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The physics of SIM: high-T and/or high density

Asymptotic freedom suggests QCD matter at high energy-density is different
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Particle Data Group, 2023 Cabibbo, Parisi, PLB 59 (1975) 67-69

a new phase was also predicted by Cabibbo and Parisi based on a hadronic model!

— We now call this new state of matter quark gluon plasma (QGP) 50



Heavy-ion collisions

Currently running at LHC and RHIC, in the future FAIR and JPARC (and others)
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SIM topics in Torino
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SIM topics in Torino
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Heavy quark transport in the QGP

> 0.3F po-po, [55=5.02 TeV Centrality 30-50%
—— - PowLANG ML
025 .. POWLANG - 10CD,

In-medium propagation modelled via relativistic Langevin dy- oo |’ J@"
namics coupled to hydrodynamic background: B $%ﬁ ﬁﬁ
Aﬁ on 0.05F
& = _ "+ t
Aﬁ nDp ( ) Il L L Il L L Il
with drag coefficient 7p, and the noise stochastically describ- pr{Ge
ing the heavy quark momentum diffusion induced by the
medium: , T o
2 0151 POWLANG - HTL charm hadrons
=120 A g TEEEEE
=2 At 2 At ‘ ‘
— anisotropic flow of D mesons in PbPb collisions at the LHC +
is well reproduced “oosf T

Beraudo, De Pace, Monteno, Nardi, Prino, JHEP 02 (2018) 043 5/20



Heavy quark transport in the QGP: small systems?

Local color neutralization

Scheme for heavy quark hadronization, whereby (charmed) hadrons form by recombination

locally — this imposes strong correlation betwen position and momentum

> RARANARRRRARA R RR R R o o PO T T o m‘u.wwm m‘u.wwm
[=] a) [=] [=]
2 = =146 1 S0.4F Pb-Pb, ys,,=5.02 TeV
0o0.6H Fos[ ¢ ALICE, pp 1 14 SpO4EPP: ﬁm
= ALICE, Pb-Pb 0-10% 12f E 0.35F E
05 E £ ] 03F k|
0.4 < E E ~ E
: ) _ ~$» 1 0.25 \
0.3 N PN ] 0.2 |
POWLANG - ] 0.15 El
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pp IQCD, high mult B AR i N
——.Pb-Pb,IQCD 0-10% ] Feees POWHEG+PYTHIA 0.05 NN E
obbinlin b bin b Py SETE T T FYTE P P obr L e i [y IR I P T P e et
0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16 0 2 4 6 8 1012 14 16 0 2 4 6 8 10 12 14 16
P, (GeV/c) P, (GeV/c) P, (GeV/c) P, (GeV/c)

Beraudo, De Pace, Pablos, Prino, Monteno, Nardi, PRD 109 (2024) L011501

Even in pp, can qualitatively reproduce the enhancement in hadron ratios.
— medium effects in pp are of the same nature as in PbPb
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Quarkonium suppression

—
[=]

heavy-ion collisions (rhs), quarkonium melts away compared to pp

% a0l T F
3o 2 CMS, pp,s = 2.76 TeV 3 9 p) CMS, PbPb,\[Syy = 2.76 TeV
< E - |
S 6ok Py >4 GeVrc, | < 2.4 S sof P >4 Gevic, ' < 2.4
2 50; pY <20 GeV/c P 405 p) <20 GeVic
c — c — B
g E Ly = 225 nb g F Lin = 7.28 pb™
Y a0F ®oF
= 30—
30F- F
£ 201
205 E % %
- ° Y
ol o b e e L L By 0_7\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
8 9 10 11 12 13 14 8 9 10 11 12 13 14
up invariant mass [GeV/c?] up invariant mass [GeV/c?]

CMS, PRL 107 (2011) 052302

Can be understood as a result of color screening in the medium:
Matsui, Satz, PLB 178 (1986) 416-422

—mpr
e D

Vog ~ ————
QQ .

that results in the melting of loosely bound states e



Quarkonium as an open quantum system

Density matrix is split in system (QQ pair) + environment (thermal medium):
pTroT = PQQ X PE

Evolution of p = py5 governed by a Lindblad equation

Akamatsu et al., PRD 85 (2012) 105011,Brambilla et al., PRD 96 (2017) 034021
dp _ t t
— = Hp+Z LupLy = 5 { Lt Ln, p

with jump operators L, corresponding to different transitions in the QQ pair state. Medium
interactions result in a non-hermitian Hamiltonian encoding decoherence and dissociation:

I
Heff:Hfli

where I' =3~ L} L, is the total decay rate.

Lindblad equation can be implemented semi-stochastically:

dp t
E Z[Heff, +ZanL

n
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Quarkonium as an open quantum system

Number of jumps

Start with trial wave function

Deterministic evolution reduces norm

When norm goes below a (random) threshold, trigger jump to new state

Accumulated jumps, pgg=2.36 GeV

0-10%, Tinjt = 500 MeV
10-20%, Tipit =475 MeV
20-30%, Tipit =450 MeV
30-40%, Tinit =420 MeV
40-50%, Tinie = 380 MeV
50-60%, Tinie = 330 MeV
60-70%, Tinie =280 MeV
70-80%, Tini
80-90%, Tinie = 185 MeV

2 4 6 8 10 12 14 16
t (fm/c)

Survival Probability

Y(15), {gq=2.36 GeV

0.8

e
o

o
IS

0.24

0.0

—— 0-10%, Tinit = 500 MeV

——— 10-20%,
—— 20-30%,
— 30-40%,
—— 40-50%,
—— 50-60%,
—— 60-70%,
—— 70-80%,

80-90%,

Tinit =475 MeV
Tinie =450 MeV.
Tinit =420 MeV
Tinit = 380 MeV
Tinie =330 MeV
Tinit = 280 MeV
Tinit =230 MeV
Tinie =185 MeV

2 4 6 8 0 12
t (fm/c)

Beraudo, Escobedo, Martinez Vera, Parotto, coming soon (JOrge’S PhD prOjeCt)

14 16
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SIM topics in Torino
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The QCD phase diagram

Hadron gas at low T & u is separated from quark gluon plasma (QGP) at high T'|| u
by a transition related to chiral symmetry restoration (exact for m, — 0) and confinement
(exact for mg — 00)

300

250

e Ordinary nuclear matter at 7'~ 0 and 50 )

I : :

uB ~ 922 MeV + liquid-gas transition Vacuum mcttﬁr\ Superconductor
| i I

e Early Universe at up = 0 (matter-antimatter =~ i ,1 Quark-Gluon Plasma
2 200
symmetry), large T s
[
9ng Q q =] S
e Transition is crossover at zero density at B 150 i T
@ E e,
T ~ 160 MeV S jof Critical Y
5} E Point? 7}50
- E %

O O O | O P S [ s
200 400 600 800 1000 1200 1400 1600

o

. . Baryon Chemical Potential - g(MeV)
Big open questions

* What is the order of the transition at finite density?
* Where is the transition at finite density? (— what is in the core of neutron stars?)  11/20



Theory: lattice QCD

Lattice QCD amounts to calculating euclidean path integrals
_ _ ~ 1 _ a
ZU,$, 4] = /DUDz/)Dw—SE s <0> = /DUDw Dy O e=5e

by defining the theory on a discretized 3+1d lattice with N2 x N, sites.

e Quark fields 1,1 are defined on lattice sites, gauge fields
are the lattice links U € SU(3).

/ ]
e Fermions are integrated out exactly: L
/

Z(V,T,p) = /DU det M(U)e= ¢

and det M (U)e ¢ is interpreted as a weight for MC
integration — importance sampling

*
gluon quark

Ideally, take the continuum (N, — co) and infinite volume (Ns/N, — 00) limits 12/20




Zero and finite density QCD

Thermodynamics at pp = 0 known to high precision for a few years now

Ti1rrrrrrrrrrrrrrrrrr1r1r1rr1r17T T T
4 I 200 Quark Gluon Plasma 1
. 150 T ]
3[ _ ’ﬁ'g
L 2 [
L s i |l Hadron Gas |
L stout HISQ = —a— I]::;:i;ce e Vg
(e-3p)T¢ BN Wm 1 —v— RHIC *%f*
p/'l’4 L : 50  ~—v— RHIC fix target L 4
1 §/4Té W ] 4 SPS
TMev] ] Dy Wuclea
Lt T O T S R O B B ] 0 : : : liquid
130 170 210 250 290 330 370 0 200 400 600 800 1000
U [MeV]

Borsanyi et al., PLB 370 (2014) 99
Bazavov et al., PRD 90 (2014) 094503

...but at finite density we’re behind, due to the complex action problem in lattice QCD:
fdet M ()]* = det M(—p")

no more statistical weight, no importance sampling 13/20



Workarounds

e Taylor expansion
¢ Reweighting

e Analytical continuation from p% < 0 to pu% >0

Roberge-Weiss

.---

continuation
d(p/TA4)/du

%.42 2‘02 1‘62 1‘.22

lattice simulations | real chemical potentials

LE/T?
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Finite density QCD from imaginary pp simulations

Among the quantities we can reliably extrapolate to real up: transition line T,.(up) and
the equation of state

1.4 1
g 12 g
- 140 Analytical continuation E==== 1 -
NLO Taylor-expansion ———1 —_—
135 LO Taylor-expansion === B o gEEx"®
170 f { : f t t t t t t +— = 08 T3 4
-H T
165 ¥~L — + — |~
[i:} i
160 + + {>7 4 £ 0.6 ........‘
_ 155 F E| zn*" .
g 150 | . N . . = 0.4 i E = 1
=145 Dyson-Schwinger: hep-ph/1906.11644 ——— 02 L 4 P S M
140 Chemical freezeout: nucl-th/0511071v3 —e— . $ e+
1 nucl-th/1212.2431 r—e— 2 -
35 hep-ph/1403.4903 +—a— 1 0
130 - nucl-th/1512.08025 —— 4 L T T T T T
l-ex/1701.07065 —v—
(R S AT AL e 1 120 140 160 180 200 220 240
0 50 100 150 200 250 300
g [MeV] T [MeV]
Borsanyi, PP, at el., PRL 125 (2020) 052001; Borsanyi, PP, at el., PRL 126 (2021) 232001
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Critical behavior in QCD

In general, in order to observe criticality one can
tune the system to the critical point

This is possible e.g. for water and watery mixtures

Room 3.0 min 5.5 min 6.0 min
Temperature (One Phase) (One Phase) (Two Phases)

Williamson et al., J. Chem. Educ. 2021, 98, 7, 2364-2369

T — T
Au+Au Collisions
0%-5% Central

In QCD we can’t! In heavy-ion collisions, we

a 9
= —
[ 4
= -
Y ooelr- i
sk 3 can observe final state hadrons
£ oo -
2 ok 4 Search for large event-by-event fluctuations:
E L E
Tl = = 2 9/2 7
E L 3 K2 ~§ K3 ~ & / kg ~ &
0 i 1 i ! ! t

10 0 10 20 30 40

Net-proton (AN, = N, - Ng) Stephanov, PRL 102 (2009) 032301

STAR Collaboration, PRL 112 (2014) 032302 16/20



Critical behavior in QCD

We do know: the critical point of QCD has same universality class as 3D Ising model
Pisarski, Wilczek, PRD 29 (1984) 338

Expected non-monotonic dependence of net-proton moments vs collision energy (left)
Stephanov, PRL 107 (2011) 052301

120¢ | | | ] 1.5 Au+Au Collisions at RHIC ]|

100} ] - 0.4<p_<20GeV/c,|y|<05 A

80’ ] O: 1= - F === === ——

s 60 5 | fpoond Py

40! S 05 il,' I - C. -

20t = | (c) =% |
Q 2

0 — Z 0oF -

-20 ‘ ‘ ‘ ‘ L BESI BES-I o
-04 -02 00 02 04 06 . ' i X

t Collision Energy \sy, (GeV)

STAR Collaboration, PRL 135 (2025) 142301

17/20
Recent data show only hints, it’s not clear if and where there is non-monotonicity /



Large density QCD from the lattice

We need to get creative ...

o QCD transition line at large up

Borsanyi, PP et al., 2410.06216, Borsanyi, PP et al., 2510.26455

o Equation of state with B,Q,S charges

Abuali, PP et al.,, 2504.01881

¢ Critical point from entropy contours?

Borsanyi, PP et al.,, 2502.10267

¢ Critical point from Yang-Lee edge singularities

Adam, PP et al.,, 2507.13254

... let’s take one example



Critical point from Yang-Lee edge singularities

Imh 4 complex & plane

e Zeroes of the partition function (Lee-Yang zeroes) A
approach and pinch the real (up) axis at the critical "
point 2
e These singularities of the free energy f ~ log Z, i _
accumulate at the Yang-Lee edge (YLE) singularities ' g
62 GAg2 (L) o h.=0 Reh

C. Schmidt, Lattice 24

e Close to the critical point, the scaling variable z = t/hﬁ5 is the only “coordinate”, and the

T
ze = |zc| exp (%)

e In QCD this translates to expected scaling forms for the real and imaginary parts of the YLE:

YLE are universally located at:

ReAup = ppc + 1l AT (+c2AT?) and ImApp = csAT?? 18/20



Critical point from Yang-Lee edge singularities

Location of the LYE singularities in the complex pup plane from fits to baryon fluctuations

2.3 ® Cosh-Padé for Ap 0.025 1 = pDF of stat. & syst. weights
A55 @  Cosh-Padé for x§ [0 PDF of syst. weights
® Cosh-Padé for x5 _J?()_OZOA
2
3
0.015
50 2
2 0.010
Qo
o
© 0.005
0.000 L ——E—El—ir
30 35 40 45 50 55 60 —150 -100 _5_?_ OM VSO 100 150
Re(us/T) cep [MeV]

Extrapolated with the expected scaling ansatz to search where Im(up) = 0 — estimate 7!

Systematic uncertainties (3 x 4 x 6 = 72 analyses) hint at the critical point existing
(with large uncertainties, on a single lattice) 19/20




Summary

= T T T T T T Y(15), pos =2.36 GeV
So14F 4 e 10%, Tine =500 Mev
3 . — 0-10%, mf_suo e 0.025 1 =3 PDF of stat. & syst. weights
120 ] e T T ey - =1 PDF of syst. weights
0.8 —— 30-40%, +0.0204
b 1 —— 40-50%, 2
S — 50-60%, g
E %06 60-70%, 0.015
0.8 g —— 70-80%, 3‘
& 80-00%, Tinir = 185 MeV =
0.6 1 3 2 0.010
S04 Qo
0.4 ] @ <
b 2 0.005
0.2 b 0.2
e 0.000 -
00'“;“““"‘é“‘;";‘o";!‘;!';e -150 -100 -50 0 50 100 150
p. (GeV/c) 0% 2 4 6 8 10 12 14 16 Teep [MeV]
o t(fm/c)

THANK YOU!
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BACKUP



Heavy ion collisions simulations

Input: initial conditions, equation of state (to close the set of equations)
Bulk evolution: described by relativistic viscous hydrodynamics:

8, T" =0 9, N* =0

— evolution from conservation equations

Properties of the medium is encoded in transport coefficients: shear viscosity 7/s, bulk

viscosity (/s, ...

LI e
- - 4
Energy Density (GeV / fm®) Baryon Density (fm~*) ‘Strangeness Density (fm~) Charge Density (fm~)
s " 3
‘o v s
)y -
£ > ¥ ok L o
= > » -
+ R (4 o 2 stout HISQ
. L - ” (espyTé B =
1 pTY .
—_— - — o — o /4T .
" B o : i s & s i s o s i s o 5" T[MeV]
s s e N A A SR T S S A ST A A A A

o
130 170 210 250 290 330 370

Plumberg et al.,, 28312.07415
Borsanyi et al., PLB 730 (2014) 99

Hadronization: somehow “particlize” the medium
Output: after hadronization and an afterburner, particle spectra — Ra4. va, ...



B,Q.,S: a 4D equation of state
Full trajectories of hydro cells until hadronization. We can have a picture of density

fluctuations in all B, @, S, as a function of T’

500 : ‘ : ‘ : : : : ‘
Ph-Ph 5.02 TeV
I 0-5% 1 B425

- 400y 400
s g
= 300 -
[ o
5 350
200t 325
5 = 300

250

us [MeV] po [MeV]

Plumberg et al., PRC 111 (2025) 044905

1g [MeV]

Full 4D equation of state needed even at LHC, where (p;) = 0.
EXiStiIlg results based on Taylor expansion Monnai:2019hkn, , Noronha-Hostler:2019ayj, ,




An alternative: 7’ expansion

We observe that xP(T, fip) at (imaginary) fip appears to be differing from x¥ (T, 0)

Inostly by a rescaling of T Borsanyi, P.P. et al., PRL 126 (2021) 232001
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= Likely a consequence of scaling near the O(4) chiral critical point



The T’ expansion in 4D

Generalize the usual 1D 7" expansion to an arbitrary direction in 3D space of i

Fipy Ap N
AoA A ig = ficos(d .
(.MB’ ”Qv HS) "fB 'MA ) ( )
° fig = fisin(6) cos()
fis = fisin(8) sin(p)
> A a2 A2 A2
A H=[#pt g+ i
6 = arccos (/23//2)

@ = sgn(fig)arccos <ﬁQ/ ﬁz) + ﬁf«) "

Ko Ho
Cartesian Coordinates Spherical Coordinates

Work in spherical coordinates and apply the procedure along direction defined by 6, ¢




Observables

Particle yields and event-by-event net-particle fluctuations
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hint at an almost perfeclty thermalized medium in final stages of the collision

— used to extract T, up where system freezes-out



Thermodynamics in 4D

We choose an exemplary direction 6

= ¢ = /4 (mixing B, @, S)
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No pathological behavior and more extended coverage than Taylor
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Thermodynamics in 4D

We choose an exemplary direction 6 = ¢ = 7/4 (mixing B, @, S)
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Thermodynamics in 4D

We choose an exemplary direction 6§ = ¢ = 7/4 (mixing B, @, S5)
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No pathological behavior and more extended coverage than Taylor



Observables

Nuclear modification factor

1 dNAA
d . .
Raa = N—dﬁ—gp (=1 if no medium)
coll T
rT

Anisotropic flow

Fourier coefficients vy, of azimuthal distribution

p(o) = % 142 Zvn cos(n(¢p — s)) (= 0 if no medium)

Snellings, New J. Phys. 13 055008
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The QCD transition: crossover vs. first order

On the lattice we study the volume scaling of certain quantities to determine the order of
the transition

Left: physical masses Right: infinite masses (pure gauge)
L e e W IT=4 W LT=45
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e For a crossover (left), the peak height is independent of the volume
e For a first order transition, it scales linearly with the volume

Aoki et al. Nature 443 (2006), Borsanyi, PP et al., PRD 105 (2022)



The QCD transition: Columbia plot

As a function of the light (u,d) and strange quark masses, the order of the transition

changes
mg '_-"‘GAUGE
2" order
Oo4)
physical point N=3
lrmts“ S N=1

e At the physical point mg/mq ~ 27, the transition is a smooth crossover!

e In the heavy-quark limit (pure gauge), the transition is first order



Critical point from constant entropy contours?

If a critical point exists, contours of constant entropy must intersect in the phase diagram
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Starting from data at imaginary pp, construct the entropy density:

KUB
onp (T, i)
s(T,up) = s(T, up =0)+/ du’BB(TM
0

and draw the contours starting at different 7' (right plot)



Critical point from constant entropy contours?

We require the contours not to overlap at the 1o and 20 levels, temperature by
temperature — 20 exclusion region

U U WB Transition line [2002.02821

WB finite volume transition line {2410.06216

170 Freezeout Andronic et al [1710.09425
Freezeout estimate Lysenko et al [2408.06473| ==
STAR freezeout [1701.07065| H—#——

DSE-crossover [2106.08356

160 26 exclusion range [This work]

0 100 200 300 400 500 600
up [MeV]

This is the first rigorous exclusion range from lattice QCD.



Large density QCD phase boundary

Some quantities remain constant at the chiral transition when (imaginary) pp is varied
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Prediction for the QCD crossover up to pup ~ 550 MeV from a Taylor expansion. Seems to
depart from the chemical freeze-out line above ~ 500 MeV.

It is the first time such deviation is seen, will help guide new low-energy experiments



The width of the transition at finite chemical potential

We can extrapolate our results for <z/;w> along contours of constant <1ZQ/}> (left) or constant
wp /T (right)
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The extrapolated <¢_J1/J> at finite up is quite precise for up < 37T



The QCD critical point

From the theory side, many different models predicting a critical point
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— and recent estimates seem to “converge”
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