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ultimate goal: microscopic understanding of strong interacting matter 
 by first principle QCD
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principle QCD
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QCD under extreme conditions 
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• basically only corners known from first 

principle QCD

• experiments to probe cold dense 

QCD matter 

➜ heavy-ion colisions  

     (e.g. BNL, FAIR etc) 

 

➜ neutron star physics 

     (e.g. NICER,  

                aLIGO, aVirgo,KAGRA, Geo600)
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status first-principle QCD
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• status first-principle QCD: 

functional methods (FRG/DSE) 

& lattice simulations 

➜ need improvements / input 

 for µB

T
> 4

[Fu, Pawlowski, Rennecke 2019] 
[Gao, Pawlowski 2020] 
[Gunkel, Fischer 2021] 
[Fu, Pawlowski, Pisarski et al. 2025]

model-based extrapolations 
 

or 
 

QCD-assisted truncations
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low-T phases of  dense matter

Nuclear phase:  
1-2 meson/quark  
exchanges

EoS from  
nuclear physics 
ρ < 2ρ0   χEFT

6

ρ >> 50 ρ0

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)

0.1

0.2

0.3

αs(Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e– jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τdecays (N3LO)

1000

(NLO
pp –> tt (NNLO)

)(–)

[Baym, Kojo et al 2018] ’3-window’ model of dense matter
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)LJXUH ��� 'LDJUDPV WKDW JLYH ULVH WR QXFOHDU IRUFHV LQ &K()7 EDVHG RQ :HLQEHUJ¶V SRZHU FRXQWLQJ�
6ROLG DQG GDVKHG OLQHV GHQRWH QXFOHRQV DQG SLRQV� UHVSHFWLYHO\� 6ROLG GRWHV� ILOOHG FLUFOHV DQG ILOOHG
VTXDUHV DQG FURVVHG VTXDUHV UHIHU WR YHUWLFHV ZLWK ∆i = 0, 1, 2 DQG 4� UHVSHFWLYHO\�

7KH TXDQWLW\ κi ZKLFK HQWHUV WKLV H[SUHVVLRQ LV QRWKLQJ EXW WKH FDQRQLFDO ILHOG GLPHQVLRQ RI D YHUWH[ RI
W\SH i �XS WR WKH DGGLWLRQDO FRQVWDQW −4� DQG JLYHV WKH LQYHUVH PDVV GLPHQVLRQ RI WKH FRUUHVSRQGLQJ
FRXSOLQJ FRQVWDQW� ,Q IDFW� WKLV UHVXOW FDQ EH REWDLQHG LPPHGLDWHO\ E\ FRXQWLQJ LQYHUVH SRZHUV RI WKH
KDUG VFDOH Λχ UDWKHU WKDQ SRZHUV RI WKH VRIW VFDOH Q �ZKLFK LV� RI FRXUVH� FRPSOHWHO\ HTXLYDOHQW��
,QGHHG� VLQFH WKH RQO\ ZD\ IRU WKH KDUG VFDOH WR EH JHQHUDWHG LV WKURXJK WKH SK\VLFV EHKLQG WKH /(&V�
WKH SRZHU ν LV MXVW WKH QHJDWLYH RI WKH RYHUDOO PDVV GLPHQVLRQ RI DOO /(&V� 7KH DGGLWLRQDO IDFWRU −2
LQ (T� ������� LV D FRQYHQWLRQ WR HQVXUH WKDW WKH FRQWULEXWLRQV WR WKH QXFOHDU IRUFH VWDUW DW ν = 0�
, HQFRXUDJH WKH UHDGHU WR YHULI\ WKH HTXLYDOHQFH RI (TV� ������� DQG ������� IRU VSHFLILF GLDJUDPV�
2QH LPPHGLDWHO\ UHDGV RII IURP (T� ������� WKDW LQ RUGHU IRU SHUWXUEDWLRQ WKHRU\ WR ZRUN� WKH HIIHFWLYH
/DJUDQJLDQ PXVW FRQWDLQ QR UHQRUPDOL]DEOH DQG VXSHU�UHQRUPDOL]DEOH LQWHUDFWLRQV ZLWK κi = 0 DQG
κi < 0� UHVSHFWLYHO\� VLQFH RWKHUZLVH DGGLQJ QHZ YHUWLFHV ZRXOG QRW LQFUHDVH RU HYHQ ORZHU WKH FKLUDO
GLPHQVLRQ ν� 7KLV IHDWXUH LV JXDUDQWHHG E\ WKH VSRQWDQHRXVO\ EURNHQ FKLUDO V\PPHWU\ RI 4&' ZKLFK
HQVXUHV WKDW RQO\ QRQ�UHQRUPDOL]DEOH LQWHUDFWLRQV HQWHU WKH HIIHFWLYH /DJUDQJLDQ�

:KLOH (T� ������� GRHV QRW VD\ PXFK DERXW WKH WRSRORJ\ DQG LV� WKHUHIRUH� QRW SDUWLFXODUO\ XVHIXO WR
GHDO ZLWK GLDJUDPV� LW LV YHU\ FRQYHQLHQW IRU DOJHEUDLFDO FDOFXODWLRQV� ,Q IDFW� LW IRUPDOO\ UHGXFHV WKH

��

χEFT Hamiltonian organized  
by Q/𝛬

[Beane, Bedaque, Epelbaum, Hebeler, Kaplan, Machleidt, Meisner, Phillips, Savage, Schwenk, van Kolck, Wise … ]

intrinsic breakdown scale 
𝛬 ~ 500 - 600 MeV 

Q: rel momenta  
between nucleons 
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low-T phases of  dense matter

Nuclear phase:  
1-2 meson/quark  
exchanges

EoS from  
nuclear physics 
ρ < 2ρ0   χEFT

7

interpolated EoS 
many meson/quark  
exchanges

system gradually changes 
from hadronic to quark matter 
- diquarks, colored quarks virtually …
- role of strangeness / hyperons

2ρ0 < ρ < 7ρ0  Neutron stars

ρ >> 50 ρ0

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)

0.1

0.2

0.3

αs(Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e– jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τdecays (N3LO)

1000

(NLO
pp –> tt (NNLO)

)(–)

[Baym, Kojo et al 2018] ’3-window’ model of dense matter
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low-T phases of  dense matter

Nuclear phase:  
1-2 meson/quark  
exchanges

EoS from  
nuclear physics 
ρ < 2ρ0   χEFT

Quark phase:  
quarks no longer  
specific to baryons
mostly mean-field investigations 
like NJL-type or phenomenological  
models 

[Blaschke, Fischer, Oertel, Schaffner-Bielich, …]

8

interpolated EoS 
many meson/quark  
exchanges

system gradually changes 
from hadronic to quark matter 
- diquarks, colored quarks virtually …
- role of strangeness / hyperons

2ρ0 < ρ < 7ρ0  Neutron stars

ρ >> 50 ρ0

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)

0.1

0.2

0.3

αs(Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e– jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τdecays (N3LO)

1000

(NLO
pp –> tt (NNLO)

)(–)

➜ upgrade with FRG methods   

[Baym, Kojo et al 2018] ’3-window’ model of dense matter
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conflicting constraints on EoS
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EoS ↔︎ TOV equation ↔︎ M-R relation (observables)
three constraints on the EoS:

1.  stiff enough (@high density) ➜ 2M⊙ 

2.  soft enough (@low density) ➜ Radius 

3.  speed of sound < 1

102 103 104

100

101

102

103

104[Baym 2018]
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the ultimate goal
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… solving first principle QCD

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

Γ(2)
k = δ2Γk

δφδφ

t = ln(k/Λ)

Rk ���	������

[Wetterich 1993]

Γk =

�
d4xq̄[iγµ∂

µ − g(σ+i�τ�πγ5)]q +
1

2
(∂µσ)

2 +
1

2
(∂µ�π)

2 + Vk(φ
2)

Vk=Λ(φ
2) =

λ

4
(σ2+�π2−v2)2 − cσ

�

arbitrary potential

11

Wetterich Equation (average effective action)

� truncation: e.g. Quark-meson type approximation

regulator conditions:

•  

Rk(p
2) = p2r(p2/k2)

lim
p2/k2!1

Rk(p
2) = 0

•  lim
p2/k2!0

Rk(p
2) > 0 (= k2)

•  lim
k!1

Rk(p
2) ! 1
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QCD at finite density
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• pQCD: @O(100 GeV) (deep high-energy 
perturbative region) 
n ~ 50-100 n0 

• large densities: mq negligible ↔︎ μ 
CFL: diquark pairing (p=0, JP=0+) 
always in QCD by gluon-exchange 

• smaller densities: mstrange > mlight ➜ smaller pF 
CFL unstable due to different pF 

• 2SC or/and quaryonic phases 

density

dense quark matter

isospin

here: 2SC phases: 2 quark flavor with 2 color pair

SU(2)L → SU(2)R → SU(3)c ↑ SU(2)L → SU(2)R → SU(2)c

via Higgs mechanism: 8-3 gluons become massive 
(no Goldstone bosons)
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EoS from QCD
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• QCD procedure: start @O(100 GeV) (deep high-energy perturbative region) [Braun et al. 2012++]

∂t + +=

kIR

Λ ~ O(10GeV)

k�

‣ symmetric regime

‣ symmetry-broken regime

quarks, gluons

quarks, gluons ➜ mesons

quarks, diquarks, mesons etc

• general picture:

➜ ➜

• quark-gluon vertex ➜ many quark self-interaction channels 

• dynamical hadronisation:  
 
4-quark correlators ➜ bound states /resonances
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4-quark correlators
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• QCD procedure: start @O(100 GeV) (deep high-energy perturbative region)

kIR

Λ ~ O(10GeV)

k�

‣ symmetric regime

‣ symmetry-broken regime

quarks, gluons

quarks, gluons ➜ mesons

quarks, diquarks, mesons etc

[Braun et al. 2020]

q̄q ➜ (pseudo)scalar

q̄q ➜ CSC (diquarks)

pseudoscalar ⇠ (q̄q)2 � (q̄�5~⌧q)
2

� ⇠ q̄q and ~⇡ ⇠ iq̄�5~⌧q

diquark ⇠ (qT C⌧2�A�5q)(q̄�5⌧2�ACq̄T )

!→
A → q̄ω5ε2ϑACq̄T
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dynamical hadronization
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• QCD procedure: start @O(100 GeV) (deep high-energy perturbative region) [Braun et al. 2012++]

kIR

Λ ~ O(10GeV)

k�

‣ symmetric regime

‣ symmetry-broken regime

quarks, gluons

quarks, gluons ➜ mesons

quarks, diquarks, mesons etc

• beyond pointlike approximation  ➜ dynamical hadronization

∂t + +=

➜ ➜

• cast into quark-meson-diquark model truncation 
parametrizes low-energy regime with most important  
(pseudo)scalar and diquark channel
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quark-meson-diquarks
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• QCD procedure: start @O(100 GeV) (deep high-energy perturbative region)

kIR

Λ ~ O(10GeV)

k�

‣ symmetric regime

‣ symmetry-broken regime

quarks, gluons

quarks, gluons ➜ mesons

quarks, diquarks, mesons etc

⇢ =
1

2
(�2 + ~⇡2)with and

[Mire, BJS to be published]

(pseudo)-scalar (anti)-diquarks

Quark-meson-diquark truncation at scale k�

d → |!|2 =
∑

A

!→
A!A

LQMD = q̄
(
/ω → µ̂ε0 + gω (ϑ + iε5ϖϱ ϖς)

)
q

+
g!
2

(!→
Aq̄Cε5ς2φAq →!Aq̄ε5ς2φAqC)

+ ((ωε + ↼ε02µ)!
→
A) (ωε → ↼ε02µ)!A

+
1

2
(ωµϑ)

2 +
1

2
(ωµϖϱ)

2 + U(↽, d)→ cϑ
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quark-meson-diquarks
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‣

[Mire, BJS to be published]

Quark-meson-diquark truncation at scale k�

LQMD = q̄
(
/ω → µ̂ε0 + gω (ϑ + iε5ϖϱ ϖς)

)
q

+
g!
2

(!→
Aq̄Cε5ς2φAq →!Aq̄ε5ς2φAqC)

+ ((ωε + ↼ε02µ)!
→
A) (ωε → ↼ε02µ)!A

+
1

2
(ωµϑ)

2 +
1

2
(ωµϖϱ)

2 + U(↽, d)→ cϑ
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Fermi-surface

18

E� =
q

(✏q ± µ)2 + g2�d ✏{q,⇡,�,�} =
q

k2 +m2
{q,⇡,�,�}

‣ dispersion relations

‣ flow equation

coupling

� and �2

⇠ coth
✏� � 2µ

2T⇠ ✏q � µp
(✏q � µ)2 + g2�d

‣

‣

�! ⇠ ✏q � µ

((✏q � µ)2 + g2�d)
3/2

diverges at Fermi-surface 

flow around Fermi-surface?

[Mire, BJS to be published]

0 1 2 3
0

1

2

3

4
Δ = 0.0
Δ = 0.0
Δ = 0.6
Δ = 0.6

energy

ω

gap
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no diquark loops
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‣

[Mire, BJS to be published]

no diquark 
loops

⇢ =
1

2
(�2 + ~⇡2)with and

(pseudo)-scalar (anti)-diquarks

d → |!|2 =
∑

A

!→
A!A

avoiding medium divergence

→ µ2!2

Quark-meson-diquark truncation at scale k�

LQMD = q̄
(
/ω → µ̂ε0 + gω (ϑ + iε5ϖϱ ϖς)

)
q

+
g!
2

(!→
Aq̄Cε5ς2φAq →!Aq̄ε5ς2φAqC)

+ ((ωε + ↼ε02µ)!
→
A) (ωε → ↼ε02µ)!A

+
1

2
(ωµϑ)

2 +
1

2
(ωµϖϱ)

2 + U(↽, d)→ cϑ
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Phase diagram: quark-meson-diquarks 
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‣ flow in LPA and flat (Litim) 3d regulator: 

[Mire, BJS to be published]

• diquark coupling g! • flow with flat (Litim) 3d regulator 
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EoS & mass-radius relation
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• First Quark-meson-diquark FRG results

Maxwell construction: hadronic EoS (DD2) M-R relation

‣ onset quark matter EoS:  
diquark pole mass

‣ superconducting quark core 
 
already stable with present diquark parameters  

[Mire, BJS to be published]
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mass-radius relation

22

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

‣ note: 
 
different  
couplings!

[Mire, BJS to be published]
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tidal deformability

23

[Mire, BJS to be published]
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‣ note: 
 
different  
couplings!

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


