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QCD under extreme conditions

ultimate goal: microscopic understanding of strong interacting matter

by first principle QCD
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QCD under extreme conditions

temperature principle QCD

Quark‘Gluon
Plasmga

early universe

Neutron . ‘ .
Stars <« — ®nsity,

e basically only corners known from first
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QCD under extreme conditions

e basically only corners known from first

temperature principle QCD

* experiments to probe cold dense
QCD matter

early universe

=>» heavy-ion colisions

(e.g. BNL, FAIR etc)

4 =» neutron star physics
0 3 Neutron ,
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Stars <« —

condensates
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status first-principle QCD
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[Fu, Pawlowski, Rennecke 2019]
[Gao, Pawlowski 2020]

[Gunkel, Fischer 2021]

[Fu, Pawlowski, Pisarski et al. 2025]

e status first-principle QCD:
functional methods (FRG/DSE)
& lattice simulations

=» need improvements / input

for UB
— >4
T

model-based extrapolations

\ or

QCD-assisted truncations
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low-T phases of dense matter

[Baym, Kojo et al 2018] ’3-window’ model of dense matter a(Q? Y E;‘g‘%afsgig?)
A jets
o Heavy Quarkonia (NLO)
03} o e'e jets & shapes (res. NNLO)
Nuclear —> Interpolated EoS <— Quark models :p >> 50 po . e.g)v. precision fits (NNLO)
: - 1 v pp —> jets (NLO)
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NMUE CET [Pt S Weoree A S S xEFT Hamiltonian organized
1-2 meson/quark . >< F * ‘ ‘ by Q/A
exchanges A
NLO >< \::: H [' H — — intrinsic breakdown scale
———————————————————————————————————————————————————————————————— A ~ 500 - 600 MeV
vo 1t K =
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P < 2po XEFT e bl e b A B X TN L -

Q: rel momenta
between nucleons

[Beahe, Bedaque, Epelbaum, He‘beler, Kaplan, Machleidt, Meisner, Phillips, Savage, Schwenk, van Kolck, Wise ... ]
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low-T phases of dense matter

October 2015

[Baym, Kojo et al 2018] '3-window’ model of dense matter ay(Q?) : E?S(}g: é?ié?’
: _ o Heavy Quarkonia (NLO)
: : . 031 o e'e jets & shapes (res. NNLO)
Nuclear —> f—Quark models p >> 50 Po e ¢.w. precision fits (NNLO)
: - - v PP —>i
: ( non-confining ) E(pQCD) ’ 1131(1; —>4[tet(iu(\jNLIZ)(§)
: 02}
s ) o —
OQ‘QA. . e :
1 i s
e AL - Ng = QCD ag(M,) = 0.1181 + 0.0013
> 10 100 1000
~ 2n, (4-7)n, ~ 100 n, Q [GeV]
Nuclear phase: interpolated EoS
1-2 meson/quark many meson/quark
exchanges exchanges
system gradually changes
from hadronic to quark matter
- diquarks, colored quarks virtually ...
EoS from - role of strangeness / hyperons
nuclear physics
P <2po XEFT 2po0 < P < 7po Neutron stars
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low-T phases of dense matter

[Baym, Kojo et al 2018] ’3-window’ mode! of dense matter ay(Q? v Efgc.ays (NLO)
A jets (NLO)
o Heavy Quarkonia (NLO)
. 03 | o e'e jets & shapes (res. NNLO)
Nuclear — Interpolated EoS < >> 50 Po e ¢.w. precision fits (NNLO)
: v pp—> jets (NLO)
\CD) v pp —> tt (NNLO)
@ © & » 0.2 -
o%. y ;O o} v-:i
0 0,
- 50
L) ) e 0.11L P rGL S
0 g = QCD 0x(M,) =0.1181 + 0.0013
—_> 1 10 100 1000
~ 2n, ~ (4-7)n, ~ 100 n, Q [GeV]
Nuclear phase: interpolated EoS Quark phase:
1-2 meson/quark  many meson/quark quarks no longer
exchanges exchanges specific to baryons
mostly mean-field investigations
system gradually changes : :
: like NJL-type or phenomenological
from hadronic to quark matter
: . models
- diquarks, colored quarks virtually ...
EoS from - role of strangeness / hyperons
nuclear physics =>» upgrade with FRG methods
p <2po XEFT 2po0 < p < 7po Neutron stars

[Blaschke, Fischer, Oertel, Schaffner-Bielich, ...]
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conflicting constraints on EoS

[Baym 201

8]

Nuclear —> Interpolated EoS <— Quark models 5
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2.0 ﬁ vf\ 2 "M EoS & TOV equation & M-R relation (observables)
softer -
1.5 | e== EoSatng~2-4n, three constraints on the EoS:
| 9 uslopen
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the ultimate goal

... solving first principle QCD

Connect low-energy models to first principle QCD
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Functional Renormalization Group

B Wetterich Equation (average effective action) regulator conditions:

Ri(p*) = p*r(p*/k?)

e lim Ri(p°)=0

O [¢] = ) Tr OiRy

F,Ez) + Ry p?/k?—o0
@ _ 67Ty
kT 5000 |
1 ) 20 (R
kO 'k [p] ~ > b

R;. regulators .
) . kli)rglo Ry (p?) — o0

[Wetterich 1993]
I'a

B truncation: e.g. Quark-meson type approximation
T = | dizalin. OF s 16’ 5 16’*2 5
k= 2qliv, 0" — g(o+iT7ys5)]q + 5( u0)” + 5( um)” =+ Vi(97)

A\ ) : :
Vk:A(¢2) _ _(02+7T2_vg)2 oo arbitrary potential
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QCD at finite density

e pQCD: @0(100 GeV) (deep high-energy
perturbative region)

n ~ 50-100 no
I densities: ligibl :

e large densities: mq negligible < p & [ Neutron dome,
CFL: diquark pairing (p=0, JP=0+) 1 ~ Qtare o -7 ity Mg

always in QCD by gluon-exchange

* smaller densities: Mstrange > Miight =¥ smaller pr
CFL unstable due to different pr

e 2SC or/and quaryonic phases

here: 2SC phases: 2 quark flavor with 2 color pair
SU(Q)L X SU(Q)R X SU(B)C — SU(Q)L X SU(Q)R X SU(Z)C

via Higgs mechanism: 8-3 gluons become massive
(no Goldstone bosons)
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EoS from QCD

e QCD procedure: start @0(100 GeV) (deep high-energy perturbative region)

[Braun et al. 2012++]

1 .
S = /d4:v {—F“VFQV + 1 (i@ + gA + ivop w}
N\ ~O(10GeV) quarks, gluons 4 mH ( )

* symmetric regime e quark-gluon vertex =» many quark self-interaction channels
quarks, gluons = mesons e dynamical hadronisation:

ko
4-quark correlators =» bound states /resonances

> symmetry-broken regime

g g g
quarks, diquarks, mesons etc at>< - A>©<A + E>< == ﬁ
g
g g

K1r e general picture:

g g
h; h;
-> X -> -
Ai
g g

5.5.2025 | B.-J. Schaefer, JLU Giessen | CSC in 2-flavor QCD and Neutron Stars 13/23



4-quark correlators

e QCD procedure: start @0(100 GeV) (deep high-energy perturbative region)

N\ ~ O(10GeV)

quarks, gluons

> symmetric regime

quarks, gluons =» mesons

ko

> symmetry-broken regime

quarks, diquarks, mesons etc

pseudoscalar ~ (7q)* — (G757q)°

o~ qqand T 14574 [Braun et al. 2020]
25 | | I | I | I
— (OM) —— (S+P). —— (V+A) (V=A) == (V+A
20 == (cSO) == (S+PPI == (V+A), V=AlL == (v—a)y ]

———_—-—
R ——N
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diquark ~ (qTCTQ)\A%q)(C_?%Tz)\ACCfT)
A%y ~ qy572AaCT
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dynamical hadronization

* QCD procedure: start @0(100 GeV) (deep high-energy perturbative region) [Braun et al. 2012++]

1 _
S = /d4iv{—F"’yF“V + 9 (i@ + gA + iyop w}
N ~O(10GeV)  quarks, gluons 4 #* ( )

g g
g
> symmetric regime at X = )U\ + % >\ <+ ﬁ
g g )

quarks, gluons =» mesons

ko
¢ beyond pointlike approximation =» dynamical hadronization

> symmetry-broken regime

. g g
quarks, diquarks, mesons etc o
h; h;
-> L -> -t
Ai
FIr
I I g -

¢ cast into quark-meson-diquark model truncation
g parametrizes low-energy regime with most important
L (pseudo)scalar and diquark channel

R
-9

pr—— p 5/23

P
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quark-meson-diquarks

e QCD procedure: start @0(100 GeV) (deep high-energy perturbative region) [Mire, BJS to be published]

Quark-meson-diquark truncation at scale kg

N ~O(10GeV)  quarks, gluons

> symmetric regime Lovbp = ¢ (@ — [0 + g4 (0 + 157 F)) q

quarks, gluons =» meson

gn % _
‘|‘7 (AN GcvsTaAAG — AAGY5T2AAGC)
ko

+ ((81/ + 5V02,u) AZ) (ay _ 51/02,U)AA

> symmetry-broken regime

quarks, diquarks, mesons etc "‘%(auU)Z 4 %((%7?)2 +U(p,d) — co

kIR 1
. 2 —2 *
with p = 5(0 +7°) and d=|A]* = EA AW A

(pseudo)-scalar (anti)-diquarks
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quark-meson-diquarks

[Mire, BJS to be published]

Quark-meson-diquark truncation at scale kg

Lomp = q (@ — firyo + g¢ (0 + i%ﬁﬂ) q
gn o _
+7 (AAGcY5T2AAG — AAGY5T2AAGC)

+ (((9,/ + (S,/OZILL) AZ) ((9,/ — 51/02/,L)AA

1 1
+5(040)" + 5 (0u7)" + U(p, d) —co
1 \
OiUk(0, A) = — @ T35
QMQQ \\ / A2,0’
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]
Fermi-surface

[Mire, BJS to be published]

> dispersion relations

EA:\/(Eq:EILL) +9Ad G{qﬂ'O'A}_\/k2+m{q7raA}

> flow equation

q’l")qg ~ /A27

energy /@ coupling
/ A o and A,

1 1
2 ! , 2
) m - A57A7

~ - ~

l\DI)—‘
-,

_ —2u
€ — H ~ coth &2
™~ — 2 5 c0 2T

- diverges at Fermi-surface
— ~U q
((€g = 1)* + gAd)>/

flow around Fermi-surface?
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no diquark loops

[Mire, BJS to be published]

Quark-meson-diquark truncation at scale kg

Lomp = q (@ — firyo + g¢ (0 + i%ﬁﬂ) q

gn o _
+7 (AN GcvsTaAAq — AAGY5T2AAqQC)

¢ — no diquark
+ z [ Aa loops
1L 1
+§(au(7) + 5(8M7T) +U(p,d) — co avoiding medium divergence
~ ,LLQAQ

1
with p = 5(024—7?2) and d = \A|2:ZAZAA
A

(pseudo)-scalar (anti)-diquarks
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Phase diagram: quark-meson-diquarks

[Mire, BJS to be published]

e diquark coupling ga

e flow with flat (Litim) 3d regulator

1.00 i b
100F
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(b) FRG in LPA
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EoS & mass-radius relation

¢ First Quark-meson-diquark FRG results

Maxwell construction: hadronic EoS (DD2)

pressure

—hadronic matter

—quark matter

lu’ Maxwell

» onset quark matter EoS:
diquark pole mass

1.5

M/Mg

1.0

0.5

0.0

[Mire, BJS to be published]

M-R relation

10 11 12 13 14 15
R [km]

» superconducting quark core

already stable with present diquark parameters
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mass-radius relation

¢ First Quark-meson-diquark FRG results vs. MFA

[Mire, BJS to be published]

2.9 —
> note:
different
2.0 couplings!
GW170817
5 1.5F
= L
~
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7 8 11 12 13 14 15

R [km]
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tidal deformability

e First Quark-meson-diquark FRG results vs. MFA [Mire, BJS to be published]

104: | j 1 [ | | | | | | | : > note:
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