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When humans could compete 
with computers ..

20 - 2- 1962



Now ..  towards  Exascale Era 

1018 operations/second !



..somebody is then wondering.. 



…leaving this with the philosophers and epistemologists.. 

..we anyway confront the fact that computer simulations 
    may bring us VERY far away from everyday world… 

…allowing explorations of unchartered territories, and/or 
taking us back to the early Universe  
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..we anyway confront the fact that computer simulations 
    may bring us VERY far away from everyday world… 

…allowing explorations of unchartered territories, and/or 
taking us back to the early Universe  

Remarkably, many of these applications rely on
Quantum Chromo Dynamics 

QCD 



From Symmetry magazine, FNAL/SLAC



Temperature

Time

Thermal history of the Universe 

Cambridge, DAMTP

QCD transition



Temperature

Time

“..finite temperature 
in a quantum field theory 

can restore a symmetry which
is broken at zero temperature ..”

QCD transition



Restoration of QCD chiral symmetry
Quark Gluon Plasma
QCD axions ..

Lattice QCD studies:

and also : QCD based BSM physics

and much more..



The experimental side 



A joint experimental-theoretical worldwide  effort 

Preliminary!! Thanks to the IN
FN communication office !



Thor e il Plasma
di Quark :

Graphic Novel 
by 

Simone Gabrielli et al. 
Scuola Romana del Fumetto

F. Becattini 
and MpL 

representing Italy 
in the MC

Preview!



LQCD = 1
g2Gµ⌫Gµ⌫ +

P
q
 q(i�

µDµ +mq) q

all this stemming from the Lagrangian:



Lattice Gauge Theory

 ̄q, q

U
Matter fields

Gauge fields

Discretize fields:



Lattice Gauge Theory

 ̄q, q

U
Matter fields

Gauge fields

Then, compute

Z



Some selected topics and results

I. QGP in the LHC working region: 
            bottomonium suppression

II. QGP in the LHC working region: 
      topology (and  ⌘0

III. Axions

)

IV. Towards neutron stars

V. Strong Interactions BSM



I. QGP in the LHC working region: 
            bottomonium suppression



QGP in the LHC working region: T < 600 MeV

420-480 MeV 2.76 TeV (2012 - breaking RHIC record)

600-700  MeV 2.76 TeV (-hottest spots 2015 - current)

T

400 MeV charm threshold: 

Laine Schroeder 2006

Dynamical charm plays a role

? 5.12 TeV analysis in progress 



Bottomonium as a probe of QGP 
Eur.Phys.J. C76 (2016) no.3, 107 

CMS

T approx. 500 MeVRoom temperature

NB: probing complementary aspects wrt to light sector:   
no sensitivity to chiral physics here!



Bottomonium work is with  
the FASTSUM collaboration



Bottomonium NRQCD results: 
spectral functions from MEM
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NRQCD bottomonium  spectral functions  
at a  glance

Anisotropic lattices: 

*Many points in time 
direction. 

*Disentangle  
space from time 
discretization effect. 

*Approach to  
continuum time  easier. 

0.4 Tc < T < 2Tc

Completed

1/T

Temperature is varied by changing Nt

In progress:
going to a very
fine lattice

NRQCD 
appropriate 
for bottomonium 

easier inversion

easier to compute 
propagators 
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Pattern reminiscent of 
experimental observations

Bottomonium spectral functions:  
sequential melting 



Bottomonium: Outstanding remaining issue: 
the (unknown) systematics 
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Qualitative differences for the Chi_b:
with the BR approach the excited state 
survives and appears even stronger!

FASTSUM +
Y. Burnier and
A. Rothkopf 
AIP Conf.Proc. 1701 
(2016) 060018

BR MEM



Ke
rn

el

Omega

NR Kernel  Exp(-Omega *t)
NR Kernel for derivative: Omega*Exp(-Omega *t)

G(t) =
R
e�!tS(!)d!2⇡ K(!, t) = e�!t

dG(t)
dt =

R
!e�!tS(!)d!2⇡ Kder(!, t) = !e�!t

cfr. Sumudu
method 
by Orlandini, Pederiva, Roggero  

The smoothness of the correlators allows the determination
of the numerical derivative

PRELIMINARY



PRELIMINARY

T/Tc

Width

(model)

NEW:



II. QGP in the LHC working region: 
      topology and   ⌘0



What happens to topology in the Quark Gluon Plasma?

In the hadronic phase topology solves the       
puzzle by explicit breaking  

Topology from low to high Temperature



Work on Topology and Axions is  

with Anton Trunin, E.-Michael Ilgenfritz and Florian Burger 

with thanks to 

the ETMC 

collaboration
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with instant -dyon? 

Shuryak 2017Faster decrease before DIGA sets in 
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It can be proven that = Q 

The ⌘0 mass may now be computed from the decay of the correlation

which at leading order gives the Witten-Veneziano formula 

and 
Q = n+ � n�

Gluonic definition

Fermionic definition

Successful
at T=0

Q(x) Q(y)



So far, only results 
from model’s studies

Horvatic et al. 2018  

⌘0 in the QGP

Lattice analysis in progress with A. Kotov and A. Trunin

No strong temperature dependence across Tc



So far, only results 
from model’s studies

Horvatic et al. 2018  

⌘0 in the QGP

Lattice analysis in progress with A. Kotov and A. Trunin

No strong temperature dependence across Tc
 Preliminary! 



III. Axions





The QCD axion: ideal Dark Matter candidate



After freezout  constant

Wantz, Shellard 2010
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IV. Towards neutron stars





The forbidden region
of Lattice QCD:

The Sign Problem
is severe here!

Special tools needed!



QCD and dense matter: work in progress

A strategy for the search of the QCD critical point based on joint analysis of  

*Virial expansion,   
*Taylor expansion ,  
*Canonical expansion 
using 
*Cluster Model as a baseline 

with V. Bornyakov (Protvino), A.Goy(Vladivostok), A.Nakamura(Vladivostok&RIKEN)

limited convergence  
of the viral expansion

convergence of the canonical 
expansion 



V. Strong Interactions BSM



Composite Higgs 



Adding flavours to strong interactions

Nf 
grows 
large



Work on phases of QCD  
at large Nf 

is with 

Elisabetta Pallante (Groningen),  
Kohtaroh Miura(Marseille/Mainz),  
Tiago Nunes da Silva (Sao Paulo)



Phases of QCD as a function of Nf

Conformal window

Nf
16.5 
Asymptotic 
freedom is 
lost

Chiral transition 
Essential singularity (?)

⇡ 90 
Yang-Mills

Ordinary QCD Preconformal



Phases of QCD as a function of Nf

Conformal window

Nf
16.5 
Asymptotic 
freedom is 
lost

Chiral transition 
Essential singularity (?)

⇡ 90 
Yang-Mills

Ordinary QCD Preconformal

⇤QCD Separation 
of scales 



Miura, Nunes, Pallante, MpL 2014

Is conformality realized? Yes!  Anomalous dimension Nf=12 

Blue: raw 
Red: corrected 
(scaling violations 
taken into account)

Deutzmann,  Pallante, MpL 2009

 LSD Coll. 2011

 De Grand et al 2011

 KMI coll.  2012

 Cheng et al. 2014

Itou 2013

Schrock 2014



Preliminary

Hierarchy of scales  in the near-conformal phase 

Dimensionless 
quantities behave 
differently 
approaching Nfc



Comparison with holographic studies



0++

Confirmed: hierarchy of scales at Nf=8

“Higgs”



Numerical simulations of QCD hold the key  
to the understanding of 

many aspects of particle physics, 
complementing experiments and 

purely analytic approaches 

This presentation sketched a few aspects of my own work:  
only a  subsample of all

the possible studies in lattice QCD!!

..rather than a summary… 



November 2018


