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Nijmegen ESC-models
Outline/Content Talk

1. General Introduction
2. ESC-model: meson-exchanges ¢ multi-gluon & quark-core.
3. ESC-model: data fitting, couplings.
4. Results NN, YN, YYNN-results.
5a. BBM-couplings: QPC-mechanism.
5Sb. Six-Quark-core effects, SU(3)-irreps.
6a. QCD, CQM and ESC-model .
6b. QQM-couplings < BBM-couplings.
7. Multi-gluon, Pomeron, Universal repulsion.
8. Multi-Pomeron, Saturation, NS-matter. See talk Y. Yamamoto)
9. Conclusions and Prospects.
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Role BB-interaction Models

Particle and Flavor Nuclear Physics

e Concepts:

Principle: | "Experientia ac ratione"

QCD: Colored quarks + gluons
Confinement SU.(3)
Strong coupling gocp > 1

(Christiaan Huijgens 1629-1695)

Lattice QCD: flux-tubes/strings Experiments:

Flavor SU s-symmetry
Spontaneous x.SB NN-scattering
YN- & YY-scattering

Nuclei & Hypernuclei

BB-interaction Nuclear- & Hyperonic matter

models Neutron-star matter

Th.A. Rijken University of Nijmegen
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Particle and Nuclear Flavor Physics
Particle and Flavor Nuclear Physics

e Objectives in Low/Intermediate Energy Physics:
1. Study links Hadron-interactions and Quark-physics (QCD, QPC)

2. Construction realistic physical picture of nuclear forces
between the octet-baryons: N, A, X, =

Study (broken) SUr(3)-symmetry
Determination Meson Coupling Parameters <= NN+YN Scattering
Determination strong two- and three-body forces

o o kW

Analysis and interpretation experimental scattering and (hyper) nuclei-data:
CERN, KEK, TJNAL, FINUDA, JPARC, MAMI/FAIR, RHIC

Construction realistic QQ-interactions

~

8. Extension to nuclear systems with c-, b-, t-quarks in the low-energy regime

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Introduction: Competing BB-models
Theory Interest in Flavor Nuclear Physics

1. Nijmegen models: OBE and ESC Soft-core (SC)
Th.A. Rijken, V.G.J. Stoks, and Y. Yamamoto, Phys. Rev. C 59, 21 (1999)
Rijken & Yamamoto, Phys.Rev. C73, 044008 (2006)
Rijken & Nagels & Yamamoto, P.T.P. Suppl. 185 (2011)
Rijken & Nagels & Yamamoto, arXiv (2014): NN,YN,YY

2. Chiral-Unitary Approach model
Sasaki, Oset, and Vacas, Phys.Rev. C74, 064002 (2006)

3. Julich Meson-exchange models
Haidenbauer, Meissner, Phys.Rev. C72, 044005 (2005) etc.

4. Bochum/Julich Effective Field Theory models
Epelbaum, Polinder, Haidenbauer, Meissner

5. Quark-Cluster-models: QGE + RGM
Fujiwara et al, Progress in Part. & Nucl.Phys. 58, 439 (2007)
Valcarce et al, Rep.Progr.Phys. 68, 965 (2005)

6. LQCD Computations: Hatsuda, Nemura, Inoue, Sasaki, ....

NPCSM2016, YITP-Kyoto
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Baryon-baryon Channels S =0, —1, —2
BB: The baryon-baryon channels S =0, —1, —2

Baryon-Baryon Thresholds S =0, -1, —2
NN 7 N'N AA
. v v v I=0
S=0
' I=1
AN
AN  “IN Tr
e T I=1/2
S=-1
I=3/2
AA N T =* N
S e : I=0
- I=1 S=-2
EN A
— I=2
| | ] | | ] J
1.8 2.0 2.2 2.4 2.6 — M (GeV/c?)
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SU(2)-, SU(3)-Symmetry Hadronen, BB-channels

Baryon-Baryon Interactions: SU(2), SU(3)-Flavor Symmetry

e Quark Level: SU(3) t1av0r < Quark Substitutional Symmetry (!1)]
‘gluons are flavor blind’

ep~UUD, n~UDD, A~UDS, X" ~UUS, Z2°~USS
e Mass differences < Broken SU(3) f14v0r Symmetry

e Baryon-Baryon Channels:

NN : pp , Np ,  nn S=0
YN : YSTp | S p=>YXp,3nAn , Ap—=>Ap.Ytn, X% S=-1
=N =0 ., EN - E 7 p,AAXY S = -2
=Y ., ZA = EANEY S =-3
== =0=0 = =0=- S =—4
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ESC-model: OBE+TME

BB-interactions in the ESC-model:

One-Boson-Exchanges:

—l—o
: ( pseudo-scalar = K n 7
: w,n,K o
L p,w, &, K vector p ¢ w
' a0, fo, [, K < axial-vector ar K1 fi fi
Pay, fi, f1, Ka scalar 5§ k S* e
————p— | diffractive A, K** f P

Two-Meson-Exchanges:

(7 K nom
p K ¢ w
® 4§ a1 K1 fi fi
) kST €
\ As K™ f
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ESC-model: Meson-Pair exchanges
BB-interactions in the ESC-model (cont.):

Meson-Pair-Exchanges:

PPS{l} . am, KK, m
PPS{S}S ., KK, mm, nm
PPV{g}a . arm, KK, 1K, nK
PVAg, : wp, KK*, Kp, ...

PSA{S} . 7o, Ko, no

. Rijken

NPCSM2016, YITP-Kyoto
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Meson-exchange Potentials

SU(3)-symmetry and Coupling Constants

The baryon octet can be represented by a 3 x 3-matrices (Gel64,Swa66):

(%ZOJF%A >t —p \

Similarly the meson-nonets

(7 + %+ 3 * K
pP= . o I _K°
Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto




Meson-exchange Potentials

The most general interaction Hamiltonian that is a scalar in isospin-space and that
conserves the hypercharge and baryon number can be written as

Hr

guNx (N17T) - ™ + gzzn (No7) -

gass (A +2A) -7 —igss. (EXx ) - =

gNNno (N1N1) 1o + g=zne (N2N2) 1o + gaan, (AA) no

gssne (X -X) no + gyvak {(MK) A+ A (KN1)}

g=ak { (N2Ko) A+ A (KcN2)} + gvsx {2 (KTN1)

(NMiTK) -2} + g=sk {E - (KcTN2) + (NoT7KC) - X}, (1)

+ + 4+ + o+

where we have denoted the SU(2) doublets by

we(n) e (3) e () e ().

and the inner product - = X7~ — X%° + 7«1, SU(3)-invariance implies that
the coupling constants can be expressed in ¢ = gnn~ and a;,.

[1]

[1]
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ESC-model: Computational Methods
Computational Methods

e coupled channel systems:
NN: pp— pp,and np — np
YN:a. Ap — Ap, X%, %" n
b. T p—=Xp,X%, An
c. XTp—=Xtp
YY: AA — AA,EN,EY
e potential forms:

Vir) = {(Ve+Vsa,-0,+VrS12+VsoL-S
1
+Vaso §(Q1 —0,) L+ Vg Qm} P
e multi-channel Schrédinger equation: HV = EV

H=-—

! v2+V(r)—(22 o, ¢ 22>+M

2mred o

e ¢(r) : from (non-local) ¢*- terms

Th.A. Rijken University of Nijmegen
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Methodology ESC08-model Analysis
Strategy: Combined Analysis NN-, Y N-, and Y'Y -data

Input data/pseudo-data:
e NN-data : 4300 scattering data + low-energy par’s

e YN-data : 52 scattering data

e Nuclei/hyper-nuclei data: BE’s Deuteron, well-depth’s Uy, Us, U=
e Hadron physics: experiments + theory
a) Flavor SU(3), (b) Quark-model, (c) QCD <« gluon dynamics
e Meson-fields: Yukawa-forces + Short range forces
(gluon-exchange/Pomeron/Odderon, Pauli-repulsion)

Output: ESC08-models (2011, 2012, 2014, 2016)

e Fit NN-data x> ,, =1.08 (1), deuteron, YN-data x ;. = 1.09

e Description all well-depth’s, NO S=-1 bound-states (!), small Ap spin-orbit (Tamura),
ABaa alaNagara (1)

Predictions: (a) Deuteron D(Y = 0)-state in ZEN (I = 1,° S;), (b) Deuteron
D(Y = —2)-state in Z=(I = 1, Sp) (1??)

Th.A. Rijken University of Nijmegen
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ESC-model,dynamical contents
ESCO08c: Soft-core NN + YN +YY ESC-model

e extended ESC08-model, PTP, Suppl. 185 (2010), arXiv 2014, 2015.
e NN: 20 free parameters: couplings, cut-off’s,
meson mixing and F/(F+D)-ratio’s
e Meson nonets:
JPC =0"": mnn,K ;=1"": pw, ¢ K*

= 07" ap(962), fo(760), f0(993), £1(900)

= 17" a1(1270), f1(1285), f0(1460), K, (1430)

= 11771 b1(1235), h1(1170), ho(1380), K;(1430)
e soft TPS: two-pseudo-scalar exchanges,
e soft MPE: meson-pair exchanges: n @ m, t® p, T ® €, 7 ® w, efc.
e pomeron/odderon exchange < multi-gluon / pion exchange
e quark-core effects,
e gaussian form factors, exp(—k*/2A% 51,)
e Simultaneous NN+YN Data (constrained) fit, 4301 NN-data, 52 YN-data:
1. Nucleon-nucleon: pp + np, X?lpt = 1.08(!)

2. Hyperon-nucleon: Ap + X¥p, X?ipt ~ 1.09

University of Nijmegen

NPCSM2016, YITP-Kyoto
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ESCO08-model: coupling constants etc.

YN + YY ESC-model: ESC08c

e Notice: simultaneous NN + YN fit, x> 4, (NN) = 1.081 (!)
Coupling constants, F'/(F + D)-ratio’s, mixing angles
mesons {1} {8} F/(F+ D)

pseudoscalar f 0.246 0.268 «apy =0.35
vector g 3492 0.729 «aj =1.00
f -2111 3515 a7y =042
scalar g 4246 0.897 «as=1.00
axial g 1232 11083 a4 =0.31
f 1444 -1.551
pomeron g 3624 0000 ap=-——-—

Ap(1) =944.6, Ay (1) =675.1, As(1l) =1165.8, As = 1214.1 (MeV)
Ap(0) =925.5, Ay (0)=1109.6 As(0) = 1096.8 (MeV).

0p = —13.00° *, 6y = 38.70° ¥, 64 = +50.0° %), 05 = 35.26° *
apy = 1.0 (1) Scalar/Axial mesons: zero in FF (1)

e Odderon: go = 3.827, fo = —4.108, mo = 268.5 MeV, FI51=1+0.13

Th.A. Rijken University of Nijmegen
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Spin-correlation parameters

e Polarizations: Py, P;
e Triple-scattering parameters: D, R, R', A, A’
Spin-correlation parameters A,,,,, Ay, A0, Ay, and A .

Spin-correlation parameters A4, , Agx, Azx, Axz.and Az ».

Th.A. Rijken University of Nijmegen
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PWA-93, 1

135
0 [degrees CM]

pp observable do/dQ at Ty, = 50.06 MeV

—— PWA93 * Berdoz et al., SIN(1986)
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PWA-93, 2

0 [degrees CM]

pp observable Axx at Ti;p = 350.0 MeV

—— PWA93 * von Przewoski et al., IUCF(1998)

Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto



PWA-93, 3

0 45 90 135 180
0 [degrees CM]

np observable Ayy at Ti;p = 315.0 MeV

—— PWA93 e Arnold et al., PSI(2000)
o Arnold et al., PSI(2000)

Th.A. Rijken University of Nijmegen
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ESCO08, NN Low-energy parameters
Low energy parameters ESCO8c(NN+YN)-model

Experimental data ESCO08b ESCO08c
app(*So) -7.823 £+ 0.010 -7.772 ~7.770
pp (1S0) 2.794 4+ 0.015 2.751 2.752
anp(1S0) -23.715 £ 0.015 -23.739 —23.726
np (1 S0) 2.760 + 0.015 2.694 2.691
nn (1 S0) -16.40 4 0.60 -14.91 ~-15.76
nn(1S0) 2.75 + 0.11 2.89 2.87
anp(®S1) 5.423 + 0.005 5.423 5.427
np (3 S1) 1.761 + 0.005 1.754 1.752
Ex -2.224644 4+ 0.000046 -2.224678 —2.224621
QE 0.286 + 0.002 0.269 0.270

e Units: [a]=[r]=[fm], [Er]=[MeV], [Qz]=[fm]>.

Th.A. Rijken University of Nijmegen
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PWA-93 and ESC, 1

15 30 45 60 75
0 [degrees CM]

pp observable D at Ty, = 25.68 MeV

PWA93 ® Kretscher et al., Erlangen(1994)
Nijml potential

——— ESC96 potential

University of Nijmegen
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PWA-93 and ESC, 1

0 45 90 135 180
0 [degrees CM]

np observable Azz at Ti;p = 315.0 MeV

PWAO93 e Arnold et al., PSI(2000)
Reid93 potential o Arnold et al., PSI(2000)
——— ESC96 potential

University of Nijmegen

NPCSM2016, YITP-Kyoto

Th.A. Rijken



O _ 1
10AM-d 1IA ‘9L02INSDdN usBawliN Jo Ausianiun uasyily "V'ulL

| "NN-S8seyd




O _ 1
10AM-d 1IA ‘9L02INSDdN usBawliN Jo Ausianiun uasyily "V'ulL

Z NN-Seseyd




O _ 1
10AM-d 1IA ‘9L02INSDdN usBawliN Jo Ausianiun uasyily "V'ulL

€ 'NN-Seseyd




O _ 1
10AM-d 1IA ‘9L02INSDdN usBawliN Jo Ausianiun uasyily "V'ulL

i ‘NN-Saseud




YN-results: ESC08c YN-fit
YN-results ESC08c, 2014
e Notice: simultaneous NN + YN fit, x2 ; , (Y N) = 1.09 (!)

Comparison of the calculated ESCO08 and experimental values for
the 52 Y N-data that were included in the fit. The superscipts RH
and M denote, respectively, the Rehovoth-Heidelberg Ref. Ale68
and Maryland data Ref. Sec68. Also included are (i) 3 Xtp X-
sections at p;,, = 400, 500,650 MeV from Ref. Kanda05, (ii) Ap X-
sections from Ref. Kadyk71: 7 elastic between 350 < p;.p < 950,
and 4 inelastic with p;,, = 667, 750, 850, 950 MeV, and (iii) 3 elastic
>~ p X-sections at p;,, = 450,550,650 MeV from Ref. KondoOO.

The laboratory momenta are in MeV/c, and the total cross secti-

Th.A. Rijken University of Nijmegen
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YN-results: ESCO08c YN-fit

Ap — Ap x? = 3.6 Ap — Ap x? = 3.8
PA JQIZI Oth PA O-é\gp Oth

145  180+22 197.0 135 187.7458 215.6
185 130417 136.3 165 130.94+38 164.1
210 118+£16 107.8 195 104.1+27 124 .1
230 101+£12 89.3 225 86.6+18 93.6

250 83+ 9 73.9 255 72.0+£13 70.5
290 V== 90.6 300 49.9+11 46.0
Ap — Ap Y2 =12.1

350 17.2+8.6 28.7 /750 13.644.5 10.2
450 26.9+7.8 11.9 850 11.3£3.6 11.4
550 7.0+4.0 8.6 950 11.3+3.8 12.9
650 9.0+4.0 18.5

Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto




YN-results: ESCO08c YN-fit

Ap — X% Y2 =6.9

667 2.8 +£2.0 3.3 850 10.6+3.0 4.1

750 7.5+2.5 4.0 950 9.6+5.0 3.9
Stp— YTp Y2 =124 Xp—XTp Y2 =5.2

P+ Oezxp Oth Ps>— Oexp Oth

145 123.0+62 136.1 142.5 152438 152.8
155  104.0+30 125.1 147.5 14630 146.9
165  92.0+18 115.2 152.5 142425 141.4
175  81.0+12 106.4 157.5 164+£32 136.1
162.5 138+19 131.1
167.5 113+16 126.3
400 93.5+28.1 35.1 450.0 31.748.3 28.5
500 32.51+30.4 30.9 550.0 48.3£16.7 19.8
650 64.6+33.0 28.2 650.0 25.0+£13.3 15.1

University of Nijmegen NPCSM2016, YITP-Kyoto
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YN-results: ESCO08c YN-fit

Xp— X% Y2 =5.7 >"p— An y? =4.8
Ps— Oezxp Oth Ps— Oexp Oth
110 396491 200.6 110 174+47 2413
120 159+43 1758 120 178439  207.2
130 157434 1559 130 140+28  180.1
140 125425 139.7 140 164425  158.1
150 111+£19  126.2 150 147419  140.0
160 115+16 1149 160 1244+14  125.0

ro? = 0.468 £ 0.010 ri = 0.455 Y =17

Th.A. Rijken

University of Nijmegen
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X-sections

Model fits total X-sections Ap. Rehovoth-Heidelberg-,
Maryland-, and Berkeley-data

N\p ->A\p
250 =T T - T - T - | ' | T ' T T
, ESCO08c
[ Eff.range | ---------
Eff.range Il e
200 [ ¥, B
150 - ° B
o]
= "
o
100 ]
50 B
0]

100 200 300 400 500 600 700 800 900
P ap [MeV/c]
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X-sections

Model fits total elastic X-sections X*p.
Rehovoth-Heidelberg-, KEK-data

>SVp -= ="p #-sections >SVp -= ="p #-sections
100

P }
=N 50 | -
(=
O 1 1 1 o 1 1
140 150 160 170 180 400 500 SO0 700
PLapb [Me\/c] PLab [Me\/c]
STp = X p #A~-sections STp = X p #A~-sections
300 T 100
ESCO8c
Escoad -
NSsSC89p -----------
250 |- P —
-
= 50 |- —]
(=

L L L L
140 150 160 170 400 500 &S00 700
PLab [Me\/c] PLab [Me\//c]
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X-sections

Model fits total inelastic X-sections
Yp — X, An.

> p = >°n #-sections

P e §
=
(=)
o L L N
100 120 140 160
PLapbp [Me\/c]
> p = N\nNn #-sections
i }
=
(=

100 120 o [Me\:I/_IA.I:-:? 160
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VLS and VLSA Spin-orbit ESC-models

Strengths of A spin-orbit potential-integrals

Ky = KS,A—FKA,A where
KS,A = _gSSLS and KA,A = —gSALS with
3 [ 5.
Ssrs ALs = 5/ r°j1(qr)Vsrs,ans (r)dr .
0

Ks Ka K Kx(BDI) Ka(Pair) | AELs
ESC04b 16.0 87 7.3 (2.4 (=3.3)
ESC04d 223 69 154  (-5.0) (=6.9)
NHC-D 30.7 -59 2438 (-3.4) — 0.15*
Experiment 0.031

*) E. Hiyama et al, Phys. Rev. Lett. 85 (2000) 270.
**) H.Tamura, Nucl.Phys. A691 (2001) 86¢-92c.

e private communication Y. Yamamoto

e ESC08c/ESC08ct K\ = 5.6/5.7 MeV (kr = 1.0fm)

e ESC08c™ = ESC08c+MPP+TBA

Th.A. Rijken

University of Nijmegen
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Application: Three-Body Forces
ESC-model: Corresponding Three-body Forces

e lterated meson-exchanges:

/ /

Pa Pc Py Pa Pc Dy
MW ----9

A A A A A A

- — — & MV

Da Dc Do Da Pe Db

Figuur 7: Lippmann-Schwinger Born graphs (a,b)
e Positive-energy intermediate baryons == 0(!)

e Strong B B-pairs contributions (!)

Th.A. Rijken University of Nijmegen
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Three-Body Forces from Meson-Pair-Exchange

Pc
Figuur 8: The Meson-Pair Born-Feynman diagram
e From (7w7)1-, (7w)-, (wp)1- etc:

e Spin-orbit Forces 1/M?, like in OBE (!)

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Three-Body Forces: Miyazawa-Fujita-model
Miyazawa-Fujita 27-exchange TBF:

MPE

Figuur 9: Miyazawa-Fujita 3BF and MPE.

Th.A. Rijken University of Nijmegen
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Three-Body Forces: triple-pomeron repulsion
Triple-pomeron Universal Repulsive TBF:

p1 p1
j)f ~Iriple-pomeron

" ”  Exchange-graph

p3 P3
o eff(azl,xz) — SpNMfd3333V(x1,aZ2,a?3)

Verr = 3g3pgp(pnar /M) (mp /V21)° exp(—mpr?/2) > 0(!)

e gsp/gp = (6 — 8)(r0(0)/70(0)) =~ (6 — 8) x0.025 <« Sufficient ?

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Three-Body Forces, Pairs, Duality & BB-Pairs

Figuur 10: “Duality’picture meson-pair contents and low-energy

approximation.

Th.A. Rijken University of Nijmegen
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Quark-Pair-Creation in QCD
Quark-Pair-Creation in QCD < Flux-tube breaking

e Strong-coupling regime QQ-interaction: Multi-gluon exchange
QPC: ® P,-dominance:

Micu, NP B10(1969);
Carlitz & Kislinger, PR D2(1970),

Q LeYaounanc et al, PR D8(1973).
Q
g QCD: Flux-tube/String-breaking
:>3 PO(QQ) (l)s
Isgur & Paton, PRD31(1985);
Kokoski & Isgur, PRD35(1987)
Q >
Q

Th.A. Rijken University of Nijmegen
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QPC: 3 P;-model

Meson-Baryon Couplings from 3 P,-Mechanism

j 3Po Interaction Lagrangian:

AT NN

Fierz Transformation

S — — _ _ _ _ 5
L = —% > [+ G ¢G5 G+ TV - GV G — TGVuvsq - GV
@,J i . 1 o

+ @545 - GV 4 — 5 Gounds - 450" g

_ 1% _ A _
Xig ~ 4595 Xu,ij ~ GVpqi s Xu,ag ™~ 45775 Yudqi

1. ge = gw, and gq, = g, 1?
2. What about f- , ga,, €tc. ?

\Y4 S _ A P
3. 9q,ij = Yaij = —Ya,ij = YGa,ij

Th.A. Rijken University of Nijmegen
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QPC: 3S;-model

Meson-Baryon Couplings from 2S;-Mechanism

j 351 Interaction Lagrangian:

|
. \Y4 _ _
@ *f | L) =~ (Zj %%%) (X vt as)
Fierz Transformation

\% — _ _ _
£ = _%Z [+ 4G; @5 - @ ¢ — 2GiVuqs - GV qi

©,J

— 2GiY, Y59 - GV 4 — AGivsqy - Gy g

£r = al'® 4otV
1. geao ~ (a—4b), guw,p ~ (a —2b)1?
2. ga,, g, ~ —(a+2b), grn ~ (a—4b)1?
3. But: A; — By — 7(1300) -> Complicated sector!

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



QPC: 3 P;-model

Pair-creation in QCD: running pair-creation constanti ~:
e p — ete : C.F. Identity & V.Royen-Weisskopf:

m3/2 2\ /2 32 1
Jo = <~ 70 (—) — Yo = =V 3w = 1.535.
© T V2I9,(0) 3t/ 4,(0) 2

Yo = 33w = 1.535.

. wlm —1/2
e OGE one-gluon correction: v = 7o (1 -2 %)

my ~ 1GeV, ng = 3, AQCD — 100 MeV: v — 2.19
e QPC (Quark-Pair-Creation) Model:

e Micu(1969), Carlitz & Kissinger(1970)

e Le Yaouanc et al(1973,1975)

e ESC-model: "quantitative science"(!!):
1. QPC: v = 2.19 — prediction c.c.s
2. Quantitavely excellent results, Rijken, nn-online, THEF 12.01.

Th.A. Rijken University of Nijmegen
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QPC: 35; +2 P,-model and ESC08c

ESC08c Couplings and 35, +3 P)-Model Description

Meson ruv[fm] Yy 35, *Py QPC ESCO08c
7 (140) 030 551 | g=-274 | g=+6.31 | 357(3.77) | 3.65
1’ (957) 070 222 | g=-249 | g=+572 | 3.23(3.92) | 3.14
(770) 080 237 |g=-017 | g=+0.80 | 0.63(0.77) | 0.65
w(783) 070 235 | g=-096| g=-+4.43 | 3.47(3.43) | 3.46
a(962) | 090 222 | g=40.19 | g=+043 | 0.62(0.64) | 0.59
€(760) 070 237 | g=+1.26 | g=+2.89 | 4.15(4.15) | 4.15
a1(1270) 0.70 209 | g=-0.13 | ¢g=—-0.58 | -0.71 (-0.71) -0.79
£1(1420) | 110 209 | g= —0.14 | g=—0.66 | -0.80 (-0.81) | -0.76

e Weights ®5, /> P, are A/B = 0.303/0.697 ~ 1 : 2.
e SU(6)-breaking: (56) and (70) irrep mixing, ¢ = —22°.
e QCD pair-creation constant: v(as = 0.30) = 2.19.

e QCD cut-off: Agep = 255.1 MeV,

e ESCO08c: Pseudoscalar and axial mixing angles: —13° and +50°.

Th.A. Rijken

University of Nijmegen

NPCSM2016, YITP-Kyoto

QQG form factor: Agoc = 986.2 MeV.




Six-Quark-core Effects Il
Six-Quark-Core Effect: Forbidden States

e Irreps [51], [33] of SU(6) ss and the Pauli-principle
o SU(3)-irreps {27}, {10*}, etc. in terms of the SU(6) ;s-irreps:
4 5

Viery = §V[51] + §V[33], (2a)
Viory = gv[m] + gv[?,a], (2b)
Vi, = 3‘451] + éV[sg], (20)
Visay = gv[sl] + 31/[33], (2d)
Vissk = Vs s Vi = Vi, (2e)

Forbidden irrep [51] has large weight in {10} and {8,} ->
Adaption Pomeron strength for these irreps.
e Pomeron < Multi-gluon Exch. + Quark-core effect !

e Literature: P.T.P. Suppl. (1965), Otsuki, Tamagaki, Yasuno
P.T.P. Suppl. 137 (2000), Oka et al

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Short-range Phenomenology-1

e Corollary:
We have seen that the [51]-irrep has a large weight in the

{10}- and {8 }-irrep, which gives an argument for the presence of
a strong Pauli-repulsion in these SU (3) ¢-irreps —

ESCO08: implementation by adapting the Pomeron strength
in BB-channels.

e Repulsive short-range potentials:

VBB(SR) = V(POM)—I—VBB(PB) ; VNN(PB) =Vp
ESCO08c: linear form = Vpp(PB) = (wpp[bl]/wnnN|[51]) - VNN (PB)
ESCO08c : tangential = Vep(PB) =tan(yvsgp)-Vnn(PB),

® opp = <w33[51] — wnN|[51]

wio[51l] —wnN[51] ) - (Pmaz — Pmin) + ONN.

® ONN = Pmin = 45°%, Ymaz = @10, arctan(Ymaz) = 2.

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Short-range Phenomenology-2

SU (6) rs-contents of the various potentials
on the isospin,spin basis.

(S, I) 'V =aVs1 + bVjz3

NN = NN  (0,1) Vyn(I=1)= 2Visy + 2V

NN - NN  (1,0) Vyn = aVisy + 2 Visg

AN — AN (0,1/2) Vaa = Vis1 + L Visg

AN — AN (1,1/2)  Vaa = 2Vs1p + 2 Visg

NN =N (0,1/2) Vas = Vi + & Visg
YN = SN (1,1/2) Ves = Vs + 3 Visg)
NN = XN (0,3/2) Ves = 2V + 2V

SN = SN (1,3/2) Ves = 3Visy + £ Visg

University of Nijmegen

NPCSM2016, YITP-Kyoto

Th.A. Rijken



QCD, LQCD, LFQCD, SCQCD, CQM

QCD

Vac: complex
confinement, SSB

"bare states"

Mayd ~ 0 MeV

oo )

oo

confinement Y Vac: simpler
"string-like" : collective states
! "zero-modes"
: O ——
SCQCD ‘. caQm
confinement Vac: trivial
"string-like" » | confinement ad hoc | < ESC
myqa = 300 MeV
Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto




Strong-Coupling Lattice QCD (SCQCD)
Strong-Coupling Lattice QCD (SCQCD) —

e Nuclear Phenomena: lattice spacing a > 0.1 fm, g > 1.1
= strong coupling expansion (might be) useful!

e Miller PRC39(1987), Kogut & Susskind PRD11(1975),
Isgur & Paton, PR D31(1985)

e Implications SCQCD:
a) quarks different baryons can be treated distinguishable
) baryons interact (dominantly) by mesonic exchanges
) the gluons in wave-functions are confined in narrow tubes
) quark-exchange is suppressed by overlap narrow flux-tubes

(

(b
(C
(d

¢ Implications narrow tube picture SCQCD:

(e) pomeron/odderon exchange: via narrow flux tubes

(f) pomeron & odderon couple to individual quarks of the baryons (Landshoff &
Nachtmann)

e Constituent Quark-model (CQM): succesful!
(1) e.g. magnetic moments (2) derivation(?!) (Wilson et al, LFQCD)

e LQCD (Sasaki, Nemura, Inoue) ~ meson-exchange BB-irreps

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Flavor SU(3)-irrep potentials
SUr(3)-irrep potentials ESC08c

SU¢(3)-irreps: V,, ESCO08c
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Flavor SU(3)-irrep potentials

SUr(3)-irrep potentials ESC08c

SU¢(3)-irreps: V.o~ ESCO08c
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CQM and Meson-exchange
> >

ko > > K,
k1 = ® = k!
q1 > o > q1
q2 > > 5
qs = > q3

Quark momenta meson-exchange

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



CQM I

CQM and Meson-exchange

e NN-meson Vertices Phenomenology: At the nucleon level the general
1/M M -structure vertices in Pauli-spinor space is dictated by Lorentz covariance:

/ /
— 1 1t o-p o-p o - P o-p
r =y, < I'ys — Isp — ————1's s
a(p’, s ul(p, s) = X, { oot s o T Bt T B M E+M}X

oMM MM AM'M
= ey 0P, p) (VM'M)™ (I = bb,bs, sb, s5).
l

! {be + I'ps (o -p) (0P I 7 2) Lo () } Xs

Question: How is this structure reproduced using the coupling of the mesons to the
quarks directly? in fact, we have demonstrated that for the CQM, i.e. m¢g = / M'M /3, the ratio’s
cg)Q / cg\l,)N can be made constant, i.e. independent of (I), for each type of meson. Then, by scaling

the expansion coeffients can be made equal. (Q.E.D.)

University of Nijmegen NPCSM2016, YITP-Kyoto

Th.A. Rijken



CQM Il

CQM and Scalar coupling

e Pseudoscalar coupling: simply okay. e Vector coupling: okay.
e Scalar coupling: £; = gsQQ.0c —

2 2 2 :

Q- +k°/4 k ?
I 1 — 7 k
Qq = 3 AN +8m%+36m§ EZ o;-q X

B 2 2 .
q oMM\ k i
= 3|1- —(1- qxk|.
SN ( m2 )16MM+36m§"N 47 ]
2 2 .
q k 1
T 1 — qxk|.
NN [ i T 1eaar T a4 ]

e m; =/ MM /3: to make k*-term okay add AL; = —g50(QQ)/(2u?) - o
gs/9s =1 —m3/(MM)) = 8/9~ 1, p=ms ~ 2m,

e this implies a zero in the scalar-potential = Nijmegen soft-core models !

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



CQM Il
CQM and Axial-vector coupling

I'5-vertex: Impose for the quark-coupling the conservation of the axial current:

J5 = gatbyu sy + %%(%mﬁ), o-J'=0=

fa = (2moM/m%,) ga. With ma, = v2m, ~ 2v/2mq
a n 7' n
Ju = ga [tb%ﬁw + m%(tﬁ%@b) :
Inclusion f,- and zero in form-factor gives for NNM- and QQM-coupling + folding:

1 .
I's vn :>x§$ [0'—|— AN {Qq(a'.q) _ (qz _k2/4) o+ i(q % k)}] XN,

1 :
Fr.ao = x4 |0+ iy {2060 @) = (@ =10 o+ 9i(a 10 | w

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



CQM IV

CQM and Axial-vector coupling

Orbital Angular Momentum interpretation: T' = 3°_ @y, y5u; = (in X Nvun) measures
the contribution of the quarks to the nucleon spin. In the quark-parton model it
appeared that a large portion of the nucleon spin comes from orbital angular and/or
gluonic contributions (see e.g. Leader & Vitale 1996) Therefore consider the
additional interaction at the quark level

/ . Zgg vaf 7 . a a
AL = e et (Y (@2)Myaph(z)] Apy Muas = Yo (waw — 5858?) :

The vertex for the NNA;-coupling is given by
(p', s'|AL|p, s;k, p) = /d4x<p’, S'IAL |p, s3k, p) ~ eu(k, p) €77

9 / 'z e (5 |i(@) e (3aVs — 5Va) ()P, 5)

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



CQM IV

CQM and Axial-vector coupling

The dominant contribution comes from v = 0. Evaluation:

P, S’IAL’IP, sik,p) = +2m) s (' —p— k) (2a/3) giem(k, p) -

8 Z [ ki, s) )} e(k,p)-qxk (@’ —2a:Q)/2

1!
q" E'+M E+M
 ATYlq o 14 @RxM/My)?) | 2 EEM T ] (@ k.

Adjusting g, can give the spin-orbit of the NNA; -vertex correctly: coupllng to orbital
angular momentum operator of the quarks in a nucleon (baryon) < "spin-crisis".

1. Chiral-quark picture: The spin-crisis in the quark-parton model revealed
that the nucleon spin is orbital and/or gluonic!

2. Constituent-quark picture: no gluonic, no orbital contribution to the spin.
Nucleon spin is sum quark spins. But, in the CQM there is an extra coupling
which connects the QQ-axial-vector vertex with the nucleon level.

NPCSM2016, YITP-Kyoto

Th.A. Rijken University of Nijmegen



Quark-interactions
BB-interactions = Quark-interactions

e Corollary: ESC-model fit NN, YN, YY, Hypernuclear data = QQ-meson couplings.
e Application: Realistic Q-Q interactions via meson-exchange

e Generalized NJL-model: short-range approximation
e N2 L)~ exp(—k2/U), U = A2m? /(A% +m?)

= contact interaction in a dense quark gas.

e NJL: "contact-term" form

Voq = AWTWIWT W] = fs [0v]” + fr [rsv]” + ...

e Treatment Quark-phase, mixed Quark-Hatron-phase in e.g neutron stars !?

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



INTERMEZZO

Multiple Gluon-exchange QCD < Pomeron/Odderon

e Gluon-exchange < Pomeron-exchange

> Multiple-gluon model: Low PR D12(1975),
Nussinov PRL34(1975)
Scalar Gluon-condensate: ITEP-school:
(01g°G2, (0)G™ (0)[0) = AL,
A:. = 800 MeV
Landshoff, Nachtmann, Donnachie,
Z.Phys.C35(1987); NP B311(1988):
(0lg*T[Gy. ()G (0)]]0) =
ALf(2?/a®),a ~ 0.2 —0.3fm
Triple-Pomeron: gsp/gp ~ 0.15 — 0.20,

> Kaidalov & T-Materosyan, NP B75 (1974)
Quartic-Pomeron: gsp/gp ~ 4.5,
Bronzan & Sugar, PRD 16 (1977)

e Two/Even-gluon exchange < Pomeron
e Three/Odd-gluon exchange < Odderon

NPCSM2016, YITP-Kyoto

Th.A. Rijken University of Nijmegen



Pomeron
Two-body Pomeron Potential, 1

P+ Pl

p2 P

e The Lagrangian and the propagator are

Lrnn = gpY(x)(z) op(z), AR(k?) = +exp(—k*/d4mP) / M?,

where the scaling mass M = 1 GeV. The matrix element for the potential,
Mp(p1,p2;p1,p2) = gp [a(@)u(p)] [a(=p)u(-p)] - Arl(p’ - p)°]
X~ gpexp (—k2/4m2p) /./\/lz, k=p —p

Then, the potential in configuration space is given by

2 3
4 m
VP(’I") — — gp P

exp (—m5r? universal repulsion!
P prTria), P

Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto



Pomeron

e}

a b
a b
. o : . o .
)8 0,) 7,8 0, ]
Fourth — order two — gluonexchange : Mé;;fon =C/y Dﬁ(}) + Cx Dg?) ; (3)
16 2 . . . .
_ 2, Aaue ()\gb) )\gj)) 3 (}\(Z) _ }\(J)) :
Cy 3 + 3 za: +
_ 16 2 () 4 () (i) . 3 ()
Cx = §+§Za:daac()\c +)\c)+3(>\ A )

In the adiabatic approximation, the energy denominators are (Rijken & Stoks 1996)

1 1 1 1 1 1 1 1
D(O) — — , D(O) - — — .
// +2w%w% [wl + wo w1 + w2] X 2w%w§ w1 + w2 w1 + w2

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto —p.61/78



Pomeron

e Pomeron couples to the individual quarks (Landhoff & Nachtman 1987), so for BB
enters the sum >, and }_7_,, where i and j run over the quarks of By, B,. Then,

(1) Because D,, = —Dx the term o 16/3 vanishes,
(2) For colorless baryons, > . A = 0, and terms with Yo daac Vanish,

3. Similarly the terms with A - X() vanish for color-singlet states.

Corollary ll: The adiabatic two-gluon exchange contribution for the two colorless particle interaction

. h . : '
ranisies Two-gluon Pomeron-model: Non-Adiabatic

The non-adibatic energy denominators are (Rijken & Stoks 1996)

1 1 1 1 1 1 1
D(l) _ D( ) _ L
/7 (w1, w2) +2w1w2 [w% + w%} » Dxwr, w2) wiws | w? * w2 |’
(4),1 . (1) (1) 16 1 1 1

which leads to a potential with a sign opposite to that for scalar-meson exchange.

Corollary Illl: The non-adiabatic two-gluon exchange contribution to two colorless particles interaction is
repulsive.

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto — p.62/78



Pomeron

The interquark potential will be like

Voo = Ggea |F'(rij)G (rij] ~ (ggea/M?) exp [-ADors]

The BB-potential: folding the inter-quark potential with the baryonic quark wave
functions, i.e.

VB = /deEi /d3%’ Vi(x:) VQq,ii (xi — x;) ¥;(x;).
Using g.s. S-wave h.o. wave functions, the result is a universal gaussian repulsion:

Ve = (gflcd//\/l2) Ng exp [— /_\QQQRQ} :

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Pomeron

K,y

s S —

I, a,l I, a,l

Figuur 11: Two-gluon exchange VdW-graphs (a).

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Pomeron

(a) (b)

Th.A. Rijken University of Nijmegen NPCSM2016, YITP-Kyoto




Universal Three-body repulsion < Pomeron

Universal Three-body repulsion <
Pomeron-exchange

e Multiple Gluon-exchange < Pomeron-exchange

Soft-core models NSC97, ESC04/08:
(i) nuclear saturation, (ii) EOS too soft
Nishizaki, Takatsuka, Yamamoto,

PTP 105(2001); ibid 108(2002): NTY-
conjecture = universal repulsion in BB

Lagaris-Pandharipande NP A359(1981):
medium effect — TNIA,TNIR
Rijken-Yamamoto PRC73: TNR < my (p)

TNIA < Fujita-Miyazawa (Yamamoto)

TNIR < Multiple-gluon-exchange «
Triple-Pomeron-model (TAR 2007)
String-Junction-model (Tamagaki 2007)

NPCSM2016, YITP-Kyoto — p.66/78

Th.A. Rijken
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Three-Body Forces: triple-pomeron repulsion
Triple-pomeron Universal Repulsive TBF:

p1 p1
j)f ~Iriple-pomeron

" ”  Exchange-graph

p3 P3
o eff(azl,xz) — SpNMfd3333V(x1,aZ2,a?3)

Verr = 3g3pgp(pnar /M) (mp /V21)° exp(—mpr?/2) > 0(!)

e gsp/gp = (6 — 8)(r0(0)/70(0)) =~ (6 — 8) x0.025 <« Sufficient ?

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



ESCO08: Nuclear Matter, Saturation Il
ESCO8(NN): Saturation and Neutron matter

Exp’: M /Mg = 1.44, p(cen)/po = 3 — 4, B/A ~ 100 MeV
Schulze-Rijken, PRC84: M /M (Vi) ~ 1.35

100
| Neutron Matter
80 o .
60
> NN+MPP+MPE
= 7
NN+MPP s
40 Phd
20 NN only
0 I I I I
0.5 10 15 20 25 30

Th.A. Rijken University of Nijmegen
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ESCO08: Nuclear Matter, Saturation I
ESCO8(NN): Binding Energy per Nucleon B/A

With TNIA(F-M,L-P) and Triple-pomeron Repulsion

30
1 Symmetric Matter
20
10 -
> 04 NN+MPP
=
—10 NN+MPP+MPE
—20 \\‘x\‘ NN only -7
-30

Th.A. Rijken University of Nijmegen
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ESCO08: Nuclear Matter, Saturation Il
ESCO8(NN): Binding Energy per Nucleon B/A

With TNIA(F-M,L-P) and Triple-pomeron Repulsion
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O16 — O1g Scattering
O16 — O Scattering with MPP+TNIA

10°F

o 10 =20
Oc.m. (deg)

University of Nijmegen

Th.A. Rijken
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ESCO08: Nuclear Matter, Saturation 1V
ESCO08c(NN): Saturation and Neutron matter

140

20

Symmetric Matter

1904 Neutron Matter I’I Saturat|on curves fOI’

ESCO08c(NN) (dashed),
ESCO08c(NN)+MPP (solid).

Right panel: neutron matter
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Left panel: symm.matter,
( NO TNIA(F-M,L-P)).
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/
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Dotted curve is UIX model of
Gandolfi et al (2012).
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ESCO08: Nuclear Matter, Saturation V
ESCO8c(NN): Neutron-star mass nuclear matter

3.0 Solution TOV-equation:
. Neutron-Star mass as
95 a function of the radius R.
- ' Dotted: MPO, no MPP
20 Solid : MP1, triple+quartic MPP
% Dashed: MP2, triple MPP.
-3 1'5'_ | Yamamoto, Furumoto,
2 0 Yasutake, Rijken
. ESCO08: MPP function:
054 (i) EoS, NStar mass
) (i) Nuclear saturation
0.0 . - . - .

10 9 16 (iii) HyperNuclear overbinding.

Th.A. Rijken University of Nijmegen
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Dibaryon states Experimental: H,
Experiment and Strange Deuteron H,

e K~ +D— K"+ MM,
pK_ — 14 G@V/C

e H, = (E n)p.s. — AN (e + Te)
e H, : production X-section?
e K~ +D — HY)+ K°

n, A

e Rome-Saclay-Vanderbilt Collaboration:
D’Agostini et al, Nucl. Phys. B209 (1982)
e Conclusion: No evidence for the existence of Q = —1, S = —2 dibaryonic states,

in the mass range 2.1-2.5 GeV/c.
e Q: Conflict with Uz = —(3 — 14) MeV ?!
e J-PARC: EO3, EQ7 experiments?!

Th.A. Rijken University of Nijmegen

NPCSM2016, YITP-Kyoto



Dibaryon states Experimental: H,
Experiment and Strange Deuteron H,

- K +D—K'+MM
o - = L.4GeV/c
Nucl. Phys. B209 (1982) 1 — 15
-800 . o
N edata~ K~ +D—+ K" "2 n
§ = background
= 600
To) [ [
@
o
2 400
o
i . o
200 . o (B7E7)
(= n) .
l (ElA) ° .
[
’ 1 1 1 ° e [ I |
2.15 2.20 : 2.30 2.35 2.40 2.45

Missing Mass (GeV/c?)
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Conclusions and Status YN-interactions

Conclusions and Prospects

1. High-quality Simultaneous Fit/Description NN & Y N,
OBE, TME, MPE meson-exchange dynamics.
SU(3)-symmetry, (Non-linear) chiral-symmetry.
2. NN,YN,YY: Couplings SU;(3)-symmetry, ® P,-dominance QPC, CQM!
Quark-core effect: °S; (XN, I = 3/2) is more repulsive.
3. Scalar-meson nonet structure < Nagara A Baa values.
4. NO S=-1 Bound-States, NO AA-Bound-State.
5. Prediction: D=y = ZEN(I =1,°S1) B.S.|, De= = Z2(I = 1,' Sy) B.S. ??1.
6. QQ-Potential: Link Baryon- and Quark-interactions (!?)

Status meson-exchange description of the YN/Y Y-interactions:
a. ESCO08: Good G-matrix results for the Uy, Us;, U= well-depth’s,
AN spin-spin and spin-orbit, and Nagara-event okay.
b. Similar role tensor-force in ®S; NN-, A/YN-, EN-, and A/X=-channels.

c. Neutron Star mass M /Mg = 1.44,2.0 < Multi-Pomeron Repulsion.

e JPARC, FINUDA, MAMI/FAIR: new data Hypernuclei, X" P,AP,=N |
e RHIC: new data Exotic D-Hyperons AA, A=, == |

Th.A. Rijken University of Nijmegen
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Meson-exchange and EFT

e Coefficients in the (VN N27w EFT-interaction Lagrangian (Ordonez & van Kolck 1992)

2
£(1) = —’(E [801D_1m721-% -+ QCQ’YIUJT -t X DM — 4C3DPJ : D'u + 2640',u1/7- : D'u X DV] w )

I'n: EFT c.t's

Interpretation NLO contact terms IIN-interaction from:
Propagators & Form Factors & MPE-vertices

Low t(Q)-expansion Propagators & Form Factors =
EFT-type interaction terms
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ESC-model and Chiral-symmetry
ESC-model and Chiral-symmetry

Non-linear realization Chiral-symmetry:

1. Non-linear Goldstone-boson sector,
(i) Pseudo-vector couplings pseudoscalars, SU(2), SU(3)
(if) two-pion(ps) etc vertices, no triple, quartic .. vertices.

2. SU(2), SU(3)-symmetry scalar, vector and axial-vector mesons.
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