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Quantum Chromodynamics:
theory of strong interactions
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Symmetries of QCD with » quarks

L= Z draPq1a + GraPRa — Ml d1aRa + GRaD1La) T Loauge
a

Global symmetry(n, = 01:Uy (1) X Ug(n)  SU (n) X SUg(n}x Up(1) X Up(1)
Spontaneously broken Baryon Anomalously

number Broken
SU(n)

*- Physical

I >1

. (m = 0): (which?) symmetry restoration < order (universality)

m, # 0: explicit symmetry breaking
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QCD phase transition
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Columbia plot, possible scenarios
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Phase transition in the Nf=2 chiral imit



Phase transition in the Nf=2 chiral imit

N =2 =  Favoured scenario: second order, belonging to

T B \ SUR2) X SU2) ~ O(4) universality class
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Phase transition in the Nf=2 chiral imit

— >  Favoured scenario: second order, belonging to
[ \ SU(2) X SU(2) ~ O(4) universality class
= = = e i
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m, # 0, possible scenarios

..........
-
-~
-
.
-~

----------
-
.’
"
4
“
-
”
-
-
-
e
"
-
-
'O
.

60, % Mean field ,
Z ~Scaling window 04

-y
--------
--------
___________________
-----------
------
.....
..........
-----------

1st order

~.

Scaling window:

universal behaviour
given by EoS

M = m'° f(t/m'P%) + regular terms
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. e e P e
e N =
@//O. .....
my 899 LN
N\ . . Meanfield .
Y, Scaling window 04
Té ‘~~~ "'

1st order

Physical point ?

Scaling window:

universal behaviour
given by EoS

M = m'° f(t/m'P%) + regular terms
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TWEXT (Twisted Wilson @ EXTreme) Collaboration

Lattice detaills

e 247141 fermions at maximal twist

automatically O(a) improved
_ [R. Frezzotti, G. Rossi, 2004]
 Heavy quarks (c, s): close to the physical values

» m_€ [135, 370] MeV
» Fixed scale approach: a = fixed, 1"~ N,

e Based on ETMC T = ( parameters & tmLQCD code

[C. Alexandrou et al.,2018][C. Alexandrou et al.,2021]



TWEXT (Twisted Wilson @ EXTreme) Collaboration

Ensemble summary

New ensembles @ m_ = mfhys:

T € (120 — 600,800) MeV
A A [fm] Statistics: O(300) config’s,

separated by several MC traj’s
009 o B64:a = 0.080fm, L = 64a ~ 5.1 fm
0.08- - B48: ¢ = 0.080 fm, L. = 484 ~ 3.8 fm
Co C80:a = 0.069 fm, L = 80a ~ 5.5 fm
0.06° ® ®
. m, [MeV]
0

330 10



Chiral phase transition & novel order parameter
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Novel order parameter

. Chiral condensate (7w), to be renormalised (m/a* divergences)

* Although not important in the fixed scale approach

» Chiral susceptibility y = d{wy)/om

- pw)s = (py) —my

: [W.Unger, 2010]
. 1/a? divergences cancel

« ~m3 (Symmetric phase, large 1)
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m, = 139 MeV,a = 0.080 tm
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m, = 139 MeV,a = 0.080 fm
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Critical temperature and the chiral limit
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[AYuK, M.P. Lombardo, A. Trunin, 2021]
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Scaling behaviour



Novel order parameter
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Novel order parameter

» Novel order parameter: (yy); = (Yy) — my

* Suppress non-universal (linear in m) terms

17



Novel order parameter

» Novel order parameter: (yy); = (Yy) — my

* Suppress non-universal (linear in m) terms

» Assume some (e.g., O(4)) universality class
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Novel order parameter

» Novel order parameter: (yy); = (Yy) — my

175 R
* Suppress non-universal (linear in m) terms e
150 1N -=== MF, ()
. . SO\ — O(4), (¥)s
» Assume some (e.g., O(4)) universality class 125 RO\ ——== MF, ()
\\\ \\ —— O(4), ()3, scaled
1.00- \ -
asS m — O N -—-- MF, (¢1))3, scaled
B o 0.75 - N
 (Yy); ~ 177 ast — oo
0.50- AN N\
® I7 g —Y —> \\\\ N
(Ww) ~t7ast — o0 . N,
» If (W), < 0O: possibly first order, or 0.00—— : 1 S 3 4

closeness to the first order phase transition

(£, scenario ?)



Scaling of T¢ with pion mass
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Simple estimation of To from EOS

4 - @ m, =139 MeV
Y m.=225MeV Prediction of EoS:

— A m, =383 MeV _ _
= Wy)s (W)
= ~ — const
% m1/5 mj%/é
i,% 2 at
=
~
= T =Tym,=0)=138(2) MeV

0 - .

120 140 160 180 200 220 240
T MeV

M = h'’? f(t/h'P°) + regular terms
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O(4) vs mean field
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Z> vs O(4) scaling

O(4) scaling:
990 Observable | Ty [MeV] | z,/ oz Zp/ Zgy, O4) | Zp O4)
Y 132(4) | 1.24(17) | 2.45(4) | 1.35(3)
() 138(2) 1.15(24) 1.35(7) 0.74(4)
200 - ()3 132(3) 1 1 0.55(1)
160 - Z2 scaling:
1401 m_ = 100 MeV is still ok
o e " mE = 0 MeV is indistinguishable from O(4)
Ty = T.(m, — 0) = 134*% MeV T.=T.0)+k(m—m)"P° m ~ m?
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Large temperature behaviour

7 @ m, =139 MeV « O4): <l/_jl/j>3 ~ t_7_2ﬁ5
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Scaling window
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[J. Braun et al., 2020]
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Threshold at 7 = 300 MeV and topology




Method to measure topological susceptibility
QCD and topology, finite temperature

Atop = <Qt0p>2/ V= mlz)(S,disc m Jd4le75W — Qtop
SU;(2) X SUR(2)

—_— T —
A5con - WySEW > o0 .YY Jeon +)(disc

UA(l)I I U(1)
T
Xcon 0 : 1/751// —> 7. 1/7}/51// A5.con — X5 disc

SU,(2) X SUR(2)

[Kogut, Lagae, Sinclair, 1998]

2 2
Arn = X5 = Adisc = A5.disc? for T2 I'e,my— 0 — )(top — <Qt0p> [V = My Xdisc

25



102':

: \
\
~ \Y\
¥2 10! '\k' .
>< '\:;\N\k
. Pt 4
Y B48 4} B64 ¢ C80
10° & - - - - - -
100 200 300 400 500 o600 700
T [MeV]

X4 [MeV]

120 -

100 -

30

00 1

40 1

20 1

Plot by C. Bonanno

+
)
t

Chen et al., 2022
Athenodorou et al., 2022
Kotov et al., 2021
Borsanyi et al., 2016
Petreczky et al., 2016

26



Threshold in QGP .
>
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e Onset of DIGA behaviour
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Conclusions
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