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The QUESTION :

Are there guiding principles leading from

QCD SYMMETRIES

to strongly interacting COMPLEX SYSTEMS

such as

NUCLEI and DENSE BARYONIC MATTER

?
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SYMMETRIES,
SYMMETRY BREAKING PATTERNS
and SCALES in QCD

¥  (aimost) massless u- and d-quarks: ~ CHIRAL SYMMETRY
——mreem > SU(2)z x SU(2); |

left - handed right - handed

@ Low energy : spontaneous chiral symmetry breaking

@ PIONS as (almost) massless Nambu-Goldstone bosons

* Symmetry breaking scale :
A, =4rf, ~ 1 GeVJ

@ Pion decay constant:

f7(TO) ~ 86 MeV (chiral limit) f. =92.2MeV (empirical)

4 m
Technische Universitat Minchen



SYMMETRIES,
SYMMETRY BREAKING PATTERNS
and SCALES in QCD (contd.)

* SCALE INVARIANCE and TRACE ANOMALY

@ QCD with massless quarks - no dimensional parameter

@ |nvariance under scale transformations :

W(z) = N2z A%(z) = AAZ(\z)

@ Trace of energy-momentum tensor O, vanishes classically ...

@ ...but-QCD asa QFT introduces renormalisation scale, and so :
O, = @ Tr|G,,G""| (trace anomaly)

V.
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SYMMETRIES,
SYMMETRY BREAKING PATTERNS
and SCALES in QCD (contd.)

¥ MASS of the NUCLEON and TRACE ANOMALY

@ From massless quarks to massive nucleon :

9

M = (N|(8/9)Tx(Gu G ]| N) = £ (|2 (B2 — B)|N) J

@ Physical nucleon mass: Ny = 1\/[1(\?) +on = 0.94 GeV

@ Si : L 1
Sigma term oN = §(mu + mgq)(N |uu + dd| N)

@ Recent values:
on =~ 50 — 60 MeV  (from pion-nucleon scattering analysis)

on =~ 40 MeV (from Lattice QCD)

* Binding energy per nucleon in nuclear matter : E/A = 16 MeV
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Historical Reminder about SIZES :

CHIRAL SOLITON MODEL of the NUCLEON

Spontaneously broken chiral symmetry + localisation (confinement)

@ NUCLEON : compact valence quark core + mesonic cloud

[fm 7]

baryon density
4mr? pp(r)

4 .
baryonic core 1 I

<r2>]13/2 ~ 0.5 fm

4mr? pg(r)

isoscalar 7
charge density

0 0.2 04 06 08 10 1.2

r [fm)]

Difference of scales between

compact baryonic core and (multi-)pion cloud

N. Kaiser,
U.-G. MeiB3ner, W.W.

Nucl. Phys.
A466 (1987) 685

mesonic cloud

<r2>1/2 ~ 0.8 fm

E.isoscalar
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Transverse distributions of quarks in the proton l

Deeply Virtual Compton Scattering @ JLab

R. Dupré, M. Guidal, M.Vanderhaeghen .
Phys. Rev. D95 (2017) 011501 | xP

compact core:
valence quarks

longitud.

Q? = 3.75 GeV?

(b?) ~ 0.16 fm? - In(1/x)

@ Valence quark region:
0.3 <x<0.5

@ Core size:

6 0. 2
b [fm! Reore = 1/ = (b2) ~ 0.4 — 0.5 fm
2 y
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normal nuclear matter

oB = po = 0.16 fm3J

Densities and

Distance Scales in
Baryonic Matter

baryonic core

ool Average distance RSt of the nucleon
‘ between 3
1.8
two nucleons
1.6 h
dnn
1.4 ;
[fm)| |
1.2 \\
1.0 \N
0.8

P/ po

@ (Multi-)pion fields in space between baryonic sources (ChEFT)

@ Quark cores of nucleons overlap (percolate) at baryon densities
PB > 9 Po )
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PIONS and NUCLEI

in the context of LOW-ENERGY QCD

@ CONFINEMENT of quarks and gluons in hadrons
@ Spontaneously broken CHIRAL SYMMETRY

v

LOW-ENERGY QCD

At (energy and momentum) scales Q < 4rnf, ~1GeV

is realised as an

Effective Field Theory

of Nambu-Goldstone Bosons (PIONS) coupled to

NUCLEONS as (heavy) Fermion sources

y

Technische Universitat Minchen m



Theoretical FRAMEWORKS and METHODS

uv
t A, =arf -
1GeV T X " Functional
uv L.
- Renormalization
E I
=
o -
= Chiral
e NUCLEON-
~ MESON
50 FIELD THEORY
c 05+ m,o A< A, m,
L " Npo
/ LINEAR T

@/ SIGMA

- | MODEL

CHIRAL FRG
4+
non- m. 4+ (| SIGMAMODEL |
perturbative l
0 v
IR

~

IR

4 )
Chiral EFT
TN <'J perturbative '
NON-LINEAR

11

Technische Universitat Minchen m



NUCLEON-NUCLEON INTERACTION
from CHIRAL EFFECTIVE FIELD THEORY

Weinberg Bedaque & van Kolck
NN interaction
o | X1
DA S I S g
N2LO \(){ \x:i
X 4]
N°LO

Bernard, Epelbaum, Kaiser, Meil3ner ;

hierarchy in powers of

@ Systematically organized

Q
A

(Q: momentum, energy, pion mass)

3 — body forces

N2LO

H XX

N3LO

r

1 BH B

4 — body forces

o HEL R

@ NN interaction state-of-the-art: N*LO plus convergence tests at N°LO

12
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NUCLEAR THERMODYNAMICS from CHIRAL EFT

@ Symmetric nuclear matter : Ist order liquid-gas phase transition
@ N3LO chiral NN interactions + N2LO 3-body forces

C.Wellenhofer,
J.W. Holt,
N. Kaiser, W.W.
Phys. Rev.
C89 (2014) 064009
C92 (2015) 015801

» Empirical position of liquid-gas critical point :

T,=17.9+ 0.4 MeV P.=0.31+0.07 MeV - fm*

- nuclear equation-of-state

o 005 041
P [fm™?]

0.2

Ceritical
temperature
of
liquid-gas
first-order
transition :

T, =
17.4 MeV

y

. B. Elliot et al. : Phys. Rev. C87 (2013) 054622

pe = 0.06 +0.01 fm*
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NEUTRON and NUCLEAR MATTER from CHIRAL EFT

N3LO chiral NN interactions + N2LO 3-body forces

JW. Holt, N. Kaiser

@ Many-body perturbation theory (3rd order) " "2 o617 034326
| | 7 neutron Yo '
60| + N'LO(450) matter v
E X N2LO(500) ey Y.Lim, J.W.Holt
~ [ s Phys. Rev. Lett. 121 (2018) 062701
or N3LO(450 ¥¥’ "y
MeV] |V (450) el
* N3LO(500) L~ P .
20} B 1 applicable up to
i ﬂ*ﬂﬁﬁ symmetric b d "
0 f;xl“"“ nuclear matter ) felniaianisi=s
_ P~ 2po
_20 ] ] ] ] ] ]
0.05 010 015 020 025 0.30
p [fm 7]

@ Agreement with advanced many-body calculations
(e.g. Quantum Monte Carlo computations - S. Gandolfi et al.: EPJ A50 (2014) 10)

C.Wellenhofer, J.W.Holt, N.Kaiser, W.W.: Phys. Rev. C89 (2014) 064009, C92 (2015) 015801

@ Fur'ther' recent dEVEIOpmentS: N4LO F Sammarruca et al.: arXiv:1807.06640

14
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NEUTRON STAR MATTER

@ Energy Density Functional (Skyrme-Hartree-Fock) deduced from
Chiral Effective Field Theory
N3LO two-body interactions, N2LO three-body forces

density dependence consistent with ChEFT expansion in powers of Fermi momenta
Y.Lim, J.W.Holt  Phys. Rev. C95 (2017) 065805

@ successfully reproduces B T
properties of finite nuclei ... - -
N PSR J0348+0432 |
2.0F =
0,12 [ PSR J1614-2230 |
--- Exp. Charge |
ok neutron  Skydld -
ot —— Sk — 15T
I ——  Sky500 ] E I @ Central
57 0.08f - = | -
- L ; = | core densities
E Ll i, ' Lor <
goer : | Pe X 9 Po
g I \\ 208Pb ] : _ Yy
A 0.04F - o[ —— Sky4ld .
[ —— Sky450 ]
0.02| il
- —— Sky500
- | | : 00— TR I TN S SRR TR A TN SR TR T N TN SN SN SN NN SN SR T N NN RN SR SR S '
0.00 7————3 1 g TEEESTE 9 10 11 12 13 14
r (fm) R(km)

... and neutron star crust together with 2 M constraint
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Theoretical FRAMEWORKS and METHODS

uv
t A, =arf -
1GeV T X " Functional
uv L.
- Renormalization
E I
=
o -
= Chiral
e NUCLEON-
~ MESON
50 FIELD THEORY
c 05+ m,o A< A, m,
L " Npo
/ LINEAR T

@/ SIGMA

- | MODEL

CHIRAL FRG
4+
non- m. 4+ (| SIGMAMODEL |
perturbative l
0 v
IR

~

IR

4 )
Chiral EFT
TN <'J perturbative '
NON-LINEAR
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Mesons, Nucleons, Nuclear Matter
and
Functional Renormalization Group

@ Chiral nucleon - meson Lagrangian N
L = Niv,0'N + %(QLLO'(?MO' + 0, - OMm) + o7

. o+ s .. N
N \ N N

o
isoscalar & isovector 4
current-current interactions

@ Nambu-Goldstone boson 7T and “heavy” 0

@ Potential U (o, ): polynomial in X = 7 + 0° constructed to
reproduce vacuum physics and equilibrium nuclear matter

@ Pionic fluctuations, nucleonic particle-hole excitations and
many-body correlations treated non-perturbatively using FRG

Review: M. Drews, W.W. : Prog. Part. Nucl. Phys. 91 (2017) 347
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Renormalization Group strategies |

[k—dependent] [ full j
action . . propagator
X Wetterich’'s FRG flow equations V
(‘H’k[é[)] 1 i aRk (2) —1]
k = STr (k2 ( R) | =
T e T U T L B I py
[rn|®] =S
uv I} [®] (scale regulator Rk)
C.Wetterich:
Phys. Lett. B 301 (1993) 90 ['p—o|®] =T'|P]
IR )
@ Thermodynamics: Non-perturbative treatment of :

\
k0xTw(T, 1) ((E@ Q 0) @ multi-pion exchange
/
processes
N @ nucleon-hole excitations
_ n Q o

4 I=0p=r- @ multi-nucleon correlations
(nucteons) (pions J
.
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PHASE DIAGRAM of NUCLEAR MATTER

@ Trajectory of CRITICAL POINT of Liquid - Gas transition
for asymmetric matter as function of proton fraction Z / A

M. Drews, T. Hell,
B. Klein, W. W.
Phys. Rev.

D 88 (2013)
09601 |

20

M. Drews, W. W.

v
\\emplrlcaD

(critical point )

Phys. Lett. B 738 (2014) 187
Phys. Rev. C 91 (2015) 035802

| proton
|\ fraction

/. non-perturbative

baryon density

0.5 Functional
0.4 Renormalization
0.3
Group
: computation
Do = 0.045 |
4o o b5 P -3
0 0.2 0.4 0.6 0.8 1.0 — (po=0.16fm™?)

Po

Governed by isospin dependent (two-)pion exchange dynamics
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CHIRAL ORDER PARAMETER in
NUCLEAR and NEUTRON MATTER

@ Chiral Nucleon-Meson field theory and Functional Renormalization Group
M. Drews, W.WV. Phys. Rev. C91 (2015) 035802 Prog. Part. Nucl. Phys. 93 (2017) 69

@ Chiral order parameter :  px
Sigma field «—» in-medium pion decay constant <O>T>M = Iz (T’ 'u)

i , , . . — 1.0 —
100 O.6§ \ neutron matter
T=0
2ol 09 07> ] 08|
| @@ s
= 00] ; 0.8 ' _<J> |
\2, - . 0.75 f "
= T 0.4 ®
40 ] mean st ord
FRG field " chiral
20¢ S)’mmet"ic 0.7, 021 ““ ptr::sniition
nuclear matter /
700 750 300 850 900 950 00 1 2 3 4 5
1 (MeV) density p/po

Important role of fluctuations (pionic and nucleon-hole) beyond mean-field appr. :

DISAPPEARANCE of first-order chiral phase transition
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NEUTRON STAR MATTER
Equation of State

@ Chiral FRG calculations with inclusion of beta equilibrium

1000

100

10

P [MeV - fm 3]

0.1

M. Drews, W.WV.
Prog. Part. Nucl. Phys. 93 (2017) 69
Phys. Rev. C91( 2015) 035802

range of
Chiral EFT
neutron matter

core region
of massive
neutron stars

calculations \

0.1 0.15 0.2 0.3 05 07 1.0

£ [GeV - fm™?]
21
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NEUTRON STAR MATTER | AKurkelaetal.: Astroph.). 789 (2014) 127
Equation of State

A.Annala et al.: PRL 120 (2018) 172703
A.Vuorinen : arXiv:1807.04480

].O E I I I (1 1T 1 | I 1 1T 11 |
- ... now including -
- updated _
P 1~ GW constraints .
[GQV] ; | pQCD |-
fm3 = i
10" E
E constraints: E
i Chiral EFT + FRG] M ez < 2Mg |
_9 excluded
]-0 = M. Drews, W.WV. —
= PPNP 93 (2017) 69 GW: A < 580 =
B (LIGO & Virgo) ]
) Nuclear constraints ]
10°° -
I [ I I |

0.1 1 10
E [GeV/fm?]

N —
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SUMMARY

@ Systematic framework at the interface of QCD (with light quarks)
and physics of hadrons, nuclei and nuclear forces :

Chiral Effective Field Theory
combined with
Functional Renormalization Group

—
@ ChEFT + many-body perturbation theory works for p < 2 p,

@ ChEFT + (non-perturbative) FRG may work for higher densities
» No chiral phase transition in n-matter up to at least p > 5 p,

> “Conventional” (non-exotic) EoS consistent with constraints
from neutron stars (M,,,.. ~ 2 M, tidal deformability from GW)

» Strangeness in the neutron star core ?
New developments: hyperon-nuclear interactions from

Chiral SU(3) Effective Field Theory
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Hyperons in Neutron Stars ?

@ Onset conditions for appearance of hyperons in neutron stars :

Equalities for chemical potentials 1: = g;
HA = Hn Hx— = PUn + He = 2 ln — Up
A s By
| e =

pd S/

[MGV] IJ’A . o "4 l’l' /

200 e 7/ M /
an

— L

A N

200 Cali
100 /
// PRELIMINARY ) 1 /

0 1 4

2 3
p/Po

@ Extrapolations using hyperon single particle potentials
in neutron matter from Chiral SU(3) EFT interactions

@ Extensive and more detailed calculations in progress (p.Gerstung, N.Kaiser, W.W.)
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