6,810 and L/a = 144 20! VoL | romscev
. b . T=51.4 GeV
¢ lloop improvement
18¢ b . T=32.8GeV
- b, . T=20.63 GeV
'ﬁ 16} b \ T=12.77 GeV
LN . T=8.03 GeV
14¢ I . T=4.91GeV
P . T=3.04 GeV
12t . , ]
0.0 0.02 0.04 0.06
(a/Lo)?
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Continuum limit

e Lo/a=4,6,810 and L/a = 144 >0l e | remscev |
. t . . T=51.4 GeV
¢ lloop improvement
18¢ — . T=32.8GeV
e Global fit of cutoff effects - ., . T=20.63 Gev
[
% 167 p—t 3 T=12.77 Gev
t . - T=8.03 GeV
14y S . T=4.91Gev
} + . T=3.04 GeV
12} ‘ ‘ ]
0.0 0.02 0.04 0.06
(alLo)?

2 3
a a
s(gi,a/Lo) /T = si + <Lo) (s2397 + s219)) + <L0) (s33 97 + s3497)

where g; = g(T;)
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Continuum limit

® [y/a=4,6,810and L/a = 144
¢ lloop improvement

® Global fit of cutoff effects

s(gi,a/Lo)/T? = s; + < ¢

where g; = g(T;)

Ly

20¢ e T=82.3GeV
s . T=51.4 GeV
18¢ Xz/id()f.z 0.64 . T=32.8 GeV
B T=20.63 GeV
16t et T=1277 GeV
$ T=28.03 GeV
14¢ — T=4.91 GeV
=t ) T=3.04 GeV
12; . . L]
0.0 0.02 0.04 0.06

(a/Lg)?

2
) (523 67 + s20 9" + 525 67)
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Continuum limit

Lo/a=4,6,8,10 and L/a = 144 20} [— . T=82.3 GeV
¢ - . T=51.4 GeV
lloop improvement x?/dof = 0.64
18¢ b . T=32.8GeV
Global fit of cutoff effects n — . T=2063 GeV
I~
% 167 —t 3 T=12.77 Gev
No impact from v € [—1,1] ! T=8.03 Gev
14 a9 G
Final accuracy < 1% r — . it
= . T=3.04 GeV
12t . . .1
0.0 0.02 0.04 0.06

s(gi,a/Lo)/T? = s; + [a(a™")]" < ;

where g; = g(T;)

Ly

(alLo)?

2
> (523 97 + 824 g} + 525 97)
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Ny =3 QCD entropy density at high temperature

© §(T) = gi"(2nT) N |

. . 20.5¢
e F'it of continuum values
s/T3 = 5o+ 514° o 20.0}
G N

® 59 compatible with SB 195}

x2/dof =0.67

e Fit with s = sgp/T" —— 1lloop th. EFT

19.0 {  a-0data
0.0 0.5 1.0 1.5
G2
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Conclusions & outlook

® QGP thermodynamics at high temperature made accessible by thermal QCD in
a moving frame

® First computation of the entropy density of Ny = 3 QCD in the temperature
range 1 — 100 GeV

e Continuum extrapolations with 4 lattice spacings, final accuracy ~ 1%

~ O ~v

Non-perturbative renormalization of lattice QCD Energy-Momentum tensor

1+¢

gk; <TR {6}> /T4

s/T3 = —

<T£;{z’}>£ — Zg} <T#G1j,{z'}>g + Z}f} <T£;{i}>£ i =36

[Dalla Brida, Giusti, Pepe, JHEP 04 (2020), 043]
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Log corrections to continuum limit

""" SB Q=o.o
i y=10 |
20.5 e
20.0} HHH I
T by
1))
19.5/
19.0}
0.0 0.5 1.0 1.5

g"2

a

2
I ) (323g§’ +824g?+8259{5)
0

s(gi.a/Lo)/T* = s + [a(a™ )" (



Entropy vs §>

————— SB
a2, a3
aZ
0 0.5 1.0 1.5
g"Z

Fit with sg, s1 free parameters

S(T)/T3 = S0 + 81§2
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