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Momentum Dependent Mean-Fields for (Anti-)Hyperons
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= Introduction

—— Re & Im parts
o

= The Non-Linear Derivative (Nfb) model —

L
= Basic properties: nuclear EoS & p,p-optical potenfe-Comp to X-EFT & LQCD

= Y properties: density & momenturn dependent optical poémls

= ¥ properties: density & momentum dependent optical potentials
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Introduction..

Important for astrophysics
explore EoS far beyond saturation (high p, high T-asyrmm, A/Z/=/£1)

Neutron stars (mass & radius)

Crab Nebula = M1 HST = WFPC2

Heavy-ion collisions
(collective flow, meson production)

- ¥-o

Densities of fireball for HIC@SIS: % , _ _
p~ (2_3)p0 e A e e
Densities in static NS: p ~ (8-10)p,

= In high-density matter (+kinematics) — particles with high-momenta p

= Not only density dependence, but also momentum dependence (MD) essential

[ =

= Not only nucleon-EoS, but also hyperon-EoS essential

[ =

= Not only hyperon-density dependence, but also hyperon-momentum dependence essential
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Introduction..

Lo 2 02
In-medium proton Schrédinger-gquivalent Re(U,;) Uopt = Ez'v —2st o (Zs - Zvj
A ;
U -

RMF (Relativistic mean-field)

e e fmpB — wrong divergent MD at high pg rsp. high momenta

irac-
Proton-opt. pot. well known
saturating fields (particular vector) with rising p

Solutions so far:
— non-local (Hartree-Fock) contributions to RMF (Hartree) mean-field
Weber, Bldttel, Cassing et al., Nucl. Phys. A539 (1992) 713

— first-order derivative coupling terms into the interaction Lagrangian
S. Typel, Phys. Rev. C71, 064301 (2005)
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Introduction..

_ L 2 2
In-medium hyperon Schridinger-equivalent Re(U,,) Uopt = EZ’U —2st o (Zs - quj
A ;
U -

?
rare experimental scattering data so far
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NLD Lagrangian : as in conventional Relativistic Hadrodynamics (RHD)

I — [~ = _ &
£ :5 Z |:\IIB/7’UJ7/8'UJ\IJB - \Iszaufy’u,\IjB} ZmB\DB\I}B —l_ Z ‘Cznt
B

m=o,w,p

For the baryon octet: \IJB :(\IJN, \IJA, \1127 \IJE)Tl
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NLD Lagrangian : as in conventional Relativistic Hadrodynamics (RHD)

1 _ — — _ o
£:§Z{\1137“28“\113—\1!3@8“%\1!3] _ZmB\IjB\DB_I' Z L
B B

int

m=0,w,p

For the baryon octet: \IJB :(\IJN, \IJA, \1127 \IJE)Tl

Interaction Logmngian : as in conventional RHD

™m

= L2 (U LW ppm + om¥p LW p)
B

For (om = o,w,p)-baryon interaction with corresponding vertices Pm — ]]., ’7’“, 50 ¢
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NLD Lagrangian : as in conventional Relativistic Hadrodynamics (RHD)

I — [~ = _ &
£ :5 Z |:\IIB/YIUJ7/8'UJ\IJB - quzaM’ylu,\IjB] ZmB\IjB\I}B —l_ Z ‘Cznt
B

m=o,w,p

For the baryon octet: \IJB :(\IJN, \IJA, \1127 \IJE)Tl

Interaction Lagrangian : as in conventional RHD + non-linear derivative operators

znt ngB {WB DBF \Ingpm_ngm\IjBP BB\IJB] )

For (¢om = o,uu,p)-baryon interaction with corresponding vertices Pm — ]]_7 ,y,u,,

THEIA Seminar, 10/02/2021



° °

®
=Ll l l

NLD Lagrangian : as in conventional Relativistic Hadrodynamics (RHD)

Il 3 — =
£:§Z{\1137“28“\113—\1!3@8“%\1!3} ZmB\IjB\DB‘I' Z ‘Cznt‘
B

m=o,w,p

For the baryon octet: \IJB :(\IJN, \IJA, \1127 \IJE)Tl

Interaction Lagrangian : as in conventional RHD + non-linear derivative operators

znt ngB {WB DBF \Ingpm_ngm\IjBP BB\IJB] )

For (¢om = o,uu,p)-baryon interaction with corresponding vertices Pm — ]]_7 ,y,u,,

Non-linear derivative operators : Taylor expansion of partial derivatives &

By (25). By =D (Tp) vith Tp= 100, = 0"
Ap Ag

va auxiliarly 4-vector choosen such to get p-dependence
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NLD Lagrangian : as in conventional Relativistic Hadrodynamics (RHD)

I Tw 7 — =
£:§Z{\113%28“\113—\1!3@8“%\1!3} ZmB\I]B\DB‘I' Z £znt‘
B

m=o,w,p

For the baryon octet: \IJB :(\IJN, \IJA, \1127 \PE)Tl

Interaction Lagrangian : as in conventional RHD + non-linear derivative operators

znt ngB {WB DBF qlB@m"'gpmquP BB\IJB] )

For (¢om = o,uu,p)-baryon interaction with corresponding vertices Pm — ]]_7 ,y,u,,

Non-linear derivative operators : Taylor expansion of partial derivatives &

BB =D (?B) : %B =D (%B) with ?B = —Uai

va auxiliarly 4-vector choosen such to get p-dependence

cut-off, will regulate the

high-momentum tail of RMF fields
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NLD Lagrangian: contains higher field derivatives: L (QOT, 8% Do, 8()41@2907"7 RN aal...an (Pr)l

- Generalized Euler-Lagrange equations:

oL : oL
- —)" 0y =0
Opr ;( ) 0(Ony--a; r)
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=L ivati
NLD Lagrangian: contains higher field derivatives: L (Qﬁr, 8a1 Pr, 8 1asPry aozl---ogn C,Or)l

- Generalized Euler-Lagrange equations:

L & oL
— + — Oy e = ()
Opr ;( ) 0(Ony--a; r)

- Generalized Noether-Theorem: conserved current

J = —1 [Klor + /C“maol%@r + ’C“mazaowz%or + -t Kﬁalnﬁn 01"'%907“]

with the following tensors

n

oo om — Z )it H Do, o oL

i—1 WOjO1- O 907“)
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NLD Lagrangian: contains higher field derivatives: L ((,Of,n, Oal P, 8 Lo Pryt ey aal...an (Pr)l

- Generalized Euler-Lagrange equations:

oL <~ . oL
- —)" 0y =0
0P, ;( ) 0(0ay...a; r)

- Generalized Noether-Theorem: conserved current

J = —1 [Klor + /C“maol%@r + ’C“mazaowz%or + -t Kﬁalnﬁn 01"'%907“]

with the following tensors

01 Om . U T oL
o => ()" ] 0, O Bparoronfr) |

i=1 =l

infinite series rsp. to higher-order field derivatives, but...
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NLD Lagrangian: contains higher field derivatives: L ((,Of,n, Oal P, Oa& O, , aal...an Py )l
- Generalized Euler-Lagrange equations:
T
oL Z. oL
Opr = 0(Ony--a; r)

- Generalized Noether-Theorem: conserved current

P = —i[KEor + KI5, 0r + K272 0y 5o pr + - + KETTT0

with the following tensors

n ' 1—1 AP

i=1 =l

Kgay.-gm _ Z (_)Z—|—1 H aozj 8(aluajalmamqua) .

All infinite series can be resummed to compact expressions

THEIA Seminar, 10/02/2021
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- Dirac equation for nucleons I[’Y,u (Za,u — E’LL) — (m — ZS)J v = Ol with selfenergies

—

Y, = 900.34_ o (up tq terms containing derivatives of the meson fields)
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- Dirac equation for nucleons I[’Y,u (Za,u — E’LL) — (m — ZS)J v = Ol with selfenergies

—

Y, = 900.34_ o (up tq terms containing derivatives of the meson fields)

> Meson field equations:

9.0 + m20+ 2% = Lo [T hw 4 \Ifﬁ\lf} |
%

Oo 2

1 -
O F" +m2w” = =g, |V
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- Dirac equation for nucleons I[’Y,u (Za,u — E’LL) — (m — ZS)J v = Ol with selfenergies

—

Y, = 9008%- o (up tq terms containing derivatives of the meson fields)

> Meson field equations:

ou 1 — —
9,0% + m2o+ &L = 2g, \If%\I!Jr\Ifﬁ\I!} |
do 277 |
1 T — —
OuF™ +m3w” =~ g, [T DY + \IwVﬁ\p] |
~ pv 7 1 —= = —_
8.G" +m25” = g, [\I/Dy U+ TF D\I/]

- Energy-momentum tensor:

1 — — 1 —
T'U'V 25\11’}/“7/81/\1!—5\1]28’/7“\1]

S5riu

1 _ - _
+5 Em:gm [\Ifrmﬁﬂza U+ T




The NLD model: RMF approach to INM..

> Plane wave Ansatz for ¥ and ¥ with D = D( )l

> = 9w’ D + g, 0" D, B = go0D)

oU —
m2o+ 2= =ge > (UDY;) = gop,

oo _
1=p,n

Mew =g, Z <@70D\Ifi> = GwPo

1=p,n
m2p=gp ¥ Ti(V"DY;) = gp1 -
1=p,n
U K 3 H,prl/ U
T = ) G /d m )
=P |5 <pr,

M = p* + m; (a;;zsi) (aﬂzﬁ ) pw‘




The NLD model: RMF approach to INM..

> Plane wave Ansatz for ¥ and ¥ with|D = D(p)l

>t = guw D+ g,Tip" D, Xgi = go0 D)

meson-field equations

oU —
2
—— =go TiDY; ) = gops
My + =— =g Z < Go
1=p,n
mew =g., Z <TWOD\P¢> = gwPo
1=p,n
map=gp > 7_7,< Uy DY, > = gpPI
= D, 1
Equation of State (EoS)
K‘/ —
=Y [ B - )
=pn ‘ﬁ|§sz-
1 K Hz . ﬁ
pP—_ d> L
3 2 (27)3 / P T
1=p,n —
|7 |<pF,




Eeatures of NLD..

> Plane wave Ansatz for ¥ and ¥ with|D = D(p)l

> = 9w’ D + g, 0" D, B = go0D)

cut-off A regulates:

1) DD & MD of selfenergies

meson-field equations

oU _
2 E :

— —Yo \IJ,LD\IJZ> — (spPs
m00+8a g i:pn< Jof

mew =g., Z <@-VOD\P¢> = gwPo

1=p,n

pp =Yp Z Tz< Z'YOD\IJ > — 9pPI

1=p,Nn

Equation of State (EoS)

=Y [ B - )

e 1P| <pF;

II;-p
d3p
KT

|ﬁ|§pFi




Eeatures of NLD..

> Plane wave Ansatz for ¥ and ¥ with|D = D(p)l

cut-off A regulates:

L i T
Yy = 9o D + g,Tip" D, Xsi = g0 D) 1) DD & MD of selfenergies
meson-field equations

oU —
m2o+ 2= =go . (UiDV:) = gops

Oo ,
1=p,Nn
mew =g., Z <@-VOD\P¢> = gwPo
1=p,n

pp =9Yp Z Tz< Z'YOD\IJ > — 9pPI

1=p,Nn

2) DD of meson-field sources

(particularly for o-field)

Equation of State (EoS)

=Y [ B - )

=T D Ssz-

1 K Hzﬁ
pi—= d°
3,Z (27)3 / P T {6

|ﬁ|§pFi




Eeatures of NLD..

> Plane wave Ansatz for ¥ and ¥ with|D = D(p)l

cut-off A regulates:

L i T
Yy = 9o D + g,Tip" D, Xsi = g0 D) 1) DD & MD of selfenergies
meson-field equations

oU —
mzo- T 5= =00 Z <\IJ’LD\P’L> = 9o Ps

Oo .
1=p,Nn
mew =g., Z <TWOD\P¢> = gwPo
1=p,n

mop =9 ) TZ< ¥y DY, > — 9eft

1=p,Nn

2) DD of meson-field sources

(particularly for o-field)

Equation of State (EoS)

_ i 3, E(7) —
o= )L (27)3 /d pE@) = (L) 3) fully Thermodynamic consistent

. 1P| <pF,

1 K Hzﬁ
P== d’
Y o / pl iy

|ﬁ|§pFi




LY LY . LY
| 1es. |
Parameters
1_'5 cut-off Ag Ay [ G Jp b e Mg Ty My
[GeV] [GeV] [fm~] [GeV] [GeV] [GeV]
NLD . —— _ﬁl- — 0.95 1.125 10.08 10.13 350 15341 —14.735 0.502 0782 0.763
.l —Z}=l (I;_? .'II!.:-I;_:!) :ﬂll.z‘l‘}.:"
Comparison with other models
MOdE‘i F}ﬁ'”! Eﬁ\ .fifl- fr;._-yr” I.’ I"l-,gyrﬁ I{I'JE'!,I
[fm™3 [MeV/A] [ MeV] [ MeV] [MeV] [MeV] [MeV]
NLD 0.156 —15.30 251 30 81 —28 —514
NL3* 0.150 —16.31 258 35.658 1925.7 104.08 —650.12 — Lalazissis
DD 0.149 —16.02 240 31.60 56 —95.30 —431.30
— Typel
D*cC 0.151 —15.98 232.5 31.90 59.30 — 74T —430.50
DBHF 0.185 —15.60 200 33.35 7110 —271  —45370 — Li, Machleidt, Brockmann
0.181 —16.15 230 34.20 71 B7.36 —340 — Fuchs
i 7 1 0.01¢ o i a1 0 881 95 B ke _
empirical | 0.167 £ 0.019 16 +1 220+ 10 3114+ 1.9 884+ 25 R50 + 100 THEIA Seminar, 10/02/2021




LY LY . LY
| i1es. |
Parameters
1_3‘% cut-off monopole for'm Gp b e My e Mg
[fm~] [GeV] [GeV] [GeV]
NLD . —— 0.95 1.125 1008 1013 350 15341 —14.735 0.502 0.782 0.763
1+ 5, (Gid.)
Comparison with other models
Model Pzat Ey K Qzym L h-.iyrri h-rj'x.y
[fm™3 [MeV/A] [ MeV] [ MeV] [MeV] [MeV] [MeV]
NLD 0.156 —15.30 251 a0 81 —25 —514
NL3* 0.150 —16.31 258 35.658 1925.7 104.08 —650.12 — Lalazissis
DD 0.149 —16.02 240 31.60 56 —95.30 —431.30
— Typel
DC 0.151 —15.98 232.5 31.90 59.30 —T4.T —430.50
DBHF 0.185 _15.60 200 33.35 7110 —271  —45370 — Li, Machleidt, Brockmann
0.181 —16.15 230 34.20 71 B7.36 —340 — Fuchs
Enes - 0 BT 0y ‘ 0 1) Ok o _EE .
empirical | 0.167 £ 0.019 16 +1 220+ 10 3114+ 1.9 884+ 25 R50 + 100 THEIA Seminar, 10/02/2021
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| |1es. |
Parameters
1_3‘% cut-off Ag Ay [ s Jp b _ e Mg Ty My
[GeV] [GeV] [fm™] [GeV] [GeV] [GeV]
1 A? ; . i o . . . _ -
NLD —— e 095 1.125 1008 10.13 350 15341 —14.735 0.592 0.782 0.763
1+ E!=| (-:'.J id ::) e 5

Comparison with other models

Model Pzar Ey SOfT EOS at pSGTI
. : ] i !
= MeV/A) but stiff at high p relevant for NS
NLD 0.156 —15.30 30 81 _98 514
NL3* 0.150 _16.31 258 18,68 1957 10408 —650.12 — Lalazissis
DD 0.149 _16.02 240 31,60 56  —9530 —431.30
— Typel
DC 0.151 _15.98 999 5 31.90 5030 —747  —430.50
DBHF 0.185 _15.60 290 33.35 7110 271  —d45370 — Li, Machleidt, Brockmann
0.181 _16.15 230 34.20 71 87.36 340 5 Fuchs
empirical | 016740019 —16+1 230+ 10 311+ 19 88+25 —  —550+ 100 THEIA Seminar. 10/02/2021
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Equation of state (EoS) [MeV]

Remarkable comparison with microscopic DBHFI
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P [MeVim ]

Consistent with analyses of F. Ozel..l

Phys. Rev. D82, 101301 (2010).
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..and A.W. Steiner l

Astrophys. J. 722, 33 (2010).
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NLD

J1614-2230

J1903+0327

double NS systems

Neutron star mass M [M__]
|

05+

Or——T T T T T 1 Compatible with ... I
6 7 8 9 10 11 12

Neutron star radius R ”(_111] Lattimer/Prakash, Science 304 ('04) 536, Phys. Rep. 442 ('07) 105®

Nucl. Phys. A899 (2013) 133



1614-2230

2 T N £
i 1903+0327
= _
= 1,5-
g double NS systems
=
3
o 17
o
3
=

=
LN

l
————

. Compatible with all observations l

T | T T T |
6 7 ] 9 10 11 12 Lattimer/Prakash, Science 304 (‘04) 536, Phys. Rep. 442 ('07) 109
Neutron star radius R [km] Steiner, Lattimer, Brown, arXiv: 1205.6871

Nucl. Phys. A899 (2013) 133
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high p — high momenta

100

In-medium proton SEP (real part)

Lh
<
T

Equation of state (EoS) [MeV]

(=]

. . . 100
0 02 0.4 0.6

o M) i NLD

-50

[MeV]

opt

U

NLD is consistent with

Dirac phenomenology

-]_DD 1 1 1 1 1 1 1 1 1 1
0 250 500 750 1000 1250

E_ [MeV]

Nucl. Phys. A899 (2013) 133 THEIA Seminar, 10/02/2021
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Re U

In-medium anti-proton SEP (real part)
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4
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Larionov/Mishustin, Phys

0

E_ [MeV]

7500 1000 1500 2000 2500 3000

Rev. €80 ('09) 021601(R).
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Re U
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In-medium anti-proton SEP (real part)
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Re U

In-medium anti-proton SEP (real part)

4
oo

0_

-500F

-T50F

-1000

-1250

Larionov/Mishustin

2% NLD '_

-15000

E_ [MeV]

7500 1000 1500 2000 2500 3000

Also: NLD provides the imaginary part of SEP for anti-proton in-medium interactions

using dispersion relation (without subtractions)

Nucl. Phys. A940 (2015) 181
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In-medium anti-proton SEP (imag. part)

In-medium anti-proton SEP (real part)

Orexp. Larionov/Mishustin ]
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-1000 7 :
| e
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Also: NLD provides the jmaginary part of SEP for anti-proton in-medium interactions
using dispersion relation (without subtractions) Nucl. Phys. A940 (2015) 181
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Re U

Also: NLD provides the imaginary part of SEP for anti-
using dispersion relation (without subtractions)

In-medium anti-proton SEP (real part)

0

-500
=750
-1000

-1250

-1500

oo

tn
o
T

In-medium anti-proton SEP (imag. part)
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NLD: no parameters

good description of
phenomenology

also for in-medium

anti-proton interaction §
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NLD + SU(6) for standard meson-nucleon couplings
Hyperon cut-off regulates MDI

Vpe—————————————
20} i

10

=

Re U, [MeV]
=

-30 Standard Walecka |

(NL3) i
-4() i
-S50F i
T, T

momentum p [fm_l]
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SU(6) for standard meson-nucleon couplings + NLD (monopole forms)

SNM, saturation density, adjust to xEFT

AL pr . r . r . I
LEFT (LO)
xEFT (NLO)
20 Juelich "4 -

40k -

_ﬂ} L L L 1 L L i 2 L L i 3

momentum p [Fm-l]

A Uopt: cut-offs ~ 0.75 GeV

THEIA Seminar, 10/02/2021
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SU(6) for standard meson-nucleon couplings + NLD (monopole forms)
SNM, saturation density, adjust to xEFT

40 - — —ee XEFT: EPJAS2 (2016) 15
XEFT (LO) _
YEFT (NLO)

20r Juelich "04 3 A Uopt: cut-offs ~ 0.78 GeV

M M M 1 M M L 1 F
60 1 > =
momentum p [Fm-l] &

= 0F 7
Z Uopt: cut-offs ~ 0.8 GeV -10f $EFT (LO) i
I % EFT (NLO) l
20fF  |=—— NLD 7
I Juelich 04 )

-30{} . . . 1 I . . 2 . . . 3

-1
momentum p [fm |

Nucl. Phys. (2021) in press THEIA Seminar, 10/02/2021
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SU(6) for standard meson-nucleon couplings + NLD (monopole forms)
SNM, saturation density, adjust to xEFT

40 - ——— ——— XEFT: EPTA52 (2016) 15
ZEFT (LO) |
2EFT (NLO)
20r _i?EBCh o 4 A Uopt: cut-offs ~\0.78 GeV
|| L L LLCTTEEERRRRPP s
z | NLD: appropriate regulators
-2
57 20 reproduce XEFT results
-4
M M M 1 M M L 1 F
60 1 > 2
momentum p [Fm-l] &
o of a
Z Uopt: cut-offs 0.8 GeV ) -10f $EFT (LO) i
- 7EFT (NLO) '
20F |— NLD i
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Einal remarks & outlook...

=NLD model

> keeping simplicity (RMF) to describe complexity (non-linear p & p dependences)
- realized by covariant introduction of regulators on a Lagrangian level

- in RMF: cut-off A regulates high p- & p-components of mean-fields

> cut-off A regulates also p-dependence of hyperon opt. pot.!

=NLD Results
> EoS soft at low p (K~250 MeV), but stiff at high p
compatible with all recent observations of EoS & NS
- Correct MD for in-medium proton (1) and (1) antiproton interactions
- compatible with recent results from x-EFT for hyperons in matter
- strong potentials for anti-Y & strong contributions from imag. parts

=Under progress developments: include NLD mean-fields in...
- transport model for HADES (m+A induced reactions)
- transport model for PANDA (p-A & =-A induced reactions)

- application to p-equilibrated matter for NS
THEIA Seminar, 10/02/2021
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Key Information

» HADES Spectrometer at GSI
» Secondary m~-beam 1.7 GeV/c

@ Ta rget W C

W= Segment Length [mm] | 2.4 .
B plg/cm’] 19.3 1.85
. A 183.84  12.011
lh  Statistics [x10°] 1.69 2.00

Idea:
» Search for Charge Pattern 24+ 2- (A= p+ 7, K% =t 4 77)

» Make best assignment of bouble 7~ occurence by minimizing:
AMp = Miyv (p+ 7~ ) — M(A)ppe
AMyo = Mgy (m+ + 7~ ) — M(KO)ppg

For all m— Combination
» Cut on 2D AMp vs. AMy,

Icons from: https://www.flaticon.com/
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