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UNDERSTAND MATTER IN EXTREME CONDITIONS

HISTORY OF THE UNIVERSE A

Dark energy
accelerated
expansion

Structure

Cosmic Microwave :
formation

Background radiation

ccelerators is visible ‘ . .

Acce universe before the formation of the CMB

| (t <3x 107y, T > 1eV) is invisible to us;
nucleons formed during this time
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study hot QCD matter to understand
formation of nuclear matter in the universe

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)
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The concept for the above figure originated in a 1986 paper by Michael Turner.

Particle Data Group, LBNL © 2015 Supported by DOE




UNDERSTAND MATTER IN EXTREME CONDITIONS

neutron stars can reach densities of several times the
nuclear saturation density (n ~ 5n, iy ~ 1.5 GeV)

l

study dense QCD matter to understand
heutron stars & their mergers

[ChatGPT/DALL-E]



QCD PHASE DIAGRAM
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quark-gluon plasma
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QCD PHASE DIAGRAM
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quark-gluon plasma
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QCD PHASE DIAGRAM

theoretical challenges:

® strong coupling: non-
quark-gluon plasma perturbative

® sign problem at finite density:
lattice QCD of limited use

® different degrees of freedom
in different phases: EFTs of

limited use

use functional methods

0 1000 2000



QCD PHASE DIAGRAM

Experiments:

heavy-ion collisions

quark-gluon plasma
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QCD PHASE DIAGRAMIN THIS TALK

. Experiments:
open questions

heavy-ion collisions

® |ocation of phase transitions!?

® what happens at large yp! — the moat regime & pattern formation

-  quark-gluon plasma

|/

hadrons

us [MeV]



THE QCD CRITICAL POINT



FUNCTIONAL METHODS

Z[J] = J@¢ iSIp] +i[, J)p(x)
The path integral encodes all possible solving a QFT &

correlation functions of a QFT o 0 knowing all correlation functions

<¢...¢> ~ _..._Z[J]
5151 7 L,

functional methods provide exact relations for correlation functions: DSE & FRG



FUNCTIONAL METHODS

Z[J] = ng iSIp] +i[, J)p(x)
The path integral encodes all possible solving a QFT &

correlation functions of a QFT o 0 knowing all correlation functions

<¢...¢> ~ _..._Z[J]
A A B

functional methods provide exact relations for correlation functions: DSE & FRG

FRG: introduce mass-like regulator R, that cuts-off field modes with momenta p* < k* — flow equation

871

1 6T -1 1
oJ . akrk[¢] = —TIr ( k[¢] + Rk) . akRk = — [Wetterich 1993]
['[¢] = sup ,{ Jx) ¢ —In Z[J] } 2 S5h 6¢ 2

v X

realizes Wilson's RG idea of successively integrating out quantum fluctuations [Nobel Prize in 1982]

=

start from "microscopic” QCD action ', incorporates all quantum full effective action including
at A > 1 GeV (perturbative QCD) fluctuations down to scale & all quantum fluctuations

r, 28 |




FUNCTIONAL METHODS

® define infinite tower of coupled equations for all correlation functions: truncations necessary

® no sign problem: finite density, real time and complex parameter spaces are all directly accessible

® one/two-loop exact: both intuition and techniques can be leveraged

QCD related reviews:

FRG

[Pawlowski, arXiv:051226 | ]
[Gies, arXiv:061 | [46]

[Rosten, arXiv:1003.1366]
[Braun, arXiv: | 108.4449]
[Dupuis at al., arXiv:2006.04853]
[Fu, arXiv:2205.00468]

DSE

[Alkofer, von Smekal, arXiv:0007355]
[Fischer, arXiv:0605173]

[Roberts, Schmidt, arXiv:0005064]
[Eichmann at al, arXiv:1606.09602]
[Fischer, arXiv:1810.12938 ]

[Huber, arXiv:1808.05227]



QCD PHASE DIAGRAM & THE CEP

Results for the chiral transition from direct computations in QCD

Fu, Pawlowski, FR, PRD 101 (2019
180 | (2019)]

® show only results that agree with lattice

160 data at uz = 0

140 ® need to improve/check systematics for

pp!/ T 2 4 (work in progress), but good
agreement between different methods
and approximations

not computed

’."potentially large systematic
.+ error for one given calculation CEP at (T, /’tB) ~ (1 10, 63()) MeV

— = = FRG: Fu, Pawlowski, Rennecke (2019)

DSE: Gao, Pawlowski (2020) ® indications for a new feature:
DSE: Gunkel, Fischer (2021)

FRG: moat regime (pions)
FRG: moat regime (sigma)

Lattice: WB
Lattice: HotQCD
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(more on that later)
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QCD PHASE DIAGRAM & THE CEP

FRG & DSE results corroborated by subsequent extrapolations of lattice data

using Yang-Lee edge singularities:

O conformal Padé [Basar, PRC 110 (2024)]

N, = 6 results + continuum estimate

using thermodynamics:

not computed % constant entropy density [Shah et al. 2410.16206]

B holography [Hippert et al., PRD |10 (2023)]
(agrees with [Cai et al., PRD 106 (2022)])

- == == FRG: Fu, Pawlowski, Rennecke (2019)
DSE: Gao, Pawlowski (2020)
DSE: Gunkel, Fischer (2021)
FRG: moat regime (pions)
FRG: moat regime (sigma)

Lattice: WB
Lattice: HotQCD
/Suv & 3.6 —4.1GeV

0 200 400 600 800 1000

CEP location well constrained

by now and it's in FAIR range!

ug [MeV]



SEARCH FOR THE CEP: HEAVY-ION COLLISIONS

P, S\ C final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy

density /’
. .4 Hadron
o as

collision
overlap zone

pre-
equilibrium . ‘
namics viscous hydrodynamics

- r @7: AT

[D. Fehrenz, GSI/FAIR (2024)]

free streaming
e

collision evolution
t~0fm/c T~1fm/c t ~ 10 fm/c t ~ 101 fm/c

—» imprints of phase structure at freeze-out!?



CRITICAL PHENOMENA & UNIVERSALITY

correlation length fluctuations on all length scales
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critical opalescence of ethane [Wikipedia]

Near the critical point the system is scale invariant and microscopic details are irrelevant



CRITICAL PHENOMENA & UNIVERSALITY

correlation length fluctuations on all length scales

w e N d
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2nd order transition:

E— o0
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critical opalescence of ethane [Wikipedia]

Near the critical point the system is scale invariant and microscopic details are irrelevant

Universality: main features of the system are described by universal critical exponents, e.g.,, E ~ (T'—T,)™"

1.0
example: |
. . « o 0.8 + Ne
liquid-gas transition . Ar g
— 0.6 "ok e
— Ho i < Xe -+
3d Ising = 04f B
. \Y 02
= , i = SI({) vdW prediction
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CAN WE OBSERVE SCALING NEAR THE CEP?

experiment: heavy-ion collisions theory

o . o . - o 3 K
® measure net-proton distributions P(N,) net-baryon susceptibilities from the pressure

[STAR (2021)]

" Au+Au Collisions
0%-5% Central

4<p. <20 (GeVic), ly| < 0.5

® y scale near CEP, e.g.,, y, ~ E’

® scaling near the CEP: non-monotonic beam-
energy dependence of kurtosis ~ sz = Yu/ 2>
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[Stephanov, PRL 102 (2009)]

® net-proton susceptibilities from the distribution

28~ | (Np = (Np))" + | PN
Np

—P measurements can be sensitive to critical fluctuations, but there are many caveats and subtleties!



RIPPLES OF THE CEP [Fu, Luo, Pawlowski, FR,Yin, PRD |11 (2023)]

FRG: low-energy model with QCD and HIC input

| T T r—  r rrTr |
fRG (CE), freezeout: Andronic et al.

5L fRG (CE), freezeout: STAR Fit | _ ° .
ronounced non-mon nici I m-
fRG (CE), freezeout: STAR Fit Il pronounced non-monotonicity at low bea

4 %  STAR BES-l (0-5%) energies, but no scaling
®  STAR BES-II (0-5%)

%  STAR fixed-target (0-5%) Ce :
3L B _ criticality not necessary for non-monotonic

Qg:‘% 1 | . \/Snyy dependence of R,

® CEP location encoded in the peak height

® no sign of the CEP in experimental data yet

_1 t | | | | | | | L1l |
” N bl © AN O ww Q
. Y o M ’ Q)
NSNS R A v
\/SNN [GGV

e need data between /s,y =3 — 8GeV: FAIR

® need better observables (smoking gun)?



THE MOAT REGIME




THE MOAT REGIME [Pisarski, FR, PRL 127 (2021)]

(static) boson dispersion is minimal at nonzero momentum

\/I/G(pO =0,p%) = E(Pp°) = \/Z(pz) p> +m? & \/Z p> +wp* + O(p®) + m?

favored momentum spatial modulations

"gain energy by going faster”



THE MOAT REGIMES IN QC D [Fu, Pawlowski, Pisarski, FR,Wen,Yin, 2412.15949]

® moat appears in static mesonic dispersion; regime appears to depend slightly on the species

: : : cf. [Topfel, Pawlowski, Braun, 2412.16059]
® the lighter the meson, the stronger the signal — pions are good probes

180 | | [ ’ [ 1.20 | | | | |
160 MTB =4 | g =440MeV |
’.” 115 B g =500 MeV B
140 | ~ g =600MeV |
/:O'/ MB — 610 MeV :.‘
120 - % 110} " .
> 100 | I &
%’ S 1.05L 1=145MeV _
= o9 | 1 =
60 — FRG o, PgWIOWSki, Rennecke (2019) — § 100 -—--.,..,,.,-\ ............................................................... -
DSE: Gao, Pawlowski (2020) — ‘
40 H=-—-- DSE: Gunkel, Fischer (2021) - Lﬂ
FRG: moat regime (pions) 0.95 L _
20 H FRG: moat regime (sigma) |
Lattice: WB
Lattice: HotQCD
0 i i | | 0.90 | | | | |
0 200 400 600 800 1000 0 100 200 300 400 500 600
up [MeV] |P‘ [MeV]

—» evidence for spatial modulations in the phase diagram



MOATS & PATTERNS

Moat regime indicates pattern formation in dense QCD matter

QCD at small yj QCD at large pp




MOATS & PATTERNS - A TOY MODEL

adapted phase diagram from large-N limit

[Pisarski, Tsvelik, Valgushev (2020)]
¢* theory with p*-term:

: .' =B - o 3 v. ‘e. .
q g8 : " v -. 1 v € — O
- -y ' - ST A . —
T =y, y M . .
"N [N » . i
I . 7 .y ’ .8 =y
" » ' > v A\ - [
I ' L ! I AT " b -.2*.‘[.7 q " ‘.. - »
L et 3 y ."_.-.'I" i =: --"L- | : “.-(A ’ .d'A'- ’ ‘ X ¥ . O r Inar
1= I w4 - . 'r_ '-"J_ » P . g
. V::a:l ] ) F J |“1-_‘..: " " o L . U .4
§ ha S .-'t py -l" AT . L X : I
‘ - R e S 5 ' o LS SRR 4

_z 2 K 2 1\2
%_2(V¢)+2(ng).

preliminary results

simulation on a 2+1d lattice: different patterns emerge, 2 N SR
depending on choice of bare parameters Z and m? “ spotted |- S

moat

[Harhoff, FR, Riedel, Schlichting (in preparation)]
3+ 1d simulations: [Valgushev,Winstel, APP B |17 (2024)]
related system: [Schindler et al., PRD 102 (2019)]

NB: in reaction-diffusion systems these
are known as Turing patterns




IMPLICATIONS OF THE MOAT
The energy gap might close:

180 . . | - |
o BB _ Yy
4 T
160 |- _ _
~.,,,,“Hlml~ L
140 [ ,%\r'}’\’l)}\ /0. =
‘*«lm “’
120] 7\%. ‘
100 | -
80 | -
60 [——= FRG: Fu, P}awlowski, Rennecke (2019) N
DSE: Gao, Pawlowski (2020)
40 1=—-=—:= DSE: Gunkel, Fischer (2021) m
FRG: moat regime (pions)
20 L FRG: moat regirme (sigma) N
Lattice: WB
Lattice: HotQCD
O ] ] | |
0 200 400 600 3800 1000
up [MeV] ?

E > 0 for all p? E=0atp’>0:



IMPLICATIONS OF THE MOAT

The energy gap might close:

180 . . | . .
o HE =4
160 | _ B -
_M“‘-n,h ".
140 | i / .
%lm K
120 | \§?7. ]
100 .
80 | .
60 | = == =  FRG: Fu, P;wlowski, Rennecke (2019) )
DSE: Gao, Pawlowski (2020)
40 |=-=:= DSE: Gunkel, Fischer (2021) u
FRG: moat regime (pions)
20 | FRG: moat regirme (sigma) |
Lattice: WB
0 Lattice: HotQCD | |
0) 200 400 600 800 1000
np [MeV| )
E E
0 , 0
p K2 p
0
E > 0 for all p? E=0atp’>0:

DSE: [Motta, Buballa, Fischer, PRD 108 (2023) & 2411.02285)]

FRG: [Fu, Pawlowski, Pisarski, FR,Wen,Yin, 2412.15949]

e

instability towards formation of an

inhomogeneous condensate

common feature of low-
energy models,

[Nussinov, Ogilvie, Pannullo, Pisarski,
FR, Schindler,Winstel, 2410.2241 8]
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H
adapted from [Koenigstein et al., Phys.A 55 (2021)]

® many types of inhomogeneous phases possible (crystals,
liquid crystals, ... depends on which spatial symmetries are broken)

® in any case, they are always accompanied by a moat regime



SEARCH FOR MOATS IN HICS [Pisarski, FR, PRL 127 (2021)]

intuitive idea

Characteristic feature of moats: particles with minimal energy at nonzero momentum

—> modified particle production at nonzero momentum

® description of particle production requires knowledge of real-time correlation functions

® directly accessible with the FRG [Floerchinger, JHEP 1025 (2012); Kamikado, Strodthoff, von Smekal,Wambach, EP] C74 (2014), ...]

pion spectral function in the moat regime
quasi-particle like peak in the spacelike region:
the "moaton”

[Fu, Pawlowski, Pisarski, FR,Wen,Yin, 2412.15949]




HANBURY-BROWN-TWISS CORRELATIONS [FR, Pisarski, Rischke, PRD 107 (2023)]

Two-pion correlations generated by interference: HBT correlations

C(P,AP) ~ [ e TIAPXL(X, P) p(X, P)
X,P,

nhormal: moat:

100

—® characteristic peak at nonzero average pair momentum



D I L E PTO N P RO D U CT I o N [Nussinov, Ogilvie, Pannullo, Pisarski, FR, Schindler, Winstel, 2410.224 18]

Contribution to the dilepton rate from pions/moatons:

T
d*R W T ,
— ~ ImIT**(p) [ = 7" vvwe ’VVV\'}/
dp4 e .:l_'
For back-to-back dileptons (p = 0)
3 —
l — Normal — A — B
O - I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I I I I
0.0 0.5 1.0 1.5 2.0 2.0 2.5 3.0 3.9 4.0
|E|/meff w/meff

™ Ek2)

—» enhanced dilepton rate from "moaton threshold”



SUMMARY

functional methods provide new insights into the QCD phase diagram

determination of the CEP location directly in QCD from first principles

® different calculations with different systematics show good agreement
® subsequent confirmed by extrapolations of lattice data

® smoking-gun signals for CEP in HICs still missing

reveal new feature of the phase diagram at large 15 the moat regime

® indicates the formation of patterns/crystalline structures

® also natural consequence of emergent CK symmetry in finite-density QCD

Schindler, Schindler, Medina, Ogilvie, PRD 102 (2019)]
‘Haensch, FR, von Smekal, PRD |10 (2023)]
'Winstel, PRD |10 (2024)]

® can |eave signatures in particle correlations and the dilepton rate



