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I briefly review some consequences of the meson cloud in the nucleon
for high-energy nucleon-nucleon and nucleon-antinucleon scattering. The
discussion includes the analysis of the production of W and Z bosons and
dijets in proton-antiproton collisions. A consistent analysis of deep-inelastic
data and the gauge boson production data shows that the concept of virtual
mesons in the nucleon is very useful in understanding the charged lepton
asymmetry measured by the CDF collaboration at Fermilab. I discuss a
possibility to test the d—u asymmetry in the nucleon by the analysis of
some asymmetries possible to measure in principle at RHIC. I discuss some
selected effects which may potentially be responsible for an enhancement
of the large- Er inclusive jet production observed by the CDF collaboration
at Fermilab. It is shown that target mass corrections in lepton DIS and
effect of the pion cloud in the nucleon may be very important for a proper
understanding of the experimental jet data.

PACS numbers: 12.38.Lg

1. Introduction

With the advent of high precision data on deep inelastic scattering, un-
derstanding of the nonperturbative flavour structure of the nucleon is be-
coming one of the pressing issues where the interests of particle and nuclear
physics converge. It has been customarily assumed that the nucleon sea is
flavor symmetric (d,(z) = u,(x)). There is no general principle that forces
one to this hypothesis other than the fact that it appears as a natural con-
sequence of a perturbative approach to the nucleon’s parton distributions.
At large Q? the perturbative QCD evolution is flavour independent and,

to leading order in log Q?, generates equal number of @ and d sea quarks.

* Presented at the MESON ’98 and Conference on the Structure of Meson, Baryon and
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Perturbative QCD describes only the Q?-evolution of deep inelastic struc-
ture functions, starting with certain nonperturbative input. There are no
a priori reasons to expect a -d symmetric nonperturbative sea. Specifically,
the observed [1] violation of the Gottfried Sum Rule (GSR) [2] provides ex-
perimental evidence that the nucleon sea is not flavour symmetric.

Furthermore, the strong correlations between quarks and antiquarks of
the nonperturbative sea, exemplified by the pionic field in physical nucleons,
leads to such an asymmetry [3-8]. The meson cloud model provides a natural
explanation for the excess of d over @ quarks already in its simplest form in
which the proton contains components of a bare proton and 7° and a bare
neutron and 7.

Recently [9] the CDF collaboration has reported a new evaluation of the
measurement of the differential cross section for inclusive central jet produc-
tion at the Fermilab pp Tevatron at /s = 1.8 TeV. The results have been
presented for jet transverse energies, Fp, in the range 15 to 440 GeV. It has
been noticed long ago [10] that at the high Ep values such measurements
probe the substructure of the (anti)proton in a previously unexplored kine-
matical region Q? ~ 10° GeV?2, equivalent to distance scales of ~ 1072 fm,
which is only a small fraction of the nucleon size. Thus, such measurements
have a possibility to address the problem of the quark substructure pro-
vided the parton distributions in the nucleon are known sufficiently precise.
Intriguingly, the CDF experimental result shows an evidence of possible de-
viations above that obtained from next-to-leading order (NLO) calculation
based on the current phenomenological knowledge of parton distributions
obtained from global analyses [11,12| of a wide range of hard processes.

In this presentation I shall comment on possible consequences of the
meson cloud for the W and Z weak gauge boson production in the nucleon-
(anti)nucleon collisions and confront the predictions with the existing CERN
and FNAL experimental data. In addition I shall discuss how the W/Z
production in proton-proton and proton-deuteron collisions could shed some
new light on the d-u asymmetry in the nucleon and in the consequence on
the nucleon structure. Finally I shall discuss how the meson cloud effects
influence the inclusive Fp spectra of jets in proton-antiproton collisions.



Consequences of Nonperturbative Nucleon Structure at High Energies 3437

2. Meson cloud and parton distributions in the nucleon

In our model (for a recent version see for instance [15]) the nucleon is
viewed as a quark core, termed a bare nucleon, ‘surrounded’ by the mesonic
cloud. The nucleon wave function can be schematically written as a super-
position of a few principle Fock components (only 7N and 7 A are shown
explicitly)

‘p>phys = \/Z

‘p>core
27 . Lo T 2 T
+ [ dyd°kiong(y, kL) g’PW;yJﬂWF g\mf sy k1)
27 7 Loyt - 7 Loat 0., 7
+ [ dyd°kidax(y, k1) §’A Ty k) — g\A Ty, k1)
Lo+, 7
+ EIAW sy k1) |+

with Z being the wave function renormalization constant which can be cal-

, (1)

culated by imposing the normalization condition (p|p) = 1. The ¢(y, k1 )'s
are the light cone wave functions of the wIN, mA, etc. Fock states, y is
the longitudinal momentum fraction of the 7 (meson) and k| its transverse
momentum.

The model includes all the mesons and baryons required in the descrip-
tion of the low energy nucleon-nucleon and hyperon-nucleon scattering, .e.
w, K, p,w, K*and N, A, Y, A and X*. The main ingredients of the model
are the vertex coupling constants, the parton distribution functions for the
virtual mesons and baryons and the vertex form factors which account for
the extended nature of the hadrons. The coupling constants are assumed
to be related via SU(3) symmetry which seems to be well established from
low-energy hyperon-nucleon scattering.

We have used the light cone meson-baryon vertex form factor [13]. By
construction, such form factors assure the momentum sum rule [6,13]. The
parameters Ayp have been determined from an analysis of the p — n, A, A
fragmentation spectra [13].

The contributions from the virtual mesons can be written as a convolu-
tion of the meson (baryon) structure functions and its longitudinal momen-
tum distribution in the nucleon [14]

1
S Fae) = [ dufu)FC). @)

T
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Eq. (2) can be written in an equivalent form in terms of the quark distribu-
tion functions

500 g, / fuw) (5. 3)

The longitudinal momentum distributions (splitting functions, flux factors)
of virtual mesons (or baryons) can be calculated assuming a model of the
vertex. Further details can be found in Refs. [13].

The parton distributions “measured” in pion-nucleus Drell-Yan processes
[16] are used for the mesons. The deep-inelastic structure functions of the
bare baryons, Fgcore(x, Q?), FQBC()re(x, Q?) are in principle unknown.

In the following we shall deal both with small and large = at relatively
small Q?, where the target mass corrections may play important role. To
include the target mass corrections we follow Ref. [17] and replace the mea-
sured Bjorken-x by the target mass variable £ [18]. In order to fix the
parameters of the bare nucleon we have used the following sets of DIS data:

) Fi'(z,Q%) [19],
b) Fy(z,Q%) — F§(x, Q%) [19],
(c) Fp(x,Q%)/F(x,Q%) [19],
(d) FN(z, Q%) [20].

(a
(

The following simple parameterization has been used for the quark dis-
tributions in the bare proton at the initial scale Q% = 4 (GeV /c)?.

Ty core() = Ay (1 —2)" (1 +7,2) , (4)
2dy core (1) = Aqr® (1 — 2)P4(1 + yz) | (5)
TSeore(x) = Ag(l —2)"5(1 + ygz) , (6)
TGeore(T) = Ayl —x)>3 . (7)

Note, that we have used SU(2) symmetric sea quark distribution for the bare
baryons and suppressed the strange sea by a factor 2, i.e.

Score = Us,core = ﬂs,core = ds,core = ds,core = 2Ss,core = 2gs,core- (8)

A typical fit to the data is shown in Fig. 1. The solid line corresponds to
the fit, hereafter called “Model 1” for brevity, which explicitly includes the
meson cloud corrections. For comparison by the dashed line we show also a
result without meson cloud correction called “Model 2”.
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Fig. 1. The deep-inelastic scattering data. The solid line corresponds to the fit
which explicitly includes the meson cloud corrections. For comparison we show
result without meson cloud corrections (dashed line). (a) F§(z), (b) F} (z)— F3'(z),

() F3'(2)/F5 (), (d) F§™ (x).

3. Production of the W and Z bosons in
nucleon-(anti)nucleon collisions

In the leading order (LO) approximation in the framework of improved
parton model [21] the total B(=W=, Z%) boson cross section is the convo-
lution of elementary cross section 6(qq’ — B) with the quark densities

(9)
In analogy to the Drell-Yan processes the so-called K-factor in Eq. (9) in-
cludes first order QCD corrections [21]). The elementary cross sections in
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(9) can be easily calculated within Standard Model [21]|. Then the rapidity
distribution of W boson produced in the hq + hq collision is

do
— (hihy —» WEX
dyw( 1the — )
227G
=K 3—\/5 9519522 !qu/!2
49,9
x | q(a1, M) @ (x2, M) +(7,(9017M5V)Q(9027M5v)] : (10)

In analogy the rapidity distribution for Z° boson is

x[aer, M3) ez, M3) + alar, M) a(a2, M3)| (1)

In Eq. (10) and (11) the quark distributions must be evaluated at z;/, =
%ei%, where B=W or Z.

The formulae for the differential cross sections for the production of
charged leptons from W= and Z decays are somewhat cumbersome and are
presented in detail in Ref. [15].

The calculation of the cross sections for the gauge boson production
(Eq. (10) and (11)) or the cross section for the lepton from the gauge boson
decay requires parton distributions at Q? = M%,(M%) For this purpose
the parton distributions as discussed in Section 2 have been evolved by the
Gribov-Lipatov—Altarelli-Parisi (GLAP) evolution equations [22].

Naively one would expect that the total cross section for the production
of gauge W bosons should be smaller in the proton-proton collisions than
in the proton-antiproton collisions, because in the latter case the antiproton
is an efficient donor of antiquarks. This was used in the past as a strong
argument for the construction of proton-antiproton colliders such as those
at CERN and Fermilab. Since at that time it was strongly believed that the
nucleon sea is symmetric with respect to the light flavours, no d # @ scenario
has been considered. At present there are fairly convincing arguments [23,29|
for the d-@ asymmetry. Can the d-@ asymmetry induced by the meson
cloud in the nucleon modify this simple expectation? In Fig. 2 we compare
the proton-proton and proton-antiproton cross sections for the “asymmetric”
(panel a) and “symmetric” (panel b) cases. The corresponding cross sections
are denoted as: oot (pp — W) = otor(pp — W) (solid), oior(pp — W)
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Fig.2. A comparison of the total cross sections for the production of W-boson in
the proton—proton (solid) and proton-antiproton (dashed) collisions. In panel (a)
we show the results for the asymmetric sea induced by the meson cloud and in
panel (b) the results for the symmetric sea quark parameterization.

(dashed) and oot (pp — W) (dotted). As expected, without meson cloud,
with symmetric sea quark distributions, the cross section for the production
of W is smaller in the proton-proton case than in the proton-antiproton
case. In contrast, much larger cross sections are obtained if the meson cloud
effects are included (see panel a). As seen from the figure, in the broad range
of energy oiot(pp — W) > oiot(pp — W) = opot(pp — W), A huge
enhancement of the cross section due to the meson cloud effects close to the
threshold can be observed in the proton-proton collision case. In principle
this effect could be studied in the future at the heavy-ion collider RHIC.
There is practically no such enhancement in the proton-antiproton collision
case |15], except very close to the threshold, where the corresponding cross
section is negligibly small.

A very interesting quantity is the asymmetry of charged leptons from
W+ — I*(v,7) decays defined as

AT () — j—;(pﬁ - WtX - IT7X) - j—;(pﬁ - WX -1 X)
v T e WX S 1P R) + 42 (pp— WX — X))

(12)

The quantity has been measured recently by the CDF collaboration at the
Fermilab pp Tevatron collider [24,25]. In Fig. 3 I show the experimental
result together with results of different calculations. The experimental data
have been folded across y; = 0 [25] based on the CP invariance. In this
calculation experimental cut [25] pfrvmin = 25 GeV has been applied. We show
both asymmetries obtained in our Model 1 (solid line) and Model 2 (dashed
line). As clearly seen from the figure the presence of the meson cloud consid-
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Fig. 3. Predictions for the asymmetry A;;f of the rapidity distributions of the
charged leptons from the W* — [*v decays in the proton-antiproton collisions.
The results of Model 1 (solid) and Model 2 (dashed) are shown in panel (a).
For comparison in panel (b) we show lepton asymmetries calculated with the
GRV95(LO) [28] (solid) and Owens [30] (dashed) parameterizations of quark distri-
butions. The published CDF experimental data [25] are shown by the open circles
and the new preliminary CDF data [26] by the full triangles.

erably improves the agreement with the experimental asymmetry. A similar
quality agreement with the CDF asymmetry has been achieved recently in
Ref. [27] where the quark distributions from Ref. [28] have been used. While
in Ref. [28] the d-u asymmetry was introduced purely phenomenologically,
in the present paper the d-u asymmetry is ascribed to the effects caused by
the meson cloud in the nucleon.

Having shown that our parton distributions lead to good description
of DIS data at relatively low Q2 and describe the gauge bosons production
data in the proton-antiproton collisions fairly well, we shall try to make some
interesting predictions for the W /Z production in nucleon-nucleon collisions,
which will be measured at the future collider RHIC originally designed to
study the quark-gluon plasma in heavy ion — heavy ion collisions. In the
following we shall fix the energy s'/2 to 500 GeV which is roughly adequate
for the proton-proton collisions at RHIC. In Fig. 4 I present AXZ+W7 (panel

a) and in analogy to the proton-antiproton case A;;f (panel b). Let us

demonstrate that the A%ﬂ”f is a quantity sensitive to the %-d asymmetry.
For this purpose let us write

x, Q2 -
a(e,Q?) = 5. %)~ 2L e Q?) = 5(2, Q7 +

Az, Q%)
2 2

. (13)

Then taking yw ~ 0 (21 = x2) and neglecting small (Cabbibo suppressed)
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Fig. 4. AZ‘;+W7 (panel a) and corresponding A;;‘f (panel b). The asymmetries
obtained in Model 1 (solid line) and Model 2 (dashed line) are compared with the
results obtained with the GRV95(LO) parameterization [28] (solid line with dots)
and the Owens parameterization [30] (dashed line with dots).

contributions from the strange quarks, the asymmetry AE;JrW_ can be writ-
ten as Alx)
X
( ) Ry (z) 2
where we have introduced R,(z) = ZZEQJFZUE g for brevity. Eq. (14) clearly

demonstrates the sensitivity to the u—d asymmetry which in our model is
due to the meson cloud. The sensitivity to the u—d difference can be better
visualized in

RWVTWS olpp = WHX)  u(a, My,) d(z, M§)
o o(pp — W_X) ~ d(.%',M‘%V) ﬂ(m,MI%V) .

(15)

The first ratio is known fairly well from the CDF data (see for instance

[11]). Therefore the measurement of RXZ+W7(JU = M—\/VEV) in p+p collision
7 2

should give an accurate determination of the ratio %. For a typical
My

RHIC energy s'/2 = 500 GeV, z ~ 0.16. This is a region of sizeable @
d asymmetry. Analogous ratio has been determined recently at Q% ~ 20
GeV? from the measurement of Drell-Yan asymmetry in proton-proton and
proton-deutron collisions by the NA51 experiment at CERN [23]. There,

however, the & 4x) s biased by the explicit assumption about proton-neutron

d(x)

isospin symmetry [29]. In contrast R% W™ (z) is free of such an assumption.
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In Ref. [15] we have studied different similar asymmetries possible to
measured in the proton-proton and proton-deuteron collisions which would
be of great help in studying the asymmetry of the sea quark distributions in
the nucleon.

4. Jet production in proton-antiproton collisions

In the last year two groups [31,32] have analyzed a possibility to mod-
ify the large-z gluon distribution in the nucleon in order to describe the
inclusive CDF jet production data. Rather contradictory results have been
obtained. While Glover, Martin, Roberts and Stirling [31] have found impos-
sible to achieve a simultaneous description of both the CDF jet distribution
for Er > 200 GeV and the deep inelastic structure function data for z > 0.3,
the CTEQ group has found [32] enough room for such modifications. Here
we touch upon a problem of sufficient flexibility of the shapes of parton
distributions. On the other hand, too large flexibility of parametric forms
may allow for unwanted unphysical results. At present it is not clear what
is the ultimate answer and whether the modifications made recently by the
CTEQ group will find a physical confirmation. In addition it is not clear
how much the conclusions are biased by functional parametric forms of the
input parton distributions used.

For the sake of transparency in the present intentionally simplified anal-
ysis in order to make some points more explicit we shall use rather leading
order (LO) formalism [33]. However, most of the results discussed here are
independent of NLO corrections. In the LO approximation the cross section
for dijet production in hq + hsy collison reads

dPa 1 filwr, pr) £5(2, BF) S 2 g o 1
dysdysdp% — 16ms? ;; T T Z|M(U — k)l 146’
(16)
where f;, f; are parton (gluon, quark) distributions in hadron hy and hs
respectively and M (ij — kl) are invariant amplitudes for the i +j — k +1
partonic subprocesses. In the following we shall use LO quark distributions
found in Ref. [15] and discussed in Section 2.
The larger Er the larger Bjorken-x becomes important. In general the
region of sensitivity to Bjorken-x is shifted towards larger = than it may be
expected from the simple estimation x ~ 21%. At Ep ~ 400 GeV relevant

for the recent CDF result [9] the cross section is sensitive to x € (0.4,0.8).
The large-z region is connected through the QCD evolution to even slightly
larger-z region at low Q2. This is really a large-z region where both gluon
and sea quark distributions are poorly known. In addition in this range of
Bjorken-x in low-Q? DIS (SLAC, NMC, CCFR) the target mass corrections
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become extremely important [15,34]. On the other hand in both MSR [11]
and CTEQ [12] QCD analyses of the low-Q? DIS the effect of the target
mass corrections were not included.

S T T T e e T T 5

41 Q=4 GeV dashed; !
] Q°=100 GeV® (solid

valence

......... LI L L B L M

0.0 0.1 0.2 0.3 0.4 0.5
X

Fig.5. The ratio of “mc” (meson cloud included) to “0” (no meson cloud effects)
sea and valence quark distributions at Q% = 4 GeV? (dashed line) and Q2 = 10000
GeV? (solid line).

In the following we shall concentrate on the dominant quark — quark
component and on a special role of the meson cloud. In Fig. 5 we compare
the quark distributions obtained from the fit to DIS data by displaying the
following ratios

b (@, Q2) 4 d(r, Q)

Rval(xaQ ) - U?,al($,Q2)+dva1(ﬂf,Q2) 5 (17)
2\ ugég(x’QQ) +d$;(x’Q2) sea( Qz)

Buea(®. @) = 0 0 00+ 0 (2, Q) & (. Q)

at Q? = 4 GeV? (dashed line) and Q% = 10000 GeV? (solid line) relevant for
the inclusive jet production at large- Ep. In the formulae above “mc” denotes
the set of parton distributions with meson cloud corrections and “0” their
counterparts without meson cloud effects. While the explicit inclusion of
the mesonic corrections leads to a small modification of the valence quarks
only, the modification of the sea at x > 0.2 is substantial. This is the region
of the Bjorken-x where the magnitude of the sea quark distributions is small
and rather poorly known. As shown in Ref. [15] such an enhancement is
allowed both by the muon and (anti)neutrino DIS data. Can this large-z
effect cause a visible effect on the Ep distribution of the inclusive jet cross
section at Er ~ 300-400 GeV? In the meson cloud model a considerable
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part of the nucleon sea comes from the valence quarks in a pion, p meson
etc. This is the mechanism which generates large-z sea in the nucleon. At x
of about 0.5 the p meson, as carrying large amount of the proton light-cone
momentum, is the dominant mechanism.

cross section (nb/GeV)

10 -] i | i i
I IS E— I |
0 100 200 30 400 500

Er (GeV)

Fig.6. d%—‘TT(ET) calculated with parton distributions which include meson cloud
effects compared to the recent CDF data [9]. The solid line corresponds to the set
of parton distributions with glue adopted from [30] and the dashed line with glue
from [36].

Our calculation with meson cloud effects included are compared to ex-
perimental data ALn [ d*c/(dE7dn) dn integrated over central pseudorapid-

ity region 0.1 < |n| < 0.7 in Fig. 6 based on a data sample of 19.5 pb~!
collected in 1992-1993 for two sets of parton distributions with gluon distri-
bution adopted from [30] (solid) and [36] (dashed). In order to account for
the experimental normalization uncertainty, a possible mismatch between
theoretical and experimental definition of jets or/and higher order correc-
tions, not included here, we allow for a free parameter K. to be adjusted
to the CDF experimental data. We find Keg ~ 1.1 for renormalization (uR)
and factorization (up) scales fixed for ug = pp = Ep/2 which is in full
agreement with the value found recently by a comparison of LO and NLO
calculations [31] for the same choice of the factorization and renormalization
scales. To a very good approximation a change of ur and up causes only a
modification of Keg. For instance for ,u%{ = p? = E2/2 we find K ~ 1.3
in agreement with the K-factor found in Ref. [39]. Having in view a sim-
plicity of our analysis we obtain a rather good agreement with the measured
cross section over 9 orders of magnitude! In order to facilitate a detailed
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comparison of our numerical results with experimental data we display also
in Fig. 7 the ratio “experiment/theory”. The agreement found in the simple
analysis here is comparable or better than that found in [9] with NLO parton
distributions. A small disagreement for small E7 may be easily repaired by
a small modification of the gluon distribution at x ~ 0.05-0.1 which enters
here rather quadratically. In the case of the DO collaboration data (two lower
panels) we have presented also their estimated band of systematical uncer-
tainties. Having in view these rather large systematical uncertainties, the
agreement of our calculation with the data is fairly good. In our opinion the
success of our calculation is based upon inclusion of target mass corrections
and/or meson cloud effect.
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Fig. 7. The “experiment-to-theory” ratio for the parton distributions which include

meson cloud effects.
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5. Conclusions

The concept of a pion cloud in the nucleon was recently found to be
very useful in understanding the Gottfried sum rule violation observed by
the New Muon Collaboration [1] and the Drell-Yan asymmetry measured
recently in the NA51 Drell-Yan experiment at CERN [23].

Here I have discussed also possible effects of the meson cloud in the nu-
cleon on the production of weak gauge bosons in proton-antiproton, proton-
proton and proton-deuteron collisions. A reasonable agreement of the to-
tal cross sections with those measured at CERN by the UA1l, UA2 col-
laborations and at Fermilab by the CDF collaboration has been obtained
[15]. If the meson cloud effects are included in the broad range of energy
Tiot(pp — W) > oiot(pp — W) = oiot(pp — W), in contrast to naive
expectations. In contrast to parton distributions with SU(2) symmetric sea
we find a good description of the charged lepton asymmetry measured re-
cently by the CDF collaboration |25] which may be treated as an indirect
evidence of the meson cloud in the nucleon.

We have analysed some asymmetries of the cross sections for the pro-
duction of W/Z bosons in the proton-proton and proton-deuteron collisions.
We find that such observables can be very useful to shed new light on the
problem of the d-% asymmetry in the nucleon. These quantities could in
principle be studied in the future at the heavy ion collider RHIC. Whether
such an analysis will be possible in practice will require, however, new studies
of several experimental aspects.

It has been found that the meson cloud in the nucleon produces a sizable
enhancement of the large- E7 inclusive jet cross section. This enhancement is
caused by a substantial enhancement over standard parameterizations of the
nucleon sea quark distributions at intermediate and large values of Bjorken-
x and/or a special structure of valence quark distributions due to the meson
cloud. Before any speculation about the substructure of the quark from the
analysis of the inclusive jet Ep distributions can be made, one must study
carefully:

e consistent inclusion of the target mass corrections in lepton DIS at
large Bjorken-x,

e the role of the meson cloud effects in various high and low energy
phenomena.

I wish to thank A. Budzanowski, H. Holtmann, J. Speth, V. Uleshchenko
for collaboration on issues presented here.
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