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Short- and intermediate-range nuclear force

* Atr,,~>1.2-1.4 fm the NN interaction is mediated by O and 20 -
exchange (i.e. Yukawa picture). However when r,, < 1.2 fm (i.e. at
intermediate and short ranges) two nucleons overlapped and the
whole picture of interaction is dictated by quark dynamics.




Short- and intermediate-range nuclear force in
quark models

Here we will focus mainly on the symmetry aspects rather than details of quark
dynamics.
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So, the mixed symmetry 6g-configuration |s4p2[42]x> Is strongly dominating
over the fully symmetric one |s°[6] > as:

W([42]):W([6])=8:1 (for two non-interacting nucleons)

« |t was proved (Y.Yamauchi, A.Buchmann, A.Faessler; [.T.Obukhovsky,
O.Kusainov; M.Oka, K.Yazaki and many others) that this dominating mixed-
symmetry configuration is preserved also for any reasonable qgq interaction
model.
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1e mixed symmetry
configuration |s*p?[42] >
gives, when projecting into
NN channel, a nodal
projection x,,([42].r) while
s°[6] > gives a nodeless
projection x,,([42].r).

Thus, in quark model one
has the nodal relative
motion NN wf in S- and P-
waves at low energies.

The projection of 6g wavefunctions with different symmetry onto NN channel. Projection
of total wf (dot-dashed line) and its components s#p2 (solid line) and s® (dotted line ) are
shown at energies E_, =5 (a), 200 (b), 1000 (c), 1500 (d) and 2000 MeV (e). Projection of
wf onto AA-channel (dashed line) and cc channel (long-dashed line) are also shown at

E,.,=200 MeV.
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“We show that the highly dominant configuration is
s*p?[42], [51]¢ ) due to its specific flavour-spin symmetry. Using
the Born-Oppenheimer approximation we find

in both 3S, and
1S, channels. The symmetry structure of the highly dominant
configuration implies the existence of a node in the S-wave
relative motion wave function at short distances. The amplitude of
the oscillation of the wave function at short range will be however
strongly suppressed.”

“The main outcome is that V(R=0) is highly repulsive in both
3§, and 'S, channels, the height being GeV in the former
case and GeV in the latter one.”

“Thus it is the GBE interaction which brings about 1 GeV
repulsion, consistent with the previous discussion.”
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However, if to add (by hands) an additional scalar force (on qq or
directly on NN level) one can describe properly the empirical NN
phase shifts. But still the scattering wavefunctions in this model
will have inner stationary nodes in lowest NN partial waves.

This behaviour is not compatible with traditional repulsive core
NN potentials.

So is it possible to describe the nodal behaviout with any
potential?



Thus, the NN potential corresponding to this situation should be strongly
attractive one with Os forbidden state. It is so called Moscow NN potential,

see e.g.:

V.l.Kukulin, V.M.Krasnopolsky, V.N.Pomerantsev, P.B.Sazonov

— Sov.J. Nucl. Phys. 43, 355 (1986); Phys. Lett. B135, 20 (1984);
V.l.Kukulin, V.N.Pomerantsev — Progr. Theor. Phys. (1991).
Later on the Moscow model was generalized to all other NN partial waves.

v(r) -
*
~deuteron

forbidden state

The generalized Moscow NN potential

The potential consists out of three parts:

NN = vfff + ,OFPE 4 pSep
where the local exponent well vj’ﬁf depends on the channel spin and
parity:

' (r) = Vo exp(=8r) + (s))V{® exp(—B1r).
The separable repulsive part is state-dependent:

v =N >< ¢,

where |y) is a Gaussian form factor:

1/r 2
o(r) = Nritlexp (—— (—) )
2 o

with normalization condition f:,pgdr =1,



Deuteron wavefunctions in conventional (dashed
lines) and Moscow (solid lines) NN potential
models.
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The Moscow NN potential described the lowest NN phase shifts not worse (or even
better) than the conventional OBE-like potentials (Paris, RSC etc.).
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Thus, in the mid of 80ies we had two alternative ways to describe
the basic features of NN interaction:

(i) the traditional OBE-like potentials with repulsive core, and

(i) the nonconventional deep potential with some extra bound
states.

Now the question arises: what is interrelation between the deep
(Moscow) and shallow (e.g. Paris) NN potentials?

From the first glance these two models look to be fully different
and are not related to each other!

However! They turned out very tightly coupled by means of
supersymmetrical quantum mechanics.



Supersymmetrical quantum mechanics.
Basic references.

E. Witten, Nucl.Phys. B188 (1981) 513.
C.V. Sukumar, J.Phys. A18 (1985) 2917, 2937.
A.A. Andrianov, N.V. Borisov, M.I. loffe,
Phys. Lett. 105A (1984) 19.
L.E. Hendenstein, JETP Lett. 39 (1984) 234.
J. Fuchs, J. Math. Phys. 27 (1986) 349.



Supersymmetrical quantum mechanics

{Q;} — charge operators, : = 1,... N, @Q; satisfy to some algebra:
{Qi.Q;} = o;H;, 2,7=1,...N
Qi H] = 0
H — supersymmetrical Hamiltonian (is included in generators!)
In the simplest algebraic system with only two charge operators

@1 and Q7

let’s define: @ = (Q1 +1Q2)/V2; Q' = (Q1 —iQ2)/V2,

then one obtains: 'H = {Q,Q'}

it may be considered as a definition of supersymmetrical Hamiltonian
H.

The charge operators @ are nilpotent: Q2 = 0, (Q)2 = 0; then:
[QH] = [QH'] = 0.



Some realization of superalgebra (E. Witten,1981):

({0 0\ (0 At
o=(23) @=(3%)

A~ - the linear differential operator; AT —its conjugate. QQ = 0 by
construction.
No statement about commutator: [AT, A7] =7
Then from the definition of supersymmetrical Hamiltonian we obtain:
ATA- 0
Hy _ H{y O
0 4”4t 0 Hp)’
H»
where Hq and Ho are supersymmetrical partners of each other.

H=1{Q,Q} =

Hi =T+ Uq, Ho =T + Us.



In supersymmetrical quantum mechanics it can be proved the prop-
erty of the factorization of the Hamiltonian:

Hp = Ag (Ep) - Ag (Eo) + Eg
factorization energy

_ d dIng n —\t
A (Eg) = | —— AT = (A

O (Eo) ( dr T dr ) O ( O )
Let H>, = Hp (resignation) = T 4 Up(deep attractive potential)
Normalized eigenfunctions of Hg and Hq are interrelated directly:

! ~ (0)
AqWo(E);, E>esg=E
The choice Eém = g (factorization energy) leads to almost full

coincidence of the spectra Hp and H4q except ground state in Hp,
which vanishes.

Vq(E) =



The method of factorization for Hamiltonian (so called Darboux
transformation) was suggested still by Schrodinger in 1940 year.
The direct interrelation between two phase-shift equivalent poten-
tials (i.e. Ug(r) and Us(r)) is.

h? d?
Uz(r) = Up(r) — 25972 In[(Ep)i1(Eo)].
pdr

This potential has the same spectrum (except ground state) and is
fully phase-shift equivalent to Up.

2-3
2

Us(r) :}D , when excluding S-wave state
T

r

In general case: Us(r) 5 (’“+235’“+33 — in agreement with Levinson
il'_'t
theorem!

l.e. Us — Ug
SUSY partner



Then one can prove (D. Baye):

Hy= AJAE—FED <+ deep attractive Hamiltonian with a forbidden state

Hy = AEAE]' + Eg <= standard repulsive core Hamiltonian

In essence, these Hamiltonians represent simply different compo-
nents of unified supersymmetrical interaction.

since @5 ) =( 2, Janaat(§)=(47)

one can say that the charge operators @@ and QT induce transforma-
tion between bosonic (a) and fermionic (3) sectors.
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Connection of Kukulin’s Nucleon-Nucleon Deep Potential
with Realistic Repulsive Core Interactions

F. Michel' and G. Reidemeister >*

'Faculté des Sciences, Université de I’Etat a Mons, Belgium
?Physique Nucléaire Théorique, Université Libre de Bruxelles, Belgium



3S.,-°D, Moscow and SUSY partner potentials
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Fig. 5. Comparison of the nucleon-nucleon triplet central potential
of Kukulin et al. [2] (thick line) with our reconstructed potential
(thin line) and with the Reid soft core interaction [20] (dashed
line)



360

I

270

90

\
100

200
E gpMeV]

]
400

351
> 180 \ e
~
“© 3D1 - ~
¢1(deg)
410
o y . 5

Fig. 4. Nucleon-nucleon 3S, and 3D, phase shifts and mixing param-
eter ¢,, calculated with the interaction of Kukulin et al. [2] (full
lines) and with our reconstructed potential (dots) (the phase shifts
are represented up to a translation of )
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Fig. 7. Deuteron wave function components v and w calculated with
the potential of Kukulin et al. [2] (dashed line) and with our recon-

structed potential (full line)



Table 1. Comparison of the deuteron observables calculated with
the potential of Kukulin et al. [2] and with our reconstructed poten-
tial using as cutoff parameters R, =0.8015 fm, a,=0.15 fm (see text)

Parameter Kukulin’s Reconstructed
potential potential

E;(MeV) 2225 2.225

(r1? (fm) 1.961 1.968

P, (%) 6.78 6.68

Q(fm?) 0.286 0.288

n=Ap/As 0.0269 0.0268

Ag 0.881 0.886




1S, Moscow and SUSY partner potentials
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Fig. 2. Comparison of the nucleon-nucleon singlet central potential
of Kukulin et al. [2] (thick line) with our reconstructed potential

(thin line) and with the Reid soft core interaction [20] (dashed
line)
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Fig. 1. Nucleon-nucleon 1§, phase shift calculated with the interac-
tion of Kukulin et al. {2] (full line) and with our reconstructed
potential (dots) (the full linc has been shifted downwards by n)



So, there is a very deep interrelation (based on supersymmetry)
between two (seemingly fully different) NN force models.
What is physical origin for this supersymmetry?

The almost evident reply is the intermediate 6q bag which is
boson. So, in this case two nucleons (fermions), when interacting,
are fusing into a boson (6q) and then the intermediate boson
breaks into two other! nucleons.

However, as was demonstrated above the intermediate 6q bag (if
to choose the qq force to be compatible with all baryonic spectra
(e.g. the Goldstone-boson-exchange model) leads only to purely
repulsive NN potential (i.e. it gives no attraction needed to bind
deuteron and other nuclei)!

So one needs some new alternative model for the intermediate 69
bag where the bag formation can lead to strong NN attraction at
=1 fm.

This is doing by the dressed dibaryon model proposed in our
group 10 years ago.



Dibaryon concept for nuclear force and
Its experimental evidence

1. Yukawa’s picture for nuclear force and its difficulties
Hard problems with 21r-exchange and scalar force.

Dibaryon mechanism for scalar field generation in
Roper resonance and in NN system.

Experimental evidence.
New three-body force based on dibaryon mechanism.
Nonconventional picture for nuclel.

. Conclusion.

> IR WM



Yukawa's conception for the nuclear force

Nowadays the traditional model for the NN-interaction and basic nuclear
force, which has been based on the Yukawa's idea on the meson-
exchange in t-channel, works very well at large distances rvw > A ~1.4 fm
but there are some serious problems and fundamental difficulties at
intermediate (rvww ~ 1 fm) and especially at short ranges (rnv ~ 0.4 - 0.8 fm).

Foan (QJ*A) A Fona (Q:*A) Fp NN (QJ"'\)
9 N———9— N ‘
: JI“‘ :
E n + /f o . + E P,... +
! ) o \___\ :
® N—% A * N @

The intermediate- and short-range nuclear force should be revised somehow.

The most appropriate, consistent and related to fundamental QCD-picture
way to make the revision is an introduction of the dibaryon degree of
freedom in hadronic physics, NN interaction and generally in nuclear
physics.



The problems in OBE-description of intermediate range
interaction:

1. Aynyn (in all OBE-models)~ 1.3 = 2.0 GeV is very high and in strong
disagreement with all microscopic theoretical estimates and experimental
fits (Arnvnlexp ~ 0.5 = 0.8 GeV). Moreover, the cut-off parameters A,y
and APNN, which fit the inelastic NN-data on m-meson production, like
pp — ppﬂ'o or pm'r"', are in good agreement just with the soft values of

A-nvny =~ 05-+0.6 GeV!

A =1.3—-20GeV
NN
L3 N
e
:
@ N

elastic channel

. but )
/” n’/’
A =0.6GeV A =05Gev _-°
L’ xNA ’
® N = > N
- A

, TC T

: "

L] L]

e N - N

inelastic channel inelastic channel



The average 3He(e,e’pp) cross section as a function of missing
momentum p,, at E, = 750 MeV (the data of NIKHEF). The theoretical
predictions without (solid line) and with (dashed line) pair 2N currents
are based on full Faddeev 3N calculations with three-nucleon force
included
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The comparison for the *He(e,e’p)3H cross section between
experimental data and Laget calculations with PWIA,
PWIA+FSI PWIA+FSI+MEC. Disagreement is large !
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FIG. 3. Radiatively corrected cross section in the 2bbu
channel. The curves are the result of a microscopic calculation
based on a diagrammatic expansion of the cross section [31].
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Field-theoretical model for the 2r-exchange
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Puzzle with scalar meson exchange

A
N @ ,’ N —Q—’ N :
S % =0 + . ! O (effective)
N —."u_:L N Y S N e
A basic NN attraction

Contrary to the conventional view, the three independent groups
have found that 2mexchange with intermediate = — © s-wave inter-
action leads to strong short- and intermediate-range repulsion and
only very moderate peripheral attraction.

1 GeV
Vo(e) | Vo(©) A \\
0= ? \/— -
— 100 MNe
That we need That we have now

As a result, we have now NO MECHANISM FOR PROVIDING BA-
SIC INTERNUCLEON AT TRACTION. In this point the intermedi-
ate dressed dibaryons appear!



Van(®) [GeV]

NN potential extracted from Lattice
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The dibaryon mechanism for scalar field generation in Roper
resonance and NN system

The 6q dressing mechanism.

GHp .

Na)
Na)
=
\
\
\

e 77— p-orbit
e vt g VYV g @ s—orbit
I6q: sp [42]> =N Is [6] L=0 + o(p)>

The new dressing mechanism can be presented in the form of dia-
grames:




T he effects of strong o-field around six-quark bag.

This strong o-field leads to highly non-linear effects:
— (partial) restoration of chiral symmetry in the dressed bag;
— shrinking the multi-quark bag due to strong ‘pressure’ of scalar field;

— enhancement of scalar diquark correlations in the bag.
y <d

The o-field has mainly spherical symmetry due to L = 0 and high space
symmetry (5'5[6]Lq = 0) of the bag, and thus the field pulls quarks to the
center of the bag and results in effective strong attraction among all the six
quarks in the bag in this dressed bag state (DBS). As a net result of this
inter-quark effective attraction there arises a strong attraction between

two nucleons in NMN-channel.



II. The concept of NN interaction based on intermediate dressed
dibarion production

N ; G,T.,P N N G ‘lc.p N

bare dressed
dibaryon dibaryon

The o-dressing of intermediate dibaryon shifts its mass downward
noticeably (A ~ 0.5 —-0.7 GeV).

T he similar o-dressing of the Roper resonance:

|s°(25)[3]) = |s°[3] + o)

reduces its mass about 0.5 GeV!



T he effective potential VNqN induced by coupling the N N-channel
to the intermediate-dibaryon channel in form of a sum over simple
separable terms for each partial wave:

Vnen = Y, Vip(r,r) (15)
SJ. L, L/
with
+
Veu(e, o) =Y Z{ 3 () Xy (B) Z7is (&), (16)
M

where Z{3(r) are the potential form factors (vertex)

Z{§ () = s(r) Vi (&) (17)

and the energy-dependent coupling constants )\S I L,(E) are expressed
by integration of the product of two transition vertices B and con-
volution of the product of meson and quark-bag propagators over
the momentum k:

Bf sk, E) B ;5" (k, E)

L?
Loy E mdo QT‘!O — ("O'(k)

(18)




The phase shifts of NN scattering in low
partial waves
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Table 1. Deuteron properties in the dressed bag model.

Model | Ey(MeV) | Po(%) | rm(fm) | Qu(Fm®) | pa (py) | As(fm™) | 5(D/S)
RSC 2.22461 | 647 | 1.957 | 0.2796 ' 0.8429 | 0.8776 |0.0262
Moscow 99 | 2.22452 | 5.52 | 1.966 | 0.2722 |0.8483 | 0.8844 | 0.0255
Bonn 2001 | 2.224575 | 4.85 | 1.966 | 0.270 |0.8521 | 0.8846 |0.0256
DBM (1) | 2.22454 | 5.22 |1.9715 | 0.2754 | 0.8548  0.8864 |0.0259
P, =3.66%
DBM (2) | 2.22459 | 5.31 | 1.970 | 0.2768 | 0.8538  0.8866 |0.0263
B, = 25%
experiment | 2.224575 1.971 | 0.2859 |0.8574| 0.8846 | 0.0263




The o-content of the nucleon and
Roper resonance.

L. Kisslinger et al. suggested a hybrid model (within a
gluonic hadron picture) for the o-meson (L.S.
Kisslinger, J. Gardner and C. Vanderstraeten, Phys.
Lett. B 410 (1997) 1).

Then S. Naryson (Nucl. Phys. B 509 (1998) 312) and
L. Kisslinger (Phys. Lett. B445 (1999) 271) used
QCD sum rules for glueballs and mixed meson-
glueball hadrons.

As a result it was found:



Basic findings of Kisslinger's et al work

1. The low-mass scalar glueball can be understood as
coupled-channel glueball/sigma in the region below 1
GeV, with o being a two-pion phenomenon (by the o
we mean the enhancement in the - 1=0, L=0
amplitude).

2. From analysis of glueball decays and -1 phase
shifts one can extract the gluon-sigma coupling
strength to predict 21r-decay of hybrids.

“It was proposed that the of the o
enhancement is the
(The strong coupling to 21r-continuum might be a good

explanation for the absence of light narrow glueball in
lattice gauge calculation.)



The QCD sum rules consideration for hybrid
current in nucleon and Roper resonance has
demonstrated that:

- The nucleon has a very small hybrid component,
while for the Roper the purely hybrid current give a
noticeable contribution (see e.g . L.S. Kisslinger and

Z. Li, Phys.Lett. B 445 (1999) 271). So, they predicted
a dominating o+N decay mode for the Roper.

- The direct experimental data (of H. Clement et al. and
many others) suggest that the width of Roper
resonance decaying into sigma+N final states is
generally an order of magnitude larger than those of
other resonances.



Interpretation in terms of the 2zw-excited

string.
See A. Faessler, V.l. Kukulin and M.A.Shikhalev, Ann. Phys. 320
(2005) 71.
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The dibaryon model prediction for the two-pion
production via 0-meson at p+n or p+p collisions




trt Production in Nuclei

* medium effects of the t system

* nuclei as isospin filter:
00
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Conclusions

1. The deficiency of scalar fields in OBE- and constituent quark models
gives a very strong evidence in favour of existence of 0-dressed
intermediate dibaryons in which the scalar field is generated in the
string deexcitation process.

2. The similar mechanism for the scalar field generation is producing
a large mass shift of the Roper resonance and leads to dominating
N+0 channel in the Roper decay. (This conclusion is in a full
agreement with QCD sum-rule solution of Kisslinger et al. and the
Clement’s et al experiments.)

3. The dibaryon model for nuclear force leads to numerous
implications for nuclear physics — main of them is an appearance of
a new non-nucleonic (i.e. the dressed dibaryon) components in
nuclear wave functions with probability 210%. In turn, these new
components leads to new e.-m. currents, new powerful 3N force,
existence of cumulative processes in hadronic scattering off nuclei,
etc.



