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ABSTRACT
We propose a new model for strong and electro-weak interactions. First, we

review various QCD predictions for hadron-hadron and lepton-hadron processes.
We indicate that the present formulation of strong interactions in the frame work
of Quantum Chromodynamics encounters serious conceptual and numerical diffi-
culties in a reliable description of hadron-hadron and lepton-hadron interactions.
Next we propose to replace the strong sector of the Standard Model based on un-
observed quarks and gluons by the strong sector based on the set of the observed
baryons and mesons determined by the spontaneously broken SU(6) gauge field
theory model. We analyse various properties of this model such as asymptotic
freedom, Reggeization of gauge bosons and fundamental fermions, baryon-baryon
and meson-baryon high energy scattering, generation of A-polarization in inclu-
sive processes and others. Finally we extend this model by electro-weak sector.
We demonstrate a remarkable lepton and hadron anomaly cancelation and we
analyse a series of important lepton-hadron and hadron-hadron processes such as
e+ + e~ —» hadrons, e+ + e~ —» W+ + W~, e+ + e~ — > p + p, e + p —>• e + p
and p + p —> p + p processes. We obtained a series of interesting new predictions
in this model especially for processes with polarized particles. We estimated the
value of the strong coupling constant a(Mz) and we predicted the top baryon
mass M/t, ~ 240 GeV. Since in our model the proton, neutron, A-particle, vector
mesons like p, u, <j>, J/0 ect. and leptons are elementary most of experimentally
analysed lepton-hadron and hadron-hadron processes in LEPI, LEP2, LEAR,
HERA, HERMES, LHC and SSC experiments may be relatively easily analysed
in our model.
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I. INTRODUCTION

We propose a now model for a description of elementary particle interactions.
We think that the existing model for strong interactions based on Quantum Chro-
modynainics is unsatisfactory. The main conceptual difficulty of QCD is connected
with the fact, that the basic quark and gluon particles are unobserved. Hence there
is a fundamental problem of expressing of observed hadrons in terms of quarks and
gluons. In spite of 20 years of existence of QCD theory the problem of reliable
hadron representation in terms of quarks and gluons is not solved [Che 91], [Bro 90],
[Mar 89], [Doe 91]. Consequently we have no up to now a reliable computational
formalism for analysis of hadron- hadron and lepton-hadron interactions similar
to that which we have in Quantum Electrodynamics.

Analysing the resulting situation in Elementary Particle Physics we came to the
conclusion that one should start the construction of a new theory by proposing first
a new model for strong interaction. Observing a success of a theory of electroweak
interactions based on a spontaneously broken gauge field theory model one is
tempted to construct a similar model for strong interactions. If this hypothesis
would be true then the observed J^ — \~ massive vector mesons should belong
to the adjoint representation of some gauge group. It is striking that the distinct
1~ vector mesons like />, u>, </>, J/V', A'*, JD*, F", B*, T etc. indeed have the same
quantum numbers as members of adjoint representation of SU(C) gauge group.
This noteworthy experimental fact consist a corner stone of a Hadronic Standard
model which we present in this work.

We present a new model for strong hadron interaction in Ch. III. The analysis
presented in Ch. II indicates that any model of nonabelian gauge field theory based
on unobserved fundamental fcrmions and vector mesons will have the difficulties
enumerated in Ch. II. Hence we propose a model of spontaneously broken gauge
field theory based on observed fundamental fennions and vector mesons. We
combine in Ch. IV the obtained strong interaction model based on SU(6) gauge
group with Glashow-Salam-Weinberg (GSW) model for electroweak interactions
based on SU(2)t x £/(!) gauge group. In that manner the strong and electroweak
interactions are described in a unified manner by means of spontaneously broken
gauge field theory models.

We show in Sec. 2 a remarkable fact that the assumption that the strong
interactions are based on a spontaneously broken gauge field theory model al-
most uniquely leads to a model based on SU(6) gauge group with observed p,
w, <^, J/V>i K*, D*, F", B* etc. particles as gauge vector mesons. We later on
show in Sec. IV.3 that the condition of cancelation of anomaly coming from elec-
troweak sector implies that fundamental SU(6) fermion representation must be the
sextet representation with quantum numbers of proton, neutron, yl-particle with
strangeness, /U-particle with beauty and /It-particle with top quantum numbers.
In that manner the basic 35-plet and sextet representations are identified in a
natural manner with observed multiplets of massive vector mesons and baryons.
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We describe in Sec. 3 a new mechanism of spontaneous symmetry breaking,
which leads to the. final unbroken global symmetry

A' = SU/(2) x U (I) x U (I) x 17(1) x U (I)

corresponding to isospin, strangeness, charm, beauty and top conservation. We
calculate in Sec. 4 the vector meson and fundamental fermion masses and we show
that they are in a reasonable agreement with the observed masses.

We show in Sec. 5 that there is a choice of gauge and Higgs coupling constants
for which our model is asymptotically free in all coupling constants. In Sec. 6
and 7 we consider the problem of a reggeization of vector mesons and fundamental
fermions in our model. Next we consider in Sec. 8, 9 and 10 several applications of
our model for a description of high energy interactions of baryons. We present in
Sec. 11 an extension of the proposed gauge model consisting on inclusion of a sector
of obseived pseudoscalar mesons. Next in Sec. 13 we give a striking application of
our model for a calculation of misterious strong polarization of yl-particle produced
in the inclusive reactions p-i-p —v A+X. We show that the resulting polarization P
of A in our model agrees in magnitude and sign with the experimental data. Since
QCD fails to describe this phenomenon the obtained result represent a noteworthy
success of our model.

We present in Ch. IV the unification of our strong sector based on a spon-
taneously broken SU(6) gauge field theory with the electrowcak sector based on
the SUi,(2) x £7(1) spontaneously broken gauge field theory in GSW foroi. We
give in Sec. 2 a systematic derivation of a final form of total Lagrangian in our
model. We present in Sec. 3 a remarkably cancelation of electroweak and strong
anomaly in our model. We consider in Sec. 4 a running of QED cc arem(/0; we

demonstrate that the one-loop radiative corrections calculated in the conventional
SM give a very ambiguous prediction for <xem(mz}, which depends on assumed
values of quarks masses. The quarks masses which give a good value for aem(mz)
differ considerably from the value of quarks masses accepted in recent Review of
Particle Properties (compare [Jeg 91, p. 32] and [RPP 92, p. II. 4]). Contrary,
in HSM the masses of fermions are well defined and the one-loop radiative cor-
rections give a definite value for aem(mz) which reasonably well agrees with the
generally accepted value a~^(mz) = 128.87 ± 0.12. This example illustrates well
the ambiguities of QCD and SM predictions and effectivness of HSM predictions.

In Sees. 5-10 we present various applications of our model for a description
of lepton-hadron interactions. Since proton is in our approch elementary various
important lepton-proton processes like e^" + e* —» p + p, e7 + pj —* e~ + p, etc.
are described in our model as two-body processes for which description we have
available various well-elaborated methods. In particular in Sec. 8 we consider the
e7 + et —» p + J> process with polarized particles. We include in our analysis the
electromagnetic form-factor since the well-known vector-meson dominance repre-
sentation of proton form-factor [Dub 92] is natural in our model. We discovered
the interesting structures in differential cross section for this process in the plane
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of polar and azimuthal angles. In Sec. 9 we consider the process e7 +pj —>• e~ +p
with polpjized initial particles which will be soon investigated in Hermes experi-
ment at DESY. We also discovered rich structure of various cross sections for this
process.

Finally in Sec. 11 we review the basic properties of Hadronic Standard Model
and indicate possible applications of our model in future experiments like HER-
MES and HERA at DESY, LEP2 and LHC at CERN and SSC in Texas. We
indicate that since in our model the important lepton-hadron and hadron-hadron
processes like e.g. e~ -f-p —* e~+p, e~ +e+ —> B + B, p+p —» p+p, P+p —> B + B,
e~ + p —» e~ + p + 7, p + p—» p + p + TT etc. are two or three-body processes they
can be in a very high energy limit relatively easily investigated in our model. To
compare this with QCD we recall that the process p + p—* p + p is a six-body pro-
cess which in tree approximation needs the calculation of about 300.000 Feynman
diagrams [Ram 92].

The comparision of QCD predictions with experimental data carried out in
CH. II seems to indicate that QCD is unable to describe the important lepton-
hadron and hadron-hadron processes; this is especially evident in case of exclusive
high energy processes with polarized particles [Kri 91]. It seems therefore that
a drastic modification of a theory of strong interactions is unavoidable. However
anybody who seriously thinks on these problems realizes that the problem of a
construction of a new realistic model of strong interactions, which subsequently
can be combined with the existing GSW model for electroweak interactions, is
extremely difficult. Consequently the present work — in the intension of the
author - is not a proposal for a final solution of these problems but rather an
invitation to a kind of round table discussion on basic problems of strong and
electroweak interactions of elementary particles. The author would be grateful to
every reader having some critical comments or some suggestions for sending them
on his bitnet address given on front page. The author is also open for collaboration
on subjects considered in this work.
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II. DIFFICULTIES OF QCD IN DESCRIBING
EXPERIMENTAL DATA

"We conclude thai, very unfortunately, the many elegant tests of perturbative
QCD in exclusive processes that have been proposed are irrelevant at experimentally
accessible values of momentum transfer."

N. Isgur and C. E. Llewellyn Smith
Phys. Lett., B217 (1988) p. 538

1. Introduction We shall review in this chapter the various applications of
PQCD for a description of lepton-hadron and hadron-hadron interactions. There
is a growing conviction in the community of elementary particle physicists that —
for a time being — QCD does not provide a reliable description of lepton-hadron
and hadron-hadron interactions [Isg 84], [Rac 87b], [Isg 89a,b], [RąOla], [Rad 91],
[Prę 92], [Rac 91a].

We present in Sec. 2 the application of QCD to several exclusive processes. We
consider first the application of PQCD for a determination of Q2 dependence of
the pion and nucleon form factors. The description of these form factors in terms
of PQCD formalism was considered originally as a showcase success of PQCD.
Following a very interesting analysis of Isgur and Llewellyn Smith [Isg 89a,b] and
Radyushkin [Rad 91] we discuss two main weak points of PQCD analysis applied
in exclusive processes namely:

1° The main contribution of PQCD comes from the region of low momentum
square transfer, i.e. from the region where PQCD should not be applicable.

2°. The soft nonperturbative contribution constitute about 90 % of whole
contribution so in principle the soft contribution could itself explain the data
without any help of PQCD.

Finally in subsection 2.C we discuss the application of PQCD to process en —»
en, 77 —> TT+TT" and 77 —» pp; in all these processes it seems that predictions
disagree with the data.

Next we discuss in Sec. 3 the violation of QCD helicity conservation rule (HCR).
It should be stressed that HCR is a very direct and clean prediction of PQCD and
leads to a very definite predictions for exclusive processes. In subsection 3.A we
discuss the prediction of HCR for elastic scattering of polarized protons. In this
case HCR predicts that in pp hard scattering the so called analyzing power A
should be zero and that the two spin quantity Ann should be 1/3. Both these
PQCD predictions are in a drastic disagreement with experimental data [Kri 91].

In subsection 3.B we discuss a very interesting implication of HCR which states
that in TT~P —> p~p process the angular distribution of the decay p~ -» w~n°
should be independent on azimuthal angle <f>. Again this prediction sharply dis-
agrees with data.

In Sec. 4 we discuss the so called QCD spin crisis. It turns out that if one takes
EMC data and two other data from neutron /3 decay and strangeness-changing
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hyperon decay one comes to the conclusion that the total quark spin content of
thr proton is around 4 %. In addition the contribution of strange quark to proton
spin is significant. These two results created the so called proton spin crisis which
is not resolved up to now [Efr 92].

In Sec. 5 we discuss the surprising large polarization of /1-particles observed in
inclusive processes p + p —> A + X. The PQCD is unable to give an explanation
of this phenomenon [And 83], [Deg 86]. In Sec. 111.13 following Soffer [Sof 92] we
give a quantative description of yl-polarization effect in the frame-work of HSM.

The serious difficulties of PQCD connected with renormalization scheme de-
pendence of a truncated perturbation series axe discussed in Sec. 6. We show
in case of important physical example of -Re+e- -ratio that the truncated PS is
strongly RS dependent: in addition we also show that the cc O(SQ} read off from
an n-loop truncated perturbation series depends strongly on (n — 1) parameter
Qi,...,Qn-i which specify the renormalization scheme. This strong RS depen-
dence of PQCD predictions makes it difficult to obtain a quantative comparison
of most of predictions with experimental data for presently accessible energy and
momentum transfer regions.

The problem of gauge dependence of PQCD predictions is discussed in Sec. 7.
We show that in momentum substraction schemes advocated by many people
(see e.g. [Cel 79], [Dun 89]) the truncated perturbation series and RG /^-function
polynomially depend on gauge parameter a which in principle is taken from the
interval —oo < a < oo. For instance in frequently used unitary gauge a = oo.
It is clear therefore that polynomial defined on the line must strongly depend on
gauge parameter. We demonstrate this on few examples in two and three loop
approximation.

In Sec. 8 we discuss a renormalization scheme and gauge dependence of the
QCD scale parameter /I, which is used in many PQCD predictions (see e.g.
[Duk 85]). This parameter was introduced originally as a quantity which will
characterize a fundamental scale of strong interactions. Those authors who intro-
duced this scale were guided by the fact that A is renormalization group invariant,
however they presumably overlooked the fact that A is strongly RS and gauge
dependent. We present in Fig. 8.1 the RS and gauge dependence of A which I
hope will convince everybody that A is useless as a quantity which determines a
fundamental scale.

A very important problem of gauge dependence of probability distribution of
quarks inside hadrons is discussed in Sec. 9. It is shown there that the utilized in
many wor ks the meson and hadron representations in terms of quark-antiquark or
three-quark systems, respectively are not invariant with respect to gauge transfor-
mations carried out in Fock space. Therefore it seems that these representations of
hadrons cannot be utilized for a description of lepton-hadron and hadron-hadron
scattering.

Finally, in Sec. 10 we discuss the main conceptual and practical difficulties
of QCD. In subsection 10.A we discuss a very interesting problem that in QCD
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does not exist a RS and gauge invariant coupling constant. This makes a drastic
difference between QCD and QED where the natural RS and gauge invariant cc a
exists.

Next, in subs. 10. B we discuss the difficulties of PQCD connected with the
practical impossibility of solving of dynamical equations for realistic hadronic wave
functions.

In subs. 10. C we discuss difficulties connected with a lack of full rotation and
Lorentz covariance of hadronic wave functions in most frequently used in PQCD
light-cone formalism.

Next in subs. 10.D we discuss the difficulties connected with the problem of
quarks nature since the current quarks which appear in QCD lagrangian differ
considerably from constituent, valence or effective quarks. We discuss also the
conceptual and numerical difficulties connected with the definition and a physi-
cal interpretation of at least six different definitions of quark masses which may
prescribe to a given (e.g. u) quark the masses different by two orders in magnitude.

Finally in subs. 10. E we discuss a striking (and suspicious) QCD prediction
that any physical quantity R(s) considered in the improved leading log and next
to leading log approximation is decreasing to zero if s — »• oo.

2. Doubts on an applicability of perturbative QCD to exclusive
processes.

It is stated in many papers that PQCD is applicable already in the energy
region of several GeV (see e.g. [Bro 89], [Bro 90], [Bro 92], [Mue 89] and references
contained there in). In fact even r-meson [Gor 91] or J/^>-meson [Bro 89] decay
properties or behavior of meson and nucleon form-factors in few GeV region were
analyzed in the frame-work of PQCD.

In most of applications of PQCD to exclusive processes one utilizes as a basic
tool the factorization theorem [Bro 90], [Col 89]. This theorem states that for
large momentum transfer Q2 = tu/s the scattering amplitude for the process
A + B -» C + D has the form

= f [ d x ] < l > , , ( .

The functions <##(a;,Q), H = A, B, C, D are the hadron distribution amplitudes,
which control hard exclusive reactions; the distribution amplitudes are evaluated
at the characteristic scale Q set by the effective virtuality of the quark propagators.
They can be expressed in terms of the wave function IJ>H(X, &JL) of valence quarks
in the form:

Q
*H(x,Q)~ J (^k^H((x,k±) (2.2)

where fcj. is the transversal momentum k s (fc+, fc j_), fc+ = fc° + fc3, k ± —
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(fc 1, fc2) and at high k± the behavior of the function V'/K1? ^J-) is determined by a
one gluon exchange and is proportional to ^(JtjJ/Jt^ [Bro 90], [Col 89]. The axial
symmetric integration of d?k±, projects the wave functions of the valence quark
on the state with Lz = 0 [Bro 90].

The function TH(X,-; Q2,dcm) represents the hard scattering amplitude. By
definition the T^-amplitude for a given exclusive process is constructed by replac-
ing each external hadron by its massless collinear valence partons, each carrying
a finite fraction z,- of the hadron's momentum. In that manner one reduces the
dynamical problem of hard hadron interactions to that of hard quark-gluon in-
teractions for which one has a well-established computational QCD formalism.
Consequently for exclusive processes with large momentum transfer one separates
the dynamics of hard scattering of quarks and gluons, typical for the considered
process from the process independent universal distribution amplitudes ^//(z, Q)
which in turn are determined by some bound state dynamics.

The analysis of many lepton-hadron and hadron-hadron exclusive processes
was carried out by means of factorization theorem (2.1) and it was claimed that
PQCD gives a successful description of these processes. However a very careful
analysis of application of PQCD to exclusive processes carried out by Isgur and
Llewellyn Smith in several works led to two basic objections against PQCD [Isg 84],
[Isg 89a], [Isg 89b]:

First objection: The unjustified use of PQCD.
Second objection: Large non-perturbative contribution.

To demonstrate the substance of the first objection these authors have shown
that bulk of apparent PQCD contribution to a given process at available or fore-
seeble Q2 comes from the region of low momentum square transfer where PQCD
should be not valid. In turn to justify the second objection these authors have
shown that the soft, non-perturbative contribution constitutes about 90% of whole
contribution and therefore they are numerically comparable with the data and in
principle the soft contribution could itself explain the data without any help of
PQCD additions.

These two objections against PQCD were corfirmed recently by Radyushkin in
an independent analysis [Rad 91].

Since the problem of validity of PQCD is fundamental for the whole lepton-
hadron and hadron-hadron physics we shall discuss in some details the objections
of Isgur, Llewellyn Smith and Radyushkin in case of pion and nucleon form-factors.
The application of PQCD to pion and nucleon form factors is usually considered
by QCD supporters as the show-case success of PQCD. So it is instructive to see
where there are the fatal flaws in conventional arguments of PQCD.

A. The pion form factor
The pion electromagnetic form factor Fn represents the simplest object which

can be analyzed in the frame-work of perturbative QCD. This case illustrates
in the simplest form the typical difficulties of PQCD in describing the exclusive



DIFFICULTIES OF QCD IN DESCRIBING EXPERIMENTAL DATA 13

processes. We scatch here the approach proposed recently by Radyushkin [Rad 91]
and Isgur and Llewellyn Smith [Isg 89b).

The integral representation in PQCD for JFV(Q2)-function has the form
[Che 77], [Rad 77], [Jac 77], [Bro 79b]

= 8, cfx dy (2.3)

where <pn(x, Q2) is the pion wave function giving the probability amplitude to find
the pion in a state where quarks carry fraction xP and (1 — i)P of its longitudinal
momentum P; q = P' — P is the momentum transfer to pion and q2 ~ — Q"1. In
the asymptotic Q2 — > oo limit the pion wave function acquires a very simple and
natural form [Efr 80], [Bro 79b], [Che 84];

Vw(x, Q2 -» oo) -> vC'(z) = 6/^(1 - x) (2.4)

where f„ = 133 MeV is the pion decay constant. Using (2.4) and (2.3) one obtains;

Q2)rt/Q* (2.5)

This PQCD prediction can be compared with experimental data. Considering
the "almost scaling" combination Q2jF,r(Q2) and taking for cv, the standard low-
Q2 value aa = 0, 3 one finds that Q2F2 = 0, 13; this prediction is by factor 3 lower
than the experimental one [Beb 78]. If one takes the one- loop running coupling
constant aa(Q2) given by the formula

one finds that the curve Q2F£S(Q2) = 8ir/2a3(Q
2) is almost orthogonal to the

curve Q2F^xp(Q2), the intersection being only one point around Q2 = 1 GeV2 if
A ~ 100 - 200 MeV [Rad 91] (see Fig. 2.1).

It is evident from Fig. 2.1 that in order to obtain a satisfactory agreement of
PQCD prediction with experimental data one should invent a mechanism which
will decrease Q2Fff(Q

2)-function for smaller Q2 and increase it by factor 3 for larger
Q"2. A popular way to avoid a rapid increase of Q2

JFV(Q2)-function at smaller Q2

is to "freeze" the aa(Q2) function by introduction of an effective gluon mass mg

and use instead of one-loop expression (2.6) for a„ the expression [Ji 87], [Ji 89]

with mg being of the order of several hundred MeV. With this assumption a, and
consequently by (2.5) also <52F^(Q2) is almost constant for smaller values of Q"1 .

The modification (2.7) of aa(Q2) is usually justified by the argument that —
due to the gluon confinement phenomenon — there are no gluons whose wavelength
is larger than the confinement radius .Rconf and this is equivalent to a strong
suppression for the propagation of gluons with smaller momenta. This implies
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a2 ( G e V 2 )

Fig. 2.1. The PQCD prediction (solid line) and the experimental data for Q2F»(Q2)-function.

that gluonic propagators are modified i.e.

fc-2 _» (jt2 _ m2)-' (2.8)

and one obtains ln(Q2 + 4m2) instead of In Q2 in Eq. (2.6).
One should stress that the above argument with frozen a,(Q2) is unconvincing:

in fact a relevant scale is not given by the effective gluon mass but by the virtuality
of the exchanged gluon which is equal to xyQ2 [Dit 81]. If one takes however
««(a;yQ2) as it should be done, instead of a*rozen(Q2) one gets into much troubles
with the region of small x and y as follows from (2.3).

Now even if we correct the small Q2 behaviour of Q2Fn(Q2) taking the frozen
<**(Q2) there remains the second difficulty that the predicted values are 3 times
smaller than the experimental ones. In order to remedy this difficulty Chernyak
and Zhitnitsky (CZ) proposed to use the double-humped pion wave function
[Che 82], [Che 91]

tfz(x) = 30/^(1 - z)(l - 2x)2 (2.9)
instead of the conventional function (2.4).

The use of CZ-function in (2.3) increases the PQCD prediction for Q2FW(Q2)
by the factor 25/9 and gives a satisfactory agreement with experimental data.
This is usually considered as a significant success of PQCD.

However the closer analysis of this success reveals the disturbing facts; indeed
the main part of the relevant contributions comes from the regions where the
virtualities xyQ2 of the exchanged gluons are not very large [Isg 89b]. One may
verify [Rad 91] that with CZ wave function, 50% of the whole contribution is due
to the region where x and y are smaller than 0.2. This implies that xyQ2 is smaller
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than 0,04Q2 i.e. it is smaller than 0.15 GeV2 for Q2 < 4 GeV2! In addition the
40% is due to the region where either x or y is smaller than 0.2. Only 1.5% of the
total contribution comes from the region where both x and y are larger than 1/2
and one can treat the exchanged gluon as sufficiently virtual so one can rely on
asymptotic freedom!

As it was pointed out above one should expect that for small k2 the propagator
is modified according to the formula (2.8), due to the confinement effects. Now
if one substitutes the denominator factor xyQ2 in Eq. (2.3) by xyQ2 -f- M2 with
M ~ 300 — 500 MeV one obtains that the resulting value for Q2F„(Q2) is smaller
than the experimental one by a factor of TEN, both for the asymptotic (2.4) and
CZ (2.9) wave functions! Such a strong dependence of PQCD predictions on the
parameter M (which serves as an infrared cutoff) simply means that we are outside
the applicability region of PQCD [Rad 91].

It should be stressed that, the pion form factor, according to the factorization
theorem is a sum of soft and hard contributions [Efr 80], [Rad 89]. The soft contri-
bution dominates for small Q2 and just the soft term provides the normalization
condition FW(Q2 = 0) = 1. On the other hand the hard contribution represented
by the gluon exchange diagram dominates for Q2 —+ oo. The arguments given
in [Rad 91] lead to the conclusion that the soft contribution seems to be domi-
nant in the whole accessible Q2-range while the hard term contributes only about
10%! Thus one cannot expect that PQCD analysis which only controls the hard
contribution is able to provide a reliable description of the pion form factor.

Finally, we would like to stress another source of ambiguity connected with
the renormalissation scheme and gauge dependence of PQCD predictions. In fact
in the pion form factor representation (2.3) the ccas(Q

2) is in general RS and
gauge dependent. In all existing analysis a,(Q2) was taken in the form (2.6) what
means that the one-loop /J-function which gives the evolution of cc was taken in
MS renormalization scheme. However, as we shall show in Sec. 7 MS scheme is
not physically appropriate since the scale /f which appears in this scheme is not
connected with any physical scale of the considered problem. As it is pointed
out there the scale jt, which appears in momentum subtraction (MOM) scheme,
may be connected with the physical scale. Therefore consider for illustration the
MOM renormalization scheme based on gluon-quark vertex. Since we consider
F*(Q2) in the interval of several GeV it seems reasonable to take the MOM scheme
based on the gluon-bottom quark vertex. In the considered MOM scheme the
/?o-function is the third order polynomial in the gauge parameter (see [Dun 89,
Eq. (18)]) and therefore — since the gauge parameter a changes in the interval
—co < a < oo one may expect a strong gauge dependence of cc &9(Q

2), To see this
explicitly we present in Fig. 2.2 the dependence of cc on gauges taken from the work
of [Dun 89].

We see for example that rcc in Landau gauge (o = 0) and in the gauge a = — 3
in the region around Q2 = I GeV2 may differ even four times and for the gauge
a = — 3 the rcc is many times bigger than the MS rcc. We see therefore that the
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C. PS -7

Fig. 2.2. The <?2 and gauge dependence of cc in MOM RS determinate
by gluon-bottom quark vertex, mj =4,5 GeV.

perturbative PQCD prediction for Q2F^(Q2) given by the formula

(2-10)

will be given by the curves ot3(Q2) given in Fig. 2.2 scaled by the factor 327T2/2.
Hence the obtained PQCD prediction for Q2F%a(Q2') function in the interval Q"1

around 1 GeV2 may differ by factor four! This strong dependence of PQCD
predictions on RS and gauge illustrates the difficulties of extracting meaningful
information for physical quantities from PQCD.

It is amusing that for some gauges (e.g. a = 5) there is no infared singularity
of or, for small Q2 so in principle in MOM scheme for this gauges one would no
need to introduce the freezing mechanism for rcc discussed previously.

B. The nucleon electromagnetic form factors
We shall study now the Q2 dependence of nucleon electromagnetic form factors:

they are defined in a standard way:

1, g = p2-P l, (2.11)

= 0, F2
P(0) * 1.79, F2"(0) 3 -1.91,

Gp
w(0) = ̂  & 2.79, C5,(0)sji„S-1.91.

It is known that the experimental data for Gp

f^
l(qł) are approximately de-
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scribed by the famous dipole formula [Arn 86], [Roc 82]:

~G"M(gł} s -CX,(g2) = (1 - g2//'?)-2, ti = 0.72 GeV2 (2.13)
Mp /*n

(0 < (-g2) < 25 Gev2 for the proton, 0 < (-g2) < 10 GeV2 for the neutron).
The asymptotic behaviour of the nucleon form factors in PQCD has been

studied in many papers (see [Isg 89], [Bro 89], [Rad 91] and references contained
therein).

The PQCD representation for nucleon FFs at large Q2 = — q* is obtained from
the factorization theorem which in this case by (2.1) has the form

r,Q)<t>N(x,Q) (2-14)
Here

rfx = dxi dx2 dx^8(l —xi — x2 — £3) (2.15)
Tfj is 3g + 7 —» 3g' amplitude and the nucleon distribution amplitude <J>N is
expressed by the three quark wave function amplitude (2.2) from light-cone Fock
space by the formula

For the proton and neutron we have to leading order in aa

(2-17)
5127T

n O'7/'/'12 I 1\^2\9 v 1

__512!r
2__

P 0//^IO l »,T7\O '

The function T\ corresponds to the amplitude where the photon interacts with
the quarks (1) and (2) which have helicity parallel to the nucleon helicity and Tj
corresponds to the amplitude where the quark with the opposite helicity is struck.
These amplitudes are proportional to the product of rcc a, e.g.

-t/3)

The rcc aa have arguments Q2 corresponding to the gluon momentum transfer
of each diagram. The parameter MQ in (2.17) is (ad hoc) introduced in order to
represent the effect of power-low suppressed terms from mass insertions, higher
Fock states contributions, ect.

The nucleon distribution amplitude satisfies the following evolution equation
which to leading order in a, has the form [Bro 81]

) (2.19)
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Here <6 = xix^xa. C = ln(lnQ2/A*), fa = 11 -(2/3)n/, and V(i,y) is computed
from the single gluon exchange kernel. Inserting the solution of (2.19) and (2.17)
into (2.14) one obtains the following high Q2 dependence of the nuclcon magnetic
FF [Lep 80], [Bro 89]

.W), (2.20)

where 7,̂  are computable anomalous dimensions of the nucleon three-quark wave
function at short distance and the 6nm are determined from the value of the dis-
tribution amplitude <^Ar(x,Q2) at a given point Q2 and the normalization of T//.

The comparison of PQCD prediction (2.20) for nucleon magnetic FF with ex-
perimental data had a dramatic development. First the comparison of predicted
result by [Lep 80] with experimental data demonstrated a remarkable agreement
of the theory and experiment. However, the reanalysis of the perturbative cal-
culations revealed an error which reverses for a given nucleon wave function, the
predicted signs of the proton and neutron magnetic FF [Azn 80], [Bel 82], [Che 84].
This means for example that the asymptotic nucleon distribution amplitudes which
are proportional to the product £1X2X3 give a value for Q4Gfy(Q2) which is op-
posite in sign to the one observed at present. It become clear that one has to
introduce a very non-intuitive and subasymptotic asymmetric nucleon distribu-
tion function in order to reverse the sign of nucleon magnetic FFs. Refering to
QCD sum rules for the second and fourth moments of the nucleon wave function
Chernyak and Zhitnisky (CZ) argued that one should take the following asymmet-
ric representation for nucleon state [Che 91, Eq. (64)]

(2.21)
where

|/N| = (5,0±0,3) x!0~3 GeV2, d3x = dx^dxzdx36(l - x, - x2 - x3),
4>P(x) = <^cr'(:r)(23.814x2 + 12.978X2, + 6.174x2 + 5.88x3 - 7.098) (2.22)

and
^per'(x) = 120x!X2X3 (2.23)

We get form (2.21) the neutron state by converting one of u quark into d quark.
We see that these functions have humps and are highly asymmetric with respect

to Xi ,x 2 and x$ variables. Using these functions it was possible to reverse the
wrong sign of form factors and obtain a satisfactory agreement with experimental
data [Che 84], [Che 91].

However, two basic objections were raised by Isgur and Llewellyn Smith [Isg 84],
[Isg 89a, b].

First objection: The unjustified use of perbturbative QCD.
Second objection: Large non-perturbative contributions.
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The first objection is connected with two problems:

5/ There might be significant corrections of the form o-s ( Q
2 ) In :?,• ect. to the

perturbative expansion of the leading twist contribution to T// in (2.17).
ii/ There might be important higher twist contribution of the order

,-iJQ2) relative to the leading term, with M a typical hadronic mass scale.

The problem i/ was considered in several works [Fie 81]. The general conclusion
following from these papers is that the perturbative expansion may be unreliable
unless a renormalization scale is very much less than Q'2 and Q2 should be very
large, Q2 ~ 90.000 GeV2.

The problem ii/ was investigated by Isgur and Llewellyn Smith [Isg 89]. In
order to estimate the part of nucleon FF coming from perturbative contribution
they excluded the contribution from the end-point regions in x,- variables where
sublcading (higher twist) terms are a priori likely to be greater than the per-
turbative results. They carry out the calculation for the. asymptotic distribution
amplitude proportional to x\x^x^ and for the highly asymmetric CZ wave func-
tion given by (2.21) which reproduces the experimental data. They observed a
surprising fact that the normalization of CZ wave function in the region without
end-points — i.e. where the perturbation theory should be applicable is reduced
by two orders of magnitude. As the implication of this they found that in the
interval 1 GeV2 < Q2 < 25 GeV2 the contribution of the considered region to
proton magnetic FF GP

M using CZ-wave function is less than 1% and to G1^ is
less than 2% of observed values! Thus the main contribution to G fy from CZ wave
function comes from the regions near end-points where perturbation theory should
be not applicable!

This analysis justifies the first objection. In order to justify the second objec-
tion Isgur and Llewellyn Smith observe that the perturbative calculation of G^
are based on the use of PQCD for calculation of the high relative momentum
tail of the wave function due to hard scattering of the quarks belonging to the
low-momentum non-perturbative "core" of the wave function. Clearly this tail
controls the asymptotic behaviour of FFs. A necessary condition for the appli-
cability of PQCD at a given Q2 is, that the non-perturbative "core" of the wave
function is smaller than the perturbative "tail" in the region of the wave function
being probed at a given Q2 . Taking the various proposed in the literature nucleon
wave functions they succeeded to estimate the soft non-perturbative contribution
to longitudinal arid transverse nucleon FFs.

We present in Fig. 2.3 for illustration the soft contribution to the, Q*GP
M (Q2)-

function obtained from various considered nucleon wave functions [Isg 89b], The
data are from [Arn 86]. For a more detailed description of Fig. 2.3 see [Isg 89b,
§3.3].

We reproduced the Fig. 2.3 from [Isg 89b] in order to convey their main mes-
sage: there is no apparent difficulty in explaining FFs at currently available Q2

through non-perturbative soft effects i.e. without any use of PQCD! Thus the
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Fig. 2.3. Soft contribution to Q G^ due to various wave functions considered in [Isg 89b], a) curve (c) with
(xixjxa)1^ -* (xixixzfl*; b) curve (c) with the factor cxp(-P^p/2a) in the wave function (41) of

flsg 89b] replaced by the factor exp(-.Rf!p/(3/2)or); c) soft contribution to the transversal GP

MFF with the wave

function \X\(x) ~ (120*i*2*3)1/2; <0 curve (e) with (zii2*3)1/2 -* (il*2Z3)3/4;
e) longitudinal FF with \X\ = (nOx^za)1/2;/) curve (e) with the effective mass Af3 -» (3/4)M3;

g) transverse FF with CZ wave function; h) longitudinal FF with GZ wave function.

presented analysis justifies the second objection that soft contributions may be
so large with respect to PQCD contribution that the latter cannot explain the
experimental data.

It should be also stressed that the functions Tp and Tn in (2.17) depend on the
product of rcc atfayiQ2 and for smaller values of x,- or j/j the effective momen-
tum square Zij/iQ2 may be quite small (see (2.18)). this implies a rather strong
renormalization scheme dependence of PQCD predictions (see Fig. 2.2).

The critical analysis of Isgur and Llewellyn-Smith recalled a wave of papers
which try to justify an application of PQCD in GeV region: in particular Li and
Sterman in a series of papers argue that soft physics contributions are effectively
eliminated due to Sudakov suppression [Li 91] and Sawicki argues that the ob-
served discreapancy between F%oit and jF£oft| trans and for nucleon FFs disappears
when the virtual qq pair production effect is included [Saw 92] (see also [Bro 92a]).
These results were obtained however using some new dynamical model assump-
tions, whose validity is uncertain.

C. e + n — > e - r - n , 7 + 7—»7r++7r~ and 7 + 7 —»• p + p processes
We shall consider, for an illustration, three other exclusive processes. The cross

section for the process en —> en was measured at SLAG for momentum transfer
Q2 of 2,5, 4,0, 8,0 and 10,0 (GeV/C)2 respectively [Roc 82]. The results are
presented in Table I
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Table I. The ratios of elastic en to elastic ep cross sections and values of en cross section.

Q2

(GeV/c)-

2.5
4.0
6.0
8.0

10.0

0«/o>

0.37±0.03
0.37*0.03
0.38±0.04
0.25±0.08
0.21±0.10

°n
(nb)

2.9±0.2
0.42±0.03

0.070± 0.007
0.012± 0.004

0.0031± 0.0015

rn
^M

0.092± 0.004
0.041± 0.002

0.0195±0.0010
0.0090*0.0015
0.0053 ±0.0013

We see the tendency that with the increasing Q"2 ratio <r,,/crp decreases and is
considerably smaller than one.

The theoretical analysis of this ratio in the frame-work of perturbative QCD
carried out by Brodsky aud Lepage leads to the conclusion that for a wide range
of possible wave functions we have the inequality [Bro 81], [Lep 80]

*nM = (Gn
M/Gp

Mf > I • (2.24)

We see that this inequality is in sharp contradiction with the experimental
results presented in Table I. What is very disturbing is the fact that for larger Q2

— where one could expect a better agreement of PQCD results with experimental
data — the deviation of PQCD prediction from the data is bigger.

Consider now the pion pair production in 77 collisions. This process was
analyzed as a subprocess of the process e+e~ —» e+e~7r~*'7r~ at e+e~ c.m. energy
of 29 GeV [Aih 86]. The results for c.m. energy of 7r+ir~ system from 1.3 GeV to
3,5 GeV are presented in Fig. 2.4.

We see that in the considered interval of TT+TT" energies the cross section de-
creases by about two orders of magnitude. The curve in Fig. 2.4 represents PQCD
calculations with the absolute normalization. We see that for lower energies pre-
dictions differ approximately by factor ten and for higher energies by the factor
two, although the shape of the shifted theoretical curve is similar to the shape of
the date of energies above 1,5 GeV.

Finally, consider 77 —» pp process. This process was considered by Aihara et
al. [Aih 87], at c.m. energies E from 2.0 to 2.8 GeV. The data of this process
have been extracted from e"*"e~ —> e+e~pp process at c.m. energy E = 29 GeV.
The differential cross section for 2,0 < E < 2.8 and | cos 0* \ < 0,6 where 0* is the
scattering angle of the proton or antiproton with respect to the direction of the
incoming photons in the 77 c.m. is given in Fig. 2.5.

The 77 —»• pp process was analyzed by Damgaard [Dam 83] and by Farrar
et al. [Far 85] and their predictions, in spite of using the same nucleon wave
function, differ by a factor 20-100 depending how the hadron wave function <f>n
is normalized. It is claimed by Farrar ti al. that the paper [Dam 83] is incorrect.
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Fig. 2.4. The cross section for 77 —> r^f~ process. The curve represents PQCD calculations.

It is quite possible since Farrar et al. computed all necessary Feynman diagrams
whereas Damgaart has calculated only subset of diagrams for *yp —» 7p process,
then used the symmetries to generate the full set of diagrams and finally used
crossing symmetry to get the full amplitude in 77 —» pp channel. So in Fig. 2.5
one compares the experimental data with more reliable Farrar et al. results.

x 10.0

1.0

O.I

2.0 2.2 2.4 2.6 2.8 3.0
W (GeV)

Fig. 2.5. The 77 -» pp cross section for |cosfl*| < 0,6 with statistical errors only.
The curve represents the PQCD prediction [Far 85].

The QCD rule of dimensional counting applied to the considered process gives
dff/dt oc E~12, where t is the square of the four-momentum transferred from
photon to proton; after integration over cos 9* one obtains:

/ 4m2\l/2

o(E}KE-"(l--=£) (2.25)
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We see from Fig. 2.5 that even for the highest considered energies 2, 3 < E <
2.8 GcV the PQCD predictions are by about factor 10 smaller than experimental
data: for lower energies the discrepancy is much bigger. The power law fit of the
central points of experimental data gives

/2 (2.26)

This illustrates the fact that central experimental values fall much steeper than
PQCD predictions. The conclusion of Aihara tt al. is that there is a considerable
disagreement between the theory and experiment [Aih 87].

3. Violation of QCD helicity conservation rule
We shall now present a short derivation of helicity conservation rule (HCR)

and its implications for various exclusive processes. The HCR is a very clear
prediction of PQCD and it directly follows from the representation (2.1) for all
exclusive processes considered at large momentum transfer. In fact from the vector
nature of QCD interaction it follows that

where

+ 75)9, « L = 2(1-75)9
In turn if ^/s (or momentum transfer Q] is much larger than m we have for helicity
1/2 and —1/2 fermion states

hence

5-1/2 7^''<7i/2 = 0 (3.1)
with an accuracy up to O(^), which implies the quark helicity conservation up to
the corrections O(Jj=). Since in turn all loop integrations in 7Y/(x;Q2,0cm)-hard
amplitude are of order of Q the quark and hadron masses can be neglected at
large Q2 up to corrections of order ~ m/Q. Consequently by (3.1) the total quark
helicity is conserved in TH- Since <f>n is the L z = 0 projection of the hadron wave
function the sum of the quarks spin along the hadron's momentum equals to the
hadron spin i.e.

A,- = \„ (3.2)

Combining this with the previous argument on total quark helicity conservation
in TH one gets the equality [Bro 89]

£ \H = £ AH (3.3)
initial final
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which holds with an accuracy up to m/ Q. One concludes therefore that the
hadronic helicity conservation applies to all amplitudes describing hard interac-
tions of light mesons and baryons. This is the most characteristic prediction of
QCD implied by the vector-like nature of quark-gluon interactions: in fact the
scalar or tensor quark-gluon interactions flip the quarks helicity. Therefore it is
very important to confront the implications of HCR with experimental data. It
should be stressed that HCR is different than baryon chirality conservation [lof 76]
or electroproduction helicity rules [Nar 76].

In spite of its apparent simplicity the HCR has a very serious implications for
processes with polarized particles. Let us illustrate this in case of pp scattering.
In this case we have five independent helicity amplitudes

F, = Af (1/2, 1/2; 1/2, 1/2), F2 = M(-l/2, -1/2; 1/2, 1/2)
F3 = M(l/2, -1/2; 1/2, -1/2) F4 = M(l/2, -1/2; -1/2, 1/2) (3.4)
F 5=M(l/2,l/2;l/2,-l/2)

According to HCR in hard pp scattering the amplitudes F2 and FS will be zero
up to 0(m/T/s) terms. For scattering of an unpolarized beam of protons on a
target polarized normal to the scattering plane we have a quantity A defined by
the formula

_ (
A ~ -ł- { }

The quantity A is called the analysing power. Expressing A in terms of helicity
amplitudes one obtains [Bro 79a], [Tro 90];

5 (

^o
where

since FS is zero by HCR we obtain

A = 0 (3.7)

for pp scattering. Clearly the same conclusion holds for every elastic spin 1/2
baryon-baryon scattering.

If a beam and target are polarized one introduces the two spin quantity Ann

defined by the formula
_ <MTT) -nn ~ . t++\<Mtt)

In terms of helicity amplitudes we have [Bro 79a]

Ann =
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The qualitative calculations of quark-quark scattering which take into account
the connected diagrams provides the following expressions for the helicity ampli-
tudes [Far 79]

(3.10)

where f ( s , t) comes from color and space parts of the wave function. Inserting
(3.10) into (3.9) one obtains

Ann(0cm = 90°) = 1/3 (3.11)

i.e. Ann is an energy and p^ independent function.
We shall see below that predictions (3.7) and (3.11) are in a drastic disagree-

ment with experimental data.

A. High p^ polarized proton-proton scattering
The several experiments on scattering of polarized proton beams on polarized

targets were carried out by A. D. Krisch's group [Kri 91]. They considered the
violent pn elastic collisions at large p\. They found the large and unexpected spin
effects. In particular they considered the behavior of the two-spin Ann quantity
given by the formula (3.8).

We present in Fig. 3.1 the collection of all existing data for Ann from the lowest
to the highest available energies [Kri 91]. The lowest momentum corresponds to
10 MeV kinetic energy and the highest corresponds to 12 GeV.
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Fig. 3.1. Ann plotted as a function of P/„i for 90° pp scattering.
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We see that at very low energy Ann is almost —1 what is in agreement with
kiiiematical conditions for pp sc^iering. When energy increases Ann sharply
increases to -fl. Next it decreases and in the energy region corresponding to
a dibaryon energy Ann has some structure. If momentum increases from 3 to
4 GeV/'c An n sharply drops to the value about 0, 1 and it remain flat until 8 GeV/c
apparently in agreement with PQCD. However if momentum increases from 8 to
11.75 GeV>inn unexpectidly again sharply increases to the value about 0,6. No-
tice that A„„ = 0,6 corresponds to tfcr(f D/^adJ.) = 4; these results indicate the
strong spin dependence of hadron interaction dynamics in hard region.

Since some people suggested that the large spin effects were obtained due to
the choice of 90°cm scattering angle the Krisch group carried out the experiment
in which the incident energy was varied. We present in Fig. 3.2 the result for fixed
energy and fixed angle experiments [Kri 91].
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Fig. 3.2. <7j|/£T|^-ratio for pp elastic cross-sections as a function of p^
for fixed energy and fixed angle experiments.

We see that above 1,5 GeV/c)2 the two sets of data fall exactly on top of each
other and for the highest obtained p\ one has ^tt/^U about 4. This proves that
this unexpected spin effect is a large p2± hard scattering effect.

As follows from HCR the pp amplitudes F-i and FS are zero and PQCD leads
to the result (3.11) stating that Ann(0 = 90°) is energy and p\ independent
and equals to 1/3. This is in the sharp contradiction with experimental results
presented in Fig. 3.1 and 3.2.

In case of exclusive scattering of unpolarized protons on polarized targets e.g.
P + PT ~~* P + P the important role is played by the one-spin quantity A, which is
defined by the formula (3.5).
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The Krisch's group result* for .4 were so surprising that the correctness of the
original experiment [Cant 85] was questioned. Hence the Krisch group has decided
to repeat the original experiment with much bigger statistic and for a higher
incident proton energy. The new experiment measures the analysing power for
scattering of 24 GeV/c unpolarized proton beam from the new polarized proton
target [Cra 90]. The very high intensivety of the beam and the high average
polarization of the target (~ 85%) allow unusually acurate measurements of A at
large p±. These precise data confirmed that A is indeed quite large and increases
with p^.

The plot of A as a function of p2
± including the most recent data is presented

in Fig. 3.3.

-.2

• 24 GeV CERN
• 28 GcV ACS
«24 GeV

f

fl

2 4
P^GeV/c)'

Fig. 3.3. Plot of A vsp2
L.

One sees explicitly that with the increasing p\ the quantity A sharply increases.
This evidently shows strong spin effects at high energy.

As follows from HCR the amplitude F$ is zero: hence by (3.6) the PQCD
implies that A — 0. This prediction is in sharp contradiction with experimental
data presented in Fig. 3.3.

The essential disagreement of experimental results for Ann and A with PQCD
predictions leads Prof. Krich to the conclusion that large spin effects cause essential
problems for PQCD or perhaps for QCD in general [Kri 91].

One can .ask a question why QCD is unable to describe the experimental data
with polarized particles. This problem was considered in detail by Troshin and
Tyurin who determined which general properties of QCD and specific assumptions
on hadrons structure imply that spin and polarization effects in high energy colli-
sions predicted by PQCD are negligible contrary to experimental data [Tro 90].
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B. TT~ -f p — » /T" 4- p processes
The above process provides the very interesting example of violation of HCR.

[Hep 85]. The p- meson a.s the spin one particle has 3 x 3 final staU* density matrix

r = !|r,-.,-,|| i.t' = - 1,0.1 (3.12)

Since p~ is produced and decays in a painty-conserving process, it will decay
into ir~ -(- 7T° with the following normalized angular distribution

--H*(0.C) = ro.ocos'fl + r,,, sin2 9 - n,_i sin2 0cos2<£ - v/2Re(r1 > 0)sin2<?cos^

(3.13)
where 6 and <̂ > are the polar and the a/imuthal angles measured in the c.m.-helicity-
frame of the p. Let j4'n m(s,f) be c.m.-helicity-frarne amplitudes for scattering of
the proton with initial helicity m, final heli city « and p helicity t. Then the
/>-density-mat,rix elements are

riti, = ; „ , „ , „ (3-14)
m,n

The HCR implies that

Ał

n m = 0 unless m = i + n (3.15)

Using this condition one finds

n,o = O, n,-, = 0

Hence

47r/3W(0, <£) = r, ,, + (r0,o - r, ,, ) cos2 e (3.16)
Wee see that the HCR leads to a stricking prediction that the W-angular

distribution must be (^-independent.
This prediction was tested using the incident pion momentum of 9, 9 GeV/c and

measuring the produced p~ meson at 90° in c.m. system [Hep 85]. It was verified
that W-function strongly depends on the ^-angle and the analysis of experimental
W-distribution leads to the following estimates for r,-y matrix elements [Hep 85]

ro,o = 0,12 ±0,30, r,,, =0,44 ±0.15
r,,_, =0,32 ±0,10, Re(r,,0) = -0,01 ±0,05

We see that the central value of the forbidden r^-j matrix element is almost
three times bigger than the central value of the allowed r0,o matrix element. Hence
we have again a clear example of a strong violation of HCR.

4. QCD spin crisis
We shall present now the results of EMC experiment which imply that quarks

contribute about 4 percent to the spin of the proton. This result generated the
so called QCD spin crisis [Efr 92]. We follow the discussion of this problem by
Mandula [Man 92].
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The EMC Group measured the polarization asymmetry in deep inelastic muon-
proton scattering [EMC 89)

1*1 + PT -» P + x

The longitudinal asymmetry is

47TQ;2,—

In the Bjorken limit Gj scales like

gGi (2p • g, q2) -» gi(x,
x = -g2/2p • q

EMC's surprise was [EMC 89]
i

J gi(x)dx = .126 ± .010 ± .015 (q* = -llGeV2)
o

The operator product expansion relates g\ to matrix pJements of the quark axial
currents

J / S I 1/4 . 1 . , 1
J gi(x)dx = -(-Au+-Ad+-
n ^o

Each of the"quark spin fractions" is given by

Two other combinations of these matrix elements are known from axial weak decay
measurements

Neutron (3 decay + Isospin gives

Au-Ad= 1.254 ± .006

Strangeness-changing hyperon decay + flavor SU(3) implies

Combining these three measurements of three different linear combinations of
the quark spin fractions gives each separately

Au = +.74 ± .05

Ad = -.51 ± .05

As = -.19 ±.07

Hence the total quark spin fraction is

AS = Au + Ad + As = .04 ± .16

It follows from these results two surprises

1° As is not terribly small!
2° The total quark spin content is very small!
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These two results are called the proton spin crisis. Such surprises present
a serious challenge to QCD. It was stressed by Efreiiiov that every week there
is published a work or two which claim a solution of this crisis. However the
excellent review of this crisis by Efremov demonstrates that up to now we have no
convincing explanation of the problem how spin of the physical proton is composed
from the spin and orbital momenta of its constitutents [Efr 92] (see also [Rey 92]).

5. Inclusive A polarization
It would seem natural to expect no polarization effects in an inclusive reaction

p + p -»• A + X since one is summing over many different inelastic channels X
which have polarization of random signs such that the sum would average to zero.
However it was found that when a yl-particle is produced inclusively at large p2 in
the process p + p -» A + X it has a large polarization [Hel 90]. The A-polarization
P is transverse and negative with respect to the direction ~n = "p*<nc x ~p A. It is
remarkable that this polarization seems totally independent of energy from KEK
energy of 12 GeV up to ISR energies equivalent to 2000 GeV.

In order to illustrate this remarkable experimental fact we present the recent
data in Fig. 5.1.

(GeV/c)
-2 .4 .8 .8 1.0 1.2 1.4

-.1

-.3

-.1

- 2 -

-400 GeV

p +Be—

12 GeV

I I
X-.5

- 400 GeV ̂

p+p —

2000 GeV X-.4

Fig. 5.1. Inclusive A polarization at different energies.

The dashed line corresponds to the data at 400 GeV from Fermilab. The
400 Gev data are compared in upper figure 12 GeV data from KEK. We see
that in spite of big difference in energy the 12 GeV data almost coincide with
400 GeV data. In lower figure one compares the 400 GeV data with 2000 GeV
data from ISR. We again see that these two data almost coincide. We see therefore
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that in inclusive processes there arises a polarization of /1-particle which is almost
totally energy independent in the interval from 12 Ge.V to 2000 GeV. Thus the
expectation following from the PQCD that spin effects will disappear at higher
energies is certainly not supported by this data.

In QCD formalism proton is described in terms of constituent quarks; in this
formalism proton fragmentation into a lambda with a transverse momentum pj_ of
lambda relative to the initial proton direction corresponds to the replacement of
u quark in the projectile by a strange quark s coming from the sea which must be
accelerated and must get a non zero pj_- The determination of yl-polarization in
QCD frame-work using the Lund fragmentation model [And 83] or the recombina-
tion model [Deg 86] were unsuccessful. Contrary we show in Sec. III. 13 that HSM
provides a natural explanation for a generation of large transverse /l-polarization
in inclusive reactions whose magnitude and sign are consistent with existing data.

6. Renormalization scheme dependence in QCD
In quantum field theory models in which masses of fundamental particles are

observed like e.g. in Quantum Electrodynamics there exist a natural renormaliza-
tion scheme (RS) which is the on shell scheme (OS). The theoretical predictions for
observed quantities in QED calculated in OS scheme agree with the experimental
data up to seven digits!; for instance the predicted from QED electron anomalous
magnetic moment ac = ge/2 — 1 has the value ae = 1159652263 x 10~12 whereas
the experimental value is ae = 1159652193 x 10~12 [Hug 88].

In QCD the quarks and gluons are unobserved. Hence the full propagators
for quarks and gluons have no mass poles. Consequently there is no a natural
OS scheme in QCD. There arises therefore a problem of a choice of RS scheme
in QCD. At present, almost all perturbative calculations in QCD are carried out
in the modified minimal subtraction (MS) scheme. The MS scheme was designed
to give smaller radiative corrections at the two-loop order than the minimal sub-
traction scheme while retaining its calculational simplicity (see e.g. [Duk 85]). It
was pointed out that also in the class of the so-called momentum subtraction
(MOM) schemes the two-loop corrections are small [Cel 79]. In these schemes the
renormalized coupling constant is defined by means of the value of some vertex
function at a suitably chosen configuration of momenta. It was argued that, since
in this way a part of the radiative corrections is absorbed into the definition of
the coupling constant, the perturbation expansion would have better convergence
properties in these schemes. The MOM schemes are also attractive, because when
the fermion masses are taken into account, the decoupling of heavy fermions is
manifest in these schemes and the renormalization group (RG) functions have a
natural threshold behavior [App 75].

Let R(s) be a physical quantity for which a renormalization group improved
expression in a given RS has the following perturbative expansion
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where >/s is the energy variable and a
satisfying the RG equation:

is the running coupling constant

«•> (6-2)

The coefficients r k and /?/ depend on the choice of RS [Ste 81], [Rac 89]. Having
the expressions for r* and /3/ in some scheme X it is straightforward to obtain
these coefficients in some other scheme Y once we know the "transition formula"
between coupling constants in X and Y RSs

(6.3)

2Q?,

where Q,- are related to the finite parts of the renormalization constant Za in the
schemes X and Y\ One finds that in massless RSs we have

r? = rf - Q1 , r2
y = r2

A' - 2r,*Q, - C?

f - 2Q2)rf - 5Q* +
>Y _ aX oX ni — P2 ~ Pi Vi ~

+ (5Q? - 6Q, Q2

- Q3

o _
PQ —

_ aX oY _ aX
Pi — Pi ł

etc.

Since Qi, Q2 and Q3 are arbitrary, then also rj', r% and r^ may be arbitrary
[Rac 89b]. For example choosing Q\ — r* and Q2 = r£ we obtain ry = 0 and
ry = 0. One can show that choosing properly Qi in (6.3) one can obtain that all
rv = 0; this defines the so-called "fasted apparent convergence" scheme (see e.g.
[Duk 85]).

The solution ay(s) of RG equation (6.2) in an arbitrary massless RS Y will
depend on parameters Q*, k — 1,2, ... which by (6.3) define the scheme Y if the
reference scheme X is fixed. This dependence is two-fold: first by means of the
dependence of initial value on Qk parameters via (6.3) and the second one by
means of /?/ dependence on Qk as given by (6.4). This two-fold dependence may
be seen more explicitly if one takes the approximate solution of three-loop RG
equation (6.2) given by the formula [Gor 91]

where

(6.6)

and $[ is given by (6.4).
We see that for any fixed s0 the cc dy(s0; Qi, #2) is a two parameter function

of scheme parameters Qi and Q2 which may be considered as the initial value for
RG equation (6.1).
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We see from (6.5) the significant dependence of ay on Q\ and Qi parameters,
which define the F-scheme in terms of MS-scheme; we note also that MS-scheme
defined by Q\ = 0 = Q? is not distinguished in the class of arbitrary RSs.

The functions Qk, k = 1,2,..., which relate cc ay and ax may be quite
involved and numerically large; for instance in case when cc av is defined by
means of the three-gluon vertex r.Ayt/i(pi,p2,p3) at the symmetry point p^ = p?, =
p2 = — ft2 we have

n t \ : o 9 a.9 3 ? 1 3 23-27a + 6a 12 + 8C 1Q,(«)=4|22+-«--a + -a + - - - C - — — n,j

where C — 2.344. In case of the Landau gauge a = 0 we have

Ql (a = 0) = 6.6232 - 0.8442n/ (6.7)

However since the gauge parameter a changes in the interval — co < a < oo
(a = co for unitary gauge!) the quantity Q\ may be in principle arbitrary.

For Y = MS scheme — which was the first massless RS considered in a non-
abelian gauge field theory [t'Ho 72] — we have [Duk 85] '

Ql = -^(In47r - 70) = -5.370 + 0.3256n/ (6.8)
£i

The another interesting example of RS scheme change is provided by the change
of the renormalization scale /i. Suppose that <*x(/0 is the cc in a scheme X at a
scale [L and ay(/0 is defined by the formula

<*y 00 =

where pi is a new scale with

,1 = A/* (6.9)

Solving then RG equation (6.2) for «x(£0 one can express ay(/0 in terms of «x(/0
and find the expansion coefficients Qi in (6.3): one obtains

etc. One may verify that in this case we have

#=#*, . = 0,1,2,...

The problem of a choice of a proper scale /i in QCD is one of the most difficult
unsolved problems because the scale parameter /i in MS RS has no connection with
a physical scale. In most of QCD applications in LEP processes one assumes ^ =
MZ- However in some experiments in which one tried to determine simultaneously
the cc a and the scale \i one obtained a rather low value for fj. [Heb 92]; for instance
the groups which have tried to determine p from a fit to jet data have got [i of
the order of few GeV [Bet 89], [OPA 90], [Del 90]. In turn those who have tried
to determine /* from JV-jet-fraction have obtained /i2 = 0.08s [L3 90].
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If one assumes in (6.10) fi. = MZ and p = ^/QjQSMz then one obtains for
T)f = 5

Qi = 4.8368, Q2 = 29.4987
We see therefore that RS parameters Q\ and Q2 dvie to change of RS from /.i
to ft may be quite large. Clearly using (6.10) and (6.4) we can express Qi, Q2

and Qs as the function of /i, /?2 and /?s and treat these quantities as the scheme
parameters.

There is a wisespread conviction that the one and two-loop /^-function coeffi-
cients /?o and fli are RS invariants. It should be stressed therefore that this is true
in the class of massless RSs only. In fact in a massive RS Y we have the following
connection between one-loop /3-function coefficients [Hag 82]

(6'n)

For instance in QCD in a massive RS based on the ghost-gluon-ghost vertex
we have

where m,- is the mass of ith quark and n/ is the number of quarks flavours [Coq 81].
In general the one-loop /So-coefficient will depend on quark masses and the gauge
parameter a; for instance in a massive RS based on a natural quark-gluon-quark
vertex the /So-coefficient needs seven rows to be written and explained [Dun 89,
Eqs. (18) and (15)]. Because of its complexity the two-loop /?-function coefficient
/?i in massive schemes was never published, althought its form is known.

We shall consider now a rather fundamental problem of a determination of QCD
coupling constant a from a truncated perturbation series for physical quantities.
There is a general conviction that the best physical quantity for this purpose is
Re+e- ratio [Duk 85], [Rac 91c], The pure QCD contribution R to Re+e- ratio
considered in the three loop approximation in MS scheme has the form [Gor 91]

(6.12)
7T 7T

The experimental value for R(s) for PETRA experiment is

£(34 GeV) = 0.056 ± 0.008 (6.13)

Since R^ is given in three loop approximation by the third order polynomial
(6.12) there might be in general three values of a(s) which reproduce the given
experimental value R(s). To see this more clearly we present in Fig. 6.1 the
quantity R^ as the function of variable a.

The Mathematica Programme gives for .R<3)(34 GeV) = 0.056 the following
roots of (6.12)

a(
a
3)(34 GeV) = 0.169, a2

3)(34 GeV) = 0.987; a^3)(34 GeV) = -0.810 (6.14)
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Fig. 6.1. The plot of R(3> as the function (6.12) of cc a.

Clearly we can reject the solution QJ ' since a = gf2/(4?r) must be positive. However
it is not easy to distinguishe between cq ' and <*2 ' solutions. Usually one takes
for considerations only the first root a\ ' = 0.169; however the bigger value a2

should be also kept in mind.
In order to see the large uncertainity in the deduced value a\ (34 GeV) = 0.169

we shall consider the problem of a determination of QCD cc a in an arbitrary RS Y
determinated by Qi and Qi parameters. We use now the symbolic programme of
Mathematica for the third order equation and we find three solutions of the third
order equation

as the functions of ri(Qil) and r2(Qi,Q2) given in arbitrary RS by (6.4). We
obtain now as the solution the three two-dimensional surfaces

a\ (5 iQijQ2)) az ( 5 iQi jQ2)) a3 (s;Qi,Q2) (6.16)

which for Q\ = Qi = 0 reduce to the roots of Eq. 6.12).
We present below the first solution for cc a for PETRA experiment ,/s =

34 GeV.
We see that changing the scheme parameters in a reasonable interval we may

change considerably the value of the resulting coupling constant
a\ (34GeV;Qi,Q2). We see also that at the boundary of the surface we have
a violent change of cc. This boundary is determined by the boundary values of Q\
and Qi after which the solution of Eq. (6.15) becomes complex.
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Fig. 6.2. The cc o^(34GeV;Qi,Q2) in arbitrary RS determined by Qi and Q2 parameters.

(3)a\

Fig. 6.3. in the neighbourhood of OMS = a(
1

3)(34GeV;Q],Q2) = 0.169.

One can derive from the properties of roots of Eq. (6.15) the analytic form of
boundary values of scheme parameters.

In order to illustrate better the scheme depencence we present in Fig. 6.3 the
shape of Oj (34GeV;Qi,Q2) surface in the neighbourhood of
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aMS _ a(
3>(34GeV;0,0) = 0.169.

( 3^
We see that cc at\ (34 GeV; O-\. Q?) increases if the scheme parameter? increase

from the value Q\ = 0 to Qi = 2 and Q2 = —4 to Q2 = 4. We see also from
Fig. 6.2 that changing the scheme parameters in the interval

-4 < Qi < 4, -4 < #2 < 4 (6.17)

we change the cc a in the interval

0 < «S3)(34 GeV; Qi, Q2) < 0.23 (6.18)

We present in Fig. 6.4 the cc in arbitrary RS connected with the second root
a(3) = 0.987.

Q

Fig. 6.4. The cc o^3)(34GeV;Qi,Q2) in arbitrary RS.

We see that this solution changes violently with the change of scheme param-
eters; in fact if scheme parameters change in the interval

-4 < Q\ < 4, -10 < Qi < 10 (6.19)

then
0 < c43)(34 GeV; Qi, Q2) < 2.8 (6.20)

It is evident from Fig. 6.2 and Fig. 6.4 that in principle in arbitrary RS the
cc a2

3)(34GeV;C?i,Q2) is as good as the cc af^GeV; Qi,Q2). Therefore it
/•t\

seems that there is no a priori reason that we should take a\ (34 GeV; 0,0) = 0.169

instead of a2
3)(34GeV;0,0) = 0.987.

We pass now to the problem of a determination of a(s) for LEP energies i.e. for
MZ = 91.173 GeV. In this case tLe process e+e~ —» hadrons is dominated
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by /Jo-exchange; hence we cannot use the formula (6.12) since it was derived under
the condition of one photon exchange dominance which is a good approximation
for energies away of Z0 resonance region only. Hence we shall use in the present
case the ratio RZ of the hadronic width T^a to the leptorxic width F\ep. We have
in this case [Heb 92]

r,lep

=(^r°(i+j^\ l lep /
(6.21)

with

7T
(6.22)

(6.23)

TT [ TT

The results of four LEP experiments give [Chr 92]

Rz = 20.85 ±0.07

whereas the standard model prediction give (riiad/ricp)a=o = 19.97 ± 0.03.
Using these results we obtain Rz(Mz] = 0.0441 and from (6.22) we get two

positive solutions for a^3'(Mz)

<x(?\Mz] = 0.130; <43)(Afz) = 0.944 (6.24)

We present in Fig. 6.5 the plot of a, (Mz; Q\, Qi) in arbitrary RS.

Q

Fig. 6.5. The plot of «

We see that if scheme parameters change in the intervals

-2 < Qi < 2; -2 < Q-i < 4 (6.25)
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then cc or, changes in the interval

0.11 < tt|3\'Afz; Q\,Q-i) < 0.14 (6.26)
( 3^We see again that cc a\ changes violently at the boundary after which it becomes

complex.
We present in Fig. 6.6 the plot of second solution for cc o/2

Fig. 6.6. The plot of «(
2

3)(A^z;Qi,Q2).

We see that the second solution violently changes its value if scheme parameters
/ 0 \

run over the intervals of Q\ and Qi for which cc a^ is real.
We shall analyse now the properties of rcc a(s) in low energy region. In this

case cc a(s) was determined from r- decay at ^/s = mr and from T- decay at
== mr. In case of r-decay we have in MS RS [Gor 91], [Rac 92]

<?> = - \l + 5, 2- + 26, 366 (-}
TT L TT \nj

(6.27)

with R(r3\mr) = 0,2 ± 0,02. One verifies that for value Eq. (6.27) has one root
only

o(3)(mr) = 0,337 (6.27)

Using formulas (6.4) and solving the corresponding equation in arbitrary RS
we obtain a^(mr; Q\,Qi) which is plotted in Fig. 6.7.

We see that changing the scheme parameters in the interval

-10 < Qi < 10, -10 < Qi < 10 (6.29)
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Q

Fig. 6.7. The plot

we change a^ in the interval

0 , 2 < a < 3 > ( m T ; Q , , Q 2 ) < 0 , 4

so we can have about 50% deviation from the MS value«(3)(mr;0, 0) = 0,337.
We see also that the point a^3^(m r;0,0) lies in the region of fast change of o^3)
if scheme parameters changes. Hence the choice of MS RS determined by Q\ =
Qi — 0 is not well justified.

It is often stated that in order to determine the QCD cc a it would be important
to carry out the four loop analysis of physical quantities. We wish to call attention
to the fact that the four loop analysis will be even more ambiguous then the three
loop analysis. Since we have no available any analytic four loop calculations in
QCD we shall present the four loop analysis using asymptotic estimates for higher
loop contributions. In a very interesting work West was able to estimate the
asymptotic behaviour of higher loop contribution to Rc+e- ratio [Wes 91a]; he got

V)
( i 1 t\O
n + t/)2

where in case of QCD with n/ flavours we have

6' = 626-2, 6, = (33 - 2n/)/(87r2), b2 = (19n, - 153)/(3847r4)

In case of n/ = 5 we have b' = 2/3 and we obtain

(6.30)

r3 = -13,4, r4 = -158,6, r5 = 2609,8

r6 =57.800, r,0 = 7.23 • 1010, r,5=4.17-10,18
(6.31)
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It follows from (6.301 that
rn+i/rn =

Consequently the effective expansion coefficient is not a/ir but rather

7r2efci (a/7r) ~ 5.21(a/7r) (6.32)

what significantly increases the divergance of perturbation series. To illustrate
this we present the one, two, three, ten, fourteen and sixteen loop contribution Ln

to R(s] (Ln = rn_ t (s\ , a = 0.15) [Wes 91b],

Li = 0.04S, L2 = 0.003, L3 = -0.001
Lio = -0-04, L,4 = -0.198, L J 6 = -2.2

The higher than sixteen loop contribution to -Re+e- verv quickly increase. We
see that sixteen loop QCD contribution L\$ to Re+e- ratio is around 40 (fourty!)
times bigger than the experimental value -R^_ (34 GeV) = 0.056. This shows the
real problems with the value and the meaning of perturbative expansion in QCD.

We see also that the asymptotic value for three loop coefficient r2 = —13,4 is
very close to the analytically calculated value r2 = —12,8 in MS scheme. Hence
one might hope that the four loop asymptotic coefficient ra = —158, 6 is also closed
to the true value. Assuming this we obtain the following four loop representation
for QCD contribution to RK+e- ratio un MS scheme.

< >
TT TT

- 168, 6f 2(fł VI (6.34)
V ^ / J

We see that in four loop approximation R^ is represented by a fourth order
polynomial in a. Consequently a priori it could be four positive values of cc tVj ,
«2 , aa and a4 which for a given experimental value Re*p(s) would satisfy
Eq. (6.34). In order to see better this problem we present in Fig. 6.8 the plot of
R(4) as a function of a.

We see that presently for a given experimental value Rexp(s) we shall have only
two values «j and «2

4 ' which satisfy Eq. (6.34): for instance for ,/s = 34 GeV,
jRexp(34 GeV) = 0.056 and the Mathematica Programme gives the following posi-
tive roots:

a(!4)(34 GeV) = 0.173, «2
4) (34 GeV) = 0.475 (6.35)

If we would take into account the five loop contribution to R(s) as given by
(6.31) we would obtain the function P^(a) presented in Fig. 6.9.

In the present case we have again two positive roots with values

c*S5)(34 GeV) = 0.179, «2
5)(34 GeV) = 0.323 (6.36)

Comparing the roots a\ ' and «2 ' in three, four and five loop approximation
we observe that the first positive root a\ changes little if order of perturbation
theory increases, whereas the second one changes considerably. This numerical
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Fig. 6.8. The plot of R^ as a function of cc a.

- 0 . 1
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Fig. 6.9. The plot of ft(5)(a) as a function of cc or.

result follows from the fact that the smallest positive root e*j is determined
mainly by the first two (i.e. one and two loop) terms whereas the higher loop
terms — because of smallness of a\ ' — give a negligible contribution.

We shall present now the formula for representation for four loop approximation
in arbitrary RS determined by Qi, Qi and Q3 parameters. Using Eq. (6.4)
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we obtain:

7T
(1.41 - ~

7T
- 2.S2Q, 71"

- 38.4Q, + 12.05$ - - 2.82Q2 - 71"
(6.37)

Clearly now the solution a^(a;Qi,Q2iQs) of this quartic equation can be
completely different from the solution a(3)(s; Q\ , Qa) of third order equation (6.15).
Since we cannot exhibit the surface OL(s;Q\,Qi>Qz} over coordinates Qi, Qi and
Qz we shall present its intersection with the hyperplane $3 = 0.

Fig. 6.10. The plot of a^(34GeV;Qi,Q2,C?3 = 0) determined by the solution

a(,4)(34 GeV; 0, 0,0) of Eq. (6.34).

Comparing the surface a\ (s'jQiiQ?) presented in Fig. 6.2 with the surface
a\ (s'tQiiQtiQ^ — 0) we see the drastic differences in the shape and values
of obtained coupling constants in the given scheme determined by Qj and $2
parameters. We see therefore that the passage from three loop analysis to four
loop analysis will contain considerable ambiguities in interpretation of fundamental
QCD quantities like cc a(s), the scale parameter A considered in Sec. 8 etc.

We have carried out the four and five loop analysis in QCD using asymptotic
estimates of West [Wes 91] for r$ and r4. Althought the obtained numerical
value of ra and r\ may be questionable ([Chy 92]) it is known from higher order
QED calculations [Bro 92] and asymptotic estimates in various nonabelian gauge
field theory models [Bog 80] that asymptotic expansion coefficients rjj8 grow up
for higher k very quickly. Hence our analysis will remain correct with perhaps
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other numerical values for surfaces ct^(s\Qi,Q2,Q3) and «
respectively.

Taking into account the strong dependence of cc 0(50) on RS and the order
of taken truncated perturbation series it is amusing to see that the QCD coupling
constant a(Mz) = 0, 1134 ±0,0035 calculated in MS scheme in three-loop approx-
imation was put in the Table of Physical Constants together with speed of light,
Planck constant and other fundamental constants of physics [RPP 92, p. III.lj.

The interesting problem why strong QCD cc is "worse" than QED cc is dis-
cussed in Sec. 10. A.

The problem of strong RS dependence concerns all physical quantities calcu-
lated in PQCD and represents a serious obstacle in a reliable experimental verifica-
tion of QCD predictions [Rac 91c]. In spite of many proposals like the Principle of
Minimal Sensitivity [Ste 81] or the method of effective charges [Gru 84], [Dha 84]
the problem of strong RS dependence in QCD is not resolved up to now [Rac 91c],
[Rac 92].

7. Gauge dependence of QCD perturbative predictions
The problem of gauge dependence of perturbative prediction of physical quan-

tities was analyzed by us in a series of works [Rac 89a, b], [Doe 91]. Let R be a
physical quantity for which the full perturbation series has the form

CM)

The QCD rcc a(/^) and the expansion coefficients r* in (7.1) are considered in
most of applications in the modified minimal substraction (MS) renormalization
scheme [Duk 85]. The MS scheme is distinguished out of other RSs by the fact
that in this scheme the n-loop QCD calculations of various physical quantities are
relatively simple and renormalization group functions like ft and 7-functions are
gauge independent. One should stress however that MS scheme is from several
points of view unphysical. First of all the mass parameter \i which appears in
MS scheme has no physical meaning; in fact the parameter n is introduced in MS
scheme in order that the dimension of the coupling constant g would be zero in
4 — £ dimensional space-time i.e. [Mut 87, p. 187]

Consequently this /i-parameter which is introduced for purely technical reasons
has no connection whatsoever with a physical scale of the given process like the
energy or momentum transfer scale. In spite of that in most of QCD calculations
/^-parameter is interpreted as the energy or momentum transfer scale parameter
[(see e.g. [Duk 85]). _

The next serious drawback of MS scheme is connected with the fact that in
low energy region a(/i) blows up when /z — > A, where A is so called QCD scale
parameter [Duk 85]. For instance in the simplest case of one-loop approximation
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one has
aw = n% ̂ i ~ (r-2)

where c is a constant.
Some authors interpret this fact as the signal that perturbation theory breaks

down in low energy region, whereas others connect this phenomenon with QCD
confinement properties [Duk 85]. However since fj, has no connection with the
energy scale of a given process both interpretations are unjustified. In fact we
show below that in momentum substraction (MOM) renormalization scheme the
property (7.2) does not hold even in the low energy region!

In order to overcome the mentioned practical and conceptual difficulties of
MS scheme several authors advocated the MOM scheme as the physically well
motivated renormalization scheme [Cel 79], [Dun 89]. In MOM scheme the particle
propagators assume their free value at fc2 = — /j2, p > 0; for instance the ghost
propagator Dab(k2) satisfies the condition

Dab(k2) = 6ab (7.3)
fc'=-<i»

ect. Thus in MOM scheme the concept of the. scale given by /j-parameter is well
established and one can easily connect the energy or momentum transfer scale
with fi- value [Gel 79], [Dun 89].

The renormalization group equation for the rcc a(Q2) in the MOM scheme
based on quark-gluon vertex of the quark with the mass m has the form (t =

(T.4)

The /3-function coefficients /?,• depend on quark masses frn,-, /z-parameter and the
gauge parameter a and have rather complex form (see e.g. [Dun 89, Eq. (18)]). In
order to give the idea on analytic form of /3o coefficient we present its asymptotic
form for A = -^ — » oo and m,-/m ^ 0 where m is the quark mass in the vertex,
which was chosen for the definition of the coupling constant; one has [Dun 89]

3 13 lnA/5 10 1 A K l n A N
(7'5)

We see that in MOM scheme the fa coefficient is the quadratic function of the
gauge parameter a! Thus the rcc a(Q2) given by the solution of (7.4) is in the
MOM scheme a gauge dependent quantity. Some people consider this property of
a(Q2) as a serious defect of the MOM scheme whereas some others consider this
as a sign that MOM scheme is more physical than other RS since exploiting the
gauge dependence of a(Q2) one can get the rcc which is finite for all Q2 [Dun 89].
In order to understand better this problem we present in Fig. 7.1 the evolution of
a(Q2) for various gauges.
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Fig. 7.1. The evolution of a(Q2) for different values of gauge parameter for m = rn^ = me.
The dotted line corresponds to massless case m; = 0 which is usually considered.

This behavior of a(Q2) indicates that there is nothing significant in the fact
that in MS scheme a(Q2) — * oo when Q2 — * /I2. So the interpretation of this
property in MS scheme as the physical property of confinement seems unjustified.

We stress that there are many others MOM- type RSs in which the rcc ot(Q2)
is gauge dependent. For instance in so called asymmetric momentum substraction
(AMOM) RS we have [Rac 89a]

0o = -3, 5, 0, = -3, 25 + 1, 4063<z - 0, 375a2 - 0, 2813a3 (7.6)

Thus in this scheme /?o is a constant and (3\ is a third order polynomial in the
gauge parameter a. The comparison of MOM and AMOM RSs shows up that there
is no regularities in the dependence of /^-function coefficients /?,- on the gauge
parameter a. We present in Fig. 7.2 the evolution of the rcc constant a(t) in
ł = \ In *p variable in AMOM RS scheme [Rac 89a].

We see that for non-negative values of a (say for Landau gauge o = 0 or
Feymnan gauge a = 1) a(t) — » 0 as t — » oo. In case of negative values of a
we obtain a completely different qualitative behavior; in fact the rcc originally
decreases as in the previous case but starting from some <o (whose value strongly
depends on a) it sharply increases until it reaches the fixed-point value a*. We see,
therefore that in AMOM scheme the evolution of rcc in the two-loop approximation
is entirely different.

It is generally accepted that the full perturbation series (7.1) for a physical
quantity R is gauge independent. However if we work in MOM scheme the rcc
a(fi) is gauge dependent; consequently the Feynman expansion coefficients r* must
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Fig. 7.2. The rcc a(t) for different gauges a = +1, 0, -1, -2, -3 and a(0) = 0,06.

be also gauge dependent. Therefore the gauge independence of R given by (7.1)
is achieved by a subtle cancellation of gauge dependence between many terms of
perturbative expansion. If we take a truncated perturbation series

TT
Jt=0

— which is only available in all applications of QCD — then we disregard the
terms nv(—)N + l , rpf+i(—~)N+2 ect. in (7.1), which were necessary for the cancel-

7T TT ^

lation of gauge dependence. Consequently the approximation R(N) given by the
truncated perturbation series (7.7) for a physical quantity R will be in general
gauge dependent. In order to illustrate this fact we shall consider the pure QCD
contribution R to the physical quantity -Re+e- given by the formula

_ ffT(e ha r°"s) = 3 }(1 + R)
/ v '

(7.8)

where R — in the three loop approximation — is given by the formula

TT
(7.9)

In general n, r^ and a depend on the gauge parameter a; the expressions for
TI , r2 and a as a function of a are given for AMOM renormalization scheme in our
work [Rac 89]. We give in Fig. 7.3 the dependence of R^ on a for various values
of gauge parameter.
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Fig. 7.3. The energy dependence of RS3' for a = —1; 0 and 1 in AMOM scheme.
The dashed line represents R^ in MS scheme.

We see that for e.g. ^/s = 60 GeV the value of R in AMOM scheme for a = — 1
is approximately 5% larger than R in MS scheme.

In order to see better the gauge dependence of a we present in Fig. 7.4. the
dependence of a on a for various fixed energies.
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Fig. 7.4. The energy and the gauge dependence of aW in the AMOM scheme [Rac 91c).
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We see that a rather strong gauge dependence is obtained even for moderate
values of gauge parameter. In fact changing the gauge parameter from a = 0
(Landau gauge) to a = 3 (Yeniiie gauge) one changes the a value at ^/s/A^g = 50
by 30%; it is evident however that for larger values of the gauge parameter the
difference may be 100% or more!

0.15

0.10

0.05

0

/
,L

-10 -8 -6 - 4 - 2 0 2

a

Fig. 7.5. The pint of fi(2)(s,a) for v^/yl^ = 50 and nj = 5 [Rv 91c].

In order to illustrate better the problem of gauge dependence we present in
Fig. 7.5 the dependence of R-ratio on a.

We see again a rather strong dependence on gauge parameter.
The presented discussion of gauge dependence of .R-quantity applies to all

other physical quantities in QCD or Standard Model which are represented by the
truncated perturbation series (7.7). Thus if we use the momentum substraction
renormalization scheme we always obtain a gauge dependence of physical quanti-
ties in perturbation theory. It was discovered recently that also in conventional
perturbative calculations in standard model there is a hidden gauge dependence
of basic electro-weak corrections whose impact on predictions is not yet clarified
(see e.g. [Deg 92b]) _

Summarizing we have in QCD the following situation: either we use the MS
scheme in which rcc a and expansion coefficients r* are gauge independent but
the mass parameter fi has no connection with the energy or momentum transfer
scale of considered process: or we use the MOM RS in which the parameter fi is
connected with the energy or momentum transfer scale but the rcc a, the expansion
parameters rjt and the truncated perturbation series (7.7) are all gauge dependent.
For any choice we have a serious difficulties with comparing the QCD predictions
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with experimental data [Rac 91c], [Doe 91], [Rac 92], [Bar 93]. The reason why
in QCD \ve do not have a US and gauge invariant cc a similarly like in QED is
discussed in Sec. 10.A.

8. Renormalization scheme and gauge dependence of QCD scale
parameter A

The QCD scale parameter A is considered as the fundamental quantity in
QCD. It was introduced as the renormalization group invariant obtained from the
implicit solution of RG equation (6.2) (s —» /j2)

It was observed by Celmaster and Gonsalves that if we pass from a cc QX m X RS
to a cc ay in Y RS by the formula (6.3) then to all orders of perturbation theory
we have: [Cel 79]

Ay = AX exp —-
[Po 1

Thus although the QCD scale A is renormalization group invariant it is not however
RS invariant. In MOM-type RSs the Qi-coefficient is strongly gauge dependent,
for instance in AMOM scheme we have; [Dha 81]

1 /223 3 2 _ 10

whereas in RS based on gluon-quark vertex we have; [Shi 88]

0 M - i f — — -- 2 r(- — -— -A- —Vi W — 4 1 ^ 4 g 4 \ 36 9 4 / 9

with n/ — the number of quark flavours and (7 = 2,344...
We present in Fig. 8.1 the gauge dependence of QCD scale parameter in various

RSs.
We see a rather strong gauge dependence of QCD scale parameter. It seems

therefore that the numerical value of the QCD scale A determined in various
experiments in MS scheme is of little value since in other schemes it may be 2 or
more times bigger or smaller.

9. Gauge dependence of hadron representations in QCD
QCD is a theory of strong interactions which is formulated in the language

of unobserved quarks and gluons. So there is a rather fundamental problem of a
representation of observed hadrons in terms of quarks and gluons.

We now show that the representations for 7r-meson, p-meson, proton etc. uti-
lized in concrete QCD calculations are gauge dependent. We have considered some
aspects of this problem in our previous work [Doe 91] but now we give a very direct
proof of gauge dependence of most frequently utilized hadron representations.
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Fig. 8.1. The gauge dependence of QCD scale parameter A for the RSs in which cc or is defined
by means of the gluon-ghost vertex PA- (0, —ft2, —p?) (continuous line), the three-gluon vertex

•OlX/l(—M2i — M 2 ) — P2) (dashed line), and the gluon-quark vertex T — (dotted line).

We first give some concrete examples of gauge dependent hadron wave functions
which are utilized in various works. Many authors suggest to use for meson wave
function a Bethe-Salpeter (BS) amplitude. For instant in a recent work on this
subject the following BS amplitude is proposed for a meson consisting out of a
heavy quark h and a light anti-quark / (see [Hus 92, Eq. (2)]).

PM (9.1)

It is obvious that this BS wave function is not gauge invariant. As is known
the gauge invariant amplitude has the form

= 0

Clearly the gauge invariant amplitude (<^)G/ is much more complicated than
<££ and it is difficult to describe it in simple terms as it is given in [Hus 92] for
BS amplitude (9.1). The meson wave function derived from BS amplitude (9.1)
is gauge dependent and cannot be used in the Factorization Theorem (2.1) for
constructing scattering amplitudes.

Similarly we found that effectively utilized in concrete calculations baryon
wave functions are gauge dependent. For instance the most popular Chernyak-
Zhitnitsky proton wave function is defined by the following matrix element of the
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triple product of quark fields [Avd 81], [Cher 91, Eq. (59)].

^A) (9.2)

Here i, j, k are colour indices and a, /3,7 are Dirac indices of quark operator fields.
We first note that under gauge transformations g (x) £ SU(3)-gauge group the
quark field transforms according to a vector re-dependent representation

(uf )»(*)-*•'>)«?(*) (9-3)
Second we note that the totally antisymmetric tensor eljl'* is the invariant tensor

of the global (i.e. z-independent) SU(3) group. However it is not invariant under
z-dependent transformation of its indices i.e,

Consequently the wave function defined by means of matrix element (9.2) is nec-
cessary gauge dependent. One can see this directly from the final representation
for proton state (see [Che 91, Eq. (64)]) which we gave in Sec. 2.B Eq. (2.21).

The wave function <£p(z) as follows from (2.22) is a scalar gauge invariant
function of a:,-. In turn the three-quark state

transforms according to the triple tensor product of 3 x 3 gauge matrices in mo-
mentum space and eacli matrix depending on another argument.

To see this more explicitly notice that the gauge transformations are usu-
ally defined in coordinate representation: in particular the quark operator field
transforms according to the formula (9.3). The one-particle quark state in the
coordinate representation is given by the formula

I *A/i) = (tfł,(*))+ I 0) (9.6)

where (^IA/)+(;Z) *s the creation operator for the quark field with colour i, helicity
A and flavour / in the coordinate representation and | 0) is the Fock vacuum. It
follows from (9.3) that with respect to the gauge transformation g(z) the state
(9.6) transforms in the following manner

\z\fiY =9S'(z} \z\fi'} (9.7)

Carrying out the Fourier transform of (9.7) we obtain

\p\fi)9 = J dqgS (p - q) \ q\fi) (9.8)

where

9if(p)= I J"9if(*)#* (9-9)
We see that the local gauge transformations in the coordinate representation imply
the nonlocal gauge transformation in the momentum representation.

Now the proton representation (2.21) would be gauge invariant if

eijk f dq^dqtgS (p - gi)g/(p - q^gk

k ' (P - ft) = e'"'"*' (9.10)
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It is evident that this equality can only satisfied for g,-''(p — q) of the form

gS(p-q) = 9ii'6(p-q) (Q.ii)
where </,•'' are momentum independent matrix elements of SU(3) global transfor-
mation. In case of general z (or momentum) dependent gauge transformations the
equality (9.10) is not satisfied: consequently the proton state (2.21) is gauge depen-
dent and if used in the factorization theorem (2.1) it will give a gauge dependent
scattering amplitudes for physical processes.

Clearly the same objection is valid for other baryon representations: for in-
stance A++ baryon has the following CZ representation [Che 91]

P, A = ł) = U / e^\u](XlP)uj(x2P)ul(x3P)} (9.12)

Again since e l j* is not invariant under gauge transformation the A+~*~ state is
gauge dependent.

We found that only hadronic wave functions calculated in lattice gauge field
theory are fully gauge invariant (see e.g. [Mar 89]) -M we can trust the obtained re-
sults. However the lattice calculations give completely different results for nucleon
wave functions than CZ calculations [Che 91]. In particular the lattice calculations
give the first moments (x,-), i = 1,2,3 all equal to 1/3 [Mar 89] whereas as follows
from (2.22) the CZ first moments are strongly asymetrical. This makes again a
gauge dependent CZ asymmetric nucleon wave function suspicious.

Our idea on gauge dependence of proposed hadron representations is most
transparent in case of hadrons representation constructed by means of Bargman-
Wigner two or three body wave functions considered in a series of papers by
Hussain et al. [Hus 91]. In this realization for instance the baryon representation
has the form

3fc) (9.13)

Here ^^^^(piiP-iiPz) baryon wave function satisfies the Bargmann-Wigner
equation (see [Hus 91/i, Eq. (2.7)]).

= Q

The explicit form of #jPA A -wave function for /Ij-baryon is given in [Hus 91/i,
Eq. (3.1)].

Taking the inverse Fourier transform of (9.13) in variables P,pi ,P2 and pa one
obtains the following coordinate representation:

= dzl dz2 dz3

A,-
t j k \ z i \ i i ] Z 2 \ t j \ Z 3 \ 3 k ) (9.14)
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Here Z, z\, 22 and z3 are the Minkowski variables in coordinate representation dual
to P, pi,;>2 and p3 variables respectively.

We see that in coordinate representation we have a three quark representation
which under gauge transformation g € SU(3)iOCal transforms by means of the
regular 3 x 3 representation:

\ziAit; 22A2j; z3A3fc)5 = 9il< (z\)9jj> (z2)9kk> M\*\-V; z-i\2J'\z3\3k'} (9.15)

Since e'ik is the invariant tensor for the global bU(3) group only, it is evident that
the baryon coordinate representation (9.14) is gauge dependent. Now we shall
construct the gauge invariant baryon representation. It is obvious from the trans-
formation law (9.15) and invariance property of £IJ" tensor under global SU(3)
group that the baryon state (9.14) would be invariant if we would introduce rede-
fined state in Fock space

\Z} AI I ; 22A2j; z3X3k)tcd

in such a manner that it would transform under SU(3) local gauge transformations
for instance in the following manner

\zi\ii\ Z2\2J\z3\3k)a
teA = git'(z^gj

}'(z-i}gk

k'(zl}\zl\li'\z-i\-łj
l;z3\^k1} (9.16)

It is known from the theory of local gauge transformations that one can obtain
the state with properties (9.16) if one makes the parallel transport of fermion fields
from the point 22 and 23 respectively to the common point z\ of the first fennion.
The parallel transport of the second feriaion is obtained in the following manner

ii\ %
| z iAi i ;z 2 A 2 j ;z3A3fc}red = ^-' '(2i,22)|2 1Aii;22A 2 j /;23A 3fc) (9.17)

where the unitary operator [7(21,22) is defined by the formula (see e.g. [Men 88])

£7(2!, 22) = Pexp (ig / A$(z)Ta dz^ (9.18)
*i

Here the symbol P represents the fact that the exponential in (9.18) is the ordered
exponential and Ta, a = 1,...,8 is the regular 3 x 3 representation of the Lie
algebra of SU(3) global group.

The ^7(21,22) operators transform under local gauge transformations g €
SU(3)i„cal in the following manner

t7"(2,,22) = 0l(21)L/(2i,22)<r1(z2) (9.19)

We now construct the following redefined state

\zM\zt\2J; z3\3k)nd = C7/(2,,22)t/ fc ' : '(21,23)|2,A lZ-;22A2J';23A3fc') (9.20)

We see that in (9.20) we parallelly transport the second quark from the point
22 to 21 and the third quark from the point 23 to 21. Using now the fact that
quark states transform according to the local vector (regular) representation of
gauge field (9.16) and the transformation law (9.19) we obtain:

tl = f7,-'"(2i)5J-
7"(21)fir/tfc '(21)|2iAii';22A2j';23A3/:')red (9.21)



DIFFICULTIES OF QCD IN DESCRIBING EXPERIMENTAL DATA 55

Since the state (9.20) transforms under gauge transformation by means of tensor
product of regular representations taken at the same point we have now

Hence the baryon state defined by the formula

A,-

Uj>'(zl,z2)Uk

k'(zl,z3)\zl\li]z2\2J''1z3\3k
l) (9.22)

is gauge invariant. Taking the Fourier transform of (9.22) we obtain the corre-
sponding representation

|B;P;A)red (9.23)

of baryon in momentum space.
Notice that the expansion of U(z\ , z2) operator as a perturbation series in the

cc g will contain the constant 1. (which in (9.22) will reproduce the original three
quark state), the one-gluon, the two-gluons etc. Hence the representation (9.22)
or its Fourier transform (9.23) will contain all n-gluon contribution n = 1,2,...
to the original three quark state, Thus the gauge invariant baryon representa-
tion drastically differs from the utilized in applications gauge dependent (9.13)
representation proposed by Hussain e.t al. [Hus 91]

We used for the illustration of our concept the Hussain ei al. representation
for baryons. However the same objections apply to other popular hadron repre-
sentation proposed in various works (see e.g. [Dzi 88] or [Che 91]). For instance
Dziembowski using the light-cone formalism derives the following representation
for proton state (see [Dzi 88], Eq. (11)]

lp; A = ł) = E / = '̂2' 3)ey*ut(i)ut(2)df (3)|0> (9.24)
î

where

i=l

and the wave function !p(l, 2,3) is taken in the form

Here !?(1,2,3) is the function of momenta which is usually taken in the gaussian
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form

ff(l, 2, 3) = Aexp { (oV )-' [mj -
i=i

with mp — the proton mass and mj — the constituent quark masses. The con-
stants A and br are free parameters of the model and Jr are the three linearly
independent spinor amplitudes.

Passing again with the representation (9.24) to the coordinate representation
we get the analogue of fromula (9.14) which evidently will be gauge dependent.
The gauge invariant proton state will have the form

(9.25)

Clearly the same modification of baryon states is neccessary for CZ baryon
representation. For instance taking the A++ representation (9.12) and using the
relation (pfc)r = xjt-Pz, fc = 1,2,3 and (2.2) we obtain the momentum representa-
tion in the form

(9.26)
Using the inverse Fourier transform we obtain

|uj(z,)u}(za)u{(z8)) (9.27)

By previous arguments this A++ representation is gauge dependent. This should
not be surprising because the original formula (9.2) from which the representation
(9.12) was derived is gauge dependent.

The gauge invariant representation of A++ has the form

(9.28)

It drastically differs from the representation (9.27) or its Fourier transform (9.26)
which was utilized in hadron physics.

It occurs that some authors in case of meson representations start with gauge
invariant expressions (see e.g. [Che 91, Sec. 2]). However in order to obtain a con-
crete expression for the meson wave function they make the drastic approximations
which imply that the final meson representation in terms of quark-antiquark sys-
tem is gauge dependent. Some other authors like e.g. Hussain et al. utilize for
meson the Bethe-Salpeter amplitude of the form (9.1) which is evidently gauge
dependent.

Let us stress the important fact that if one uses the gauge dependent hadron
wave functions in the QCD Factorization Theorem (2.1) one obtains a gauge
dependent hadron scattering amplitude; in fact the hard scattering amplitude
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B\Q2i^cm) is considered on the mass shell of the massless cur-
rent quarks and is therefore gaug;e independent: in turn the integration in (2J)
goes over all twelve independent variables Xy i 1 , x J 4 2 , . . . ,xca; hence there is no
chance that gauge group matrix which will appear in (2.1) after carrying out
gauge transformations g(xi) i = A\,..., €3 will cancel out.

Some authors claim that the resulting gauge dependence will be weak because
it will appear in non-leading terms. However in view of the fact that the matrix
elements g^(z) of local gauge transformation may in fact arbitrarily depend on
2-variable we do not see a justification for this statement. Consequently most
of the results obtained by means of gauge dependent hadrons representation and
Factorization Theorem seems questionable.

We wish to make clear tha,t we have constructed the gauge invariant hadrori
amplitudes (9.22), (9.25) or (9.28) only for an illustration of the fact that the
gauge invariant hadron representation drastically differs from the gauge dependent
hadron representations which are usually applied in hadron physics. In general the
problem of a construction of a gauge invariant hadron representation is open. For
instance in the construction (9.22) and (9.28) the first quark with the coordinate
z\ to which is carried out the parallel transport is distinguished. In principle one
could parallel transport to z-i or 23 point by means of unitary transformations
L7(z2,2i)17(22,£3) or {7(23,2])l/(23,22) respectively and obtain an another gauge
invariant hadron representation. It is also possible to parallel transport 21, z-± and
23 points to a reference point 2 and integrate out over all reference points. In this
case the parallel transport transformation in (9.22), (9.25) or (9.28) would have
the form

3

J dzftUfrzi)
i=l

The detailed analysis of gauge invariant hadrons representation will be pre-
sented in [Rac 93c].

10. The main source of QCD difficulties
We elucidate here the main conceptual and practical QCD difficulties.

A. Nonexistence of renormalization scheme and gauge invariant QCD
coupling constant

One may ask the question ly QED is a successful gauge field theory and
QCD has so many difficulties. It turns out that in QED there exist the RS and
gauge invariant effective coupling constant am,,, which can serve as the expansion
parameter in perturbation theory. This coupling constant is given by the formula

/ in , N(m)
" tnuvv / -i i 77 r i\ i i rr / 2\ \ -—-/l + ././B(<^J I + ./YXW )

where cc a# and the photon self-energy IIB are bare quantities and a* and HX
are quantities considered in a RS X [Coq 80]. In addition in the Thompson limit
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g2 — + O we have:

a=

Since a,-nt, in (10.1) is expressed in terms of bare quantities its numerical value for
a given q2 is the same in all renormalization schemes. In addition one verifies that
a,-,,,, is gauge independent [Coq 80]. If «,„„ is used as the expansion parameter
then the perturbative series for a physical quantity R

Jt=0

is term by term RS and gauge invariant. Thus the truncated series (7.7) is also
RS and gauge invariant and therefore provides a unique prediction of the theory
which then can be confronted with experimental data.

One can ask the question if in nonabelian GFT models we can also construct
a RS and gauge invariant coupling constant «,-„„. It turns out that in nonabelian
case and in particular in QCD there exist four (in general classes) of RS invariant
coupling constants, one based on quark-gluon vertex, one based on triple gluon
vertex, one based on quartic gluon vertex and the fourth one based on ghost-gluon
vertex [Coq 81]. For instance the RS invariant effective rcc ot^nv based on the
triple gluon vertex has the form [Coq 81]

Here A*g is the expansion coefficient of three gluon vertex function (see [Coq 81],
Eq. (2.6)) and U B is the bare gluon self-energy function. It was shown in [Coq 81]
that the RS invariant effective rcc given by (10.3) and others based on quark-gluon,
ghost-gluon or quartic gluon vertex are all gauge dependent! Thus in nonabelian
GFT models and in particular in QCD there is no perturbative expansion (7.1)
which would be term by term RS and gauge invariant. Consequently all physical
or other quantities R^N) represented by the truncated perturbation series (7.7)
are in general strongly RS or gauge dependent. Therefore the physical meaning
of the numerical value R(N) for a given quantity is unclear since in some other
RSs or gauges we can get for R(N) a value which differs by 100% or more as
we have shown in Sec. 7 We consider this fact as a serious defect of nonabelian
(unbroken) GFT models with a large cca and in particular of QCD, since in these
models perturbation series R^'^ for a physical quantity R will be always strongly
renormalization scheme and gauge dependent.

B. Difficulties with solving of dynamical equations for hadronic way
functions

The main frame- work for practical computations of lepton-hadron and hadron-
hadron interactions in QCD formalism is provided by the Factorization Theorem
(see Eq. (2.1)). This theorem reduces the problem of a description of hadronic
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interactions to the problem of the computation of Tu(x,Q) kernel from QCD and
to the problem of oompxitMion of hndronic distribution amplitudes on-(ri,Q\
which are process independent and represent the probability amplitude to find
quarks in the wavefunction of hadron Hi coilinear up to the considered scale Q.
There remain however the central problem of determining the process-independent
amplitude <f>Hi(xj,Q) for every hadron //,. Consider this in the simplest case of
TT-meson state. In the light cone formalism the 7r-meson state \n) must be the
eigenstate of the light-cone hamiltonian HLC i.e. [Bro 89]

(ml -HLC\*) = Q (10.4)

Projecting this onto the \"uious admissible Fock states (g</ j , (q~qg\ • • • one obtains
a dynamical equation [Bro 89]

* Li + "»?

S** ***

(qq\V\qq), (qq\V\qqg)

(qqg\V\qq), (q<ig\V\qqg) (10.5)

s~*.

with V - the interaction part of HLC- Clearly we have no slightest idea how
to solve Eq. (10.5) for various components of 7r-meson in the Fock space. So
practically we cutoff the Fock space by discarding all Fock states with the light
cone energy \E\ > A where A is some ultraviolet cutoff. In almost all applications
one limits himself to qq sector of Fock space without any gluon admixture. In case
of nucleon one limits himself to the three-quark qqq subspace of the Fock space
[Bro 89]. In that manner one loses any control on validity of this approximation
since one cannot even very roughly estimate the numerical value of infinite number
of discarded terms with respect to the value of the single term which is kept.
In addition since in this approximation we disregard the gluon sector the gauge
invariance is lost (see Sec. 9).

Since we cannot represent reliably the individual hadron distribution functions
<j>Ht in the Factorization Theorem (2.1) the value of information on scattering
amplitude obtained from this theorem is uncertain. This implies that most of
PQCD predictions are unreliable.

C. Difficulties with rotation and Lorentz covariance
Almost all computation in perturbative QCD were carried out in the light cone

formalism (see e.g. [Bro 89], [Bro 90]). In particular the hadronic distribution
amplitudes were constructed in this formalism. However in this formalism it is
impossilble to construct the state with definite Jp (see. [Isg 84], [Isg 89b, p. 562],
[Hus 91]). The main reason for that is that in LC formalism one can carry out
rotation around 2-axis but one does not know how to implement an arbitrary
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rotation R 6 S0(3) subgroup. Consequently the eigenvalues of J 2 cannot be
dctermitit\l aiul one is not able to construct a state with tiu: definite J"r> [Isg S4J,
[Isg 89]. Since one cannot check that the constructed wave function for pion is
pseudo-scalar and for nucleon has spin one-half one does not know in fact in LC
formalism what is the physical meaning of utilized hadronic distribution function
and if they indeed represent pion or nuclcon state respectively with the correct Jp

quantum numbers or some mixture of various spins.
This is particularly acute problem for CZ wave functions since they do not

pass in the low energy limit into static nonrelativistic wave functions, which have
a well-defined spin [Che 91].

It should be also noted that except special Lorentz transformations in the
direction of 2-axis — the general Lorentz transformations cannot be implemented
in the light -cone formalizm. Thus the full Pioncare covariance of obtained results
cannot be checked out. These seems very serious defects of PQCD considered in
LC formalism.

All these difficulties and ambiguities in determination of hadronic distribu-
tion amplitudes — which are basic ingredients ot QCD formalism — imply that
presently we have a plethora of proposal for distribution functions. The most
popular are:

1° Brodsky and CO light-cone amplitudes [Bro 89], [Bro 90].
2° Chernyak-Zhitnitski amplitudes obtained from QCD sum rules [Che 84],

[Che 91].
3° Dziembowski amplitudes obtained by kinematical analysis [Dzi 88a, b].
4° Hussain, Korner and Thomson amplitudes [Hus 91], [Hus 92] obtained from

the relativistic SU(6) wave functions.
5° Wirbel, Stech and Bauer wave functions obtained from relativistic potential

theory [Wir 85).
6° The lattice amplitudes [Mar 89].

Some of these amplitudes have drastically different properties than others. The
most surprising are CZ amplitudes which are strongly asymmetric in distribution
of longitudinal momenta of quarks inside hadrons (see Eq. (2.22)). On the other
hand the lattice amplitudes, contrary to CZ amplitudes, have equal first moments
of wave function of proton and much lower normalization constant. The CZ am-
plitudes differ also from perturbative amplitude and in the static limit do not go
to SU(6) nonrelativistic constituent quark model amplitude [Che 91].

D. Difficulties with quarks concept and quarks masses
The concept of quarks is not uniquely defined in QCD frame-work. In fact one

introduces the concept of current quarks (i.e. those entering into the fndamental
QCD lagrangian), the constituent quarks (i.e. those entering into the construction
of hadron state) and valence quarks (i.e. quarks which define a nonrelativistic
bound state). The precise definition of constituent or valence (marks in terms
of fundamental current quarks was never given [Che 91]. In general one assumes
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vaguely that the constituent quarks which define the hadron distribution amplitude
are a complicated mixture of current quarks and gluons.

Since there is no analytic formula for expression of constituent quarks in terms
of current quarks it is very difficult to state how reliable are calculations which
simultaneously use both kind of quarks i.e. constituent quarks in hadron distri-
bution functions <^//,. and current quarks in the quark scattering amplitude TH
in Factorization Theorem (2.1). This conceptual difficulty implies that almost all
PQCD predictions resulting from Factorization Theorem are uncertain.

Since there are at least three concepts of quarks there are also at least three
definitions of a mass of a given quark: the current mass (i.e. the one which appears
in perturbation theory), the constituent mass and the valence mass. In fact the
authors who try to understand this problem introduce even more masses: e.g.
Tarradi introduces three other masses by means of the inverse of quark propagator
[Tar 81].

S-'Cri/O^-mOO-W,/*) (10.6)

where ft is the mass parameter which characterizes the renormalization point and

S(firi = I7,(p2,/<2) + (j- m(/i))W,/i2) (10-7)

is the renormalization self-energy. One defines the renormalization scheme invari-
ant effective mass by the formula

(10.8)

where m(|p2|) is the running mass: The pole mass 771 which corresponds to the
location of quark propagator pole is given by the implicit equation

Meff(m2) = m (10.9)

In order to include the leading nonperturbative effects one introduced the so
called full effective quark mass by the formula

mfull(|P|2) = meff(|p
2|) + ^Ca(fl)a(|p|a) (10.10)

where Ci(R) = (N% — 1)/2NC, a(|p|2) is the running gauge parameter and V = (qq)
is the quark condensate.

Some authors introduce also the phenomenological current quark masses m*
which are given by PCAC relations of the form [Leu 74]

(ml + m3)fo(0)«(0) + fr(0)tt(0)> ~ /„m2 (10.11)

Thus there is a plethora of at least six various definitions of quark masses.
In the recent Review of Particle Properties for the first time the values of quark

masses were introduced ([RPP 92, 114]). They are

mu = 2 to 8 MeV; md = 5 to 15 MeV; ms = 100 to 300 MeV;

mc = 1, 3 to 1, 7 GeV; mb = 4.7 to 5.3 GeV; mt > 91 GeV
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The u, d and .s quark masses are considered here as the current masses; the c
and ó quark masses are estimated from ehanuouium and fooŁŁomonium, D and B
masses. They are called the potential model (mark masses [RPP, II.5]. So we have
one more definition of quark masses.

The current and constituent masses of a given quark may be different by two
orders!!!: for instance the u-quark current mass has the value 2 to 8 MeV whereas
the constituent mass of u-quark is

m™ ^ 400 MeV

(see e.g. [Ynd 83, p. 158]).
The fact that in QCD the masses of the most fundamental fields can change

by several hundred percent is the very weak point of QCD which underline its
unphysical nature as a theory constructed out of unobserved fields of quarks and
gluons.

A very instructive example how seriously one can treat the values of quark
masses in QCD is provided by the important example of radiative corrections to
the H^-meson mass [Jeg 91]

where A0 = 37, 28 GeV and

Ar - Aa - ctg2 9wAp + Arrcm (10.14)

The quantity Aa is the photon vacuum polarization, contribution and has the
form [Jeg 91]

= ji;(o) - /T;(M|) =

If one would take the usually accepted u and d current masses given by (10.12)
one would obtain from

-£ E ^ - 5 <«••«>
x=u,d,s,c,b *

a very large contribution: for instance if one takes mu = 5 MeV one obtains
InMf/mJ; = 19.62: such big contribution from quark loops would destroy the
agreement of SM predictions with experimental data. In order to avoid an evident
catastroph it is proposed to estimate ^«{,adron contribution using the dispersion
relation [Jeg 91].

,
4 m
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(10.18)

Estimating the dispersion integral one gets the number ^<*hajron
 wn^cn gives a

reasonable value for Aa and Ar. Having this number one can readoff from (10.16)
the values of "effective" quark masses which reproduce it: one gets [Jeg 91]

mu = 62 MeV; md = 83 MeV;

ma=215MeV; mc = l,5GeV; m& = 4,5GeV.

Comparing (10.18) and (10.12) we see that the mu and mj effective masses which
reproduce the data are almost by one order bigger than the current mu and m<j
masses used for the description of other reactions. It is amusing to find on bottom
of p. 32 of [Jeg 91] the note: "Warning: Do not use these values for the quark
masses for spacelike momenta (as needed in Bhabba scattering). They would give
wrong results" .

In recent years there is an intensive theoretical and experimental activity de-
voted to the problem of a determination of the top quark mass. In general one
considers a physical quantity R like the total Zo-meson width Ptot or leptonic
widths jTc+c- , -T/i-j-,1- , /V+r- °r sin2 ®W find compares the experimental result
with theoretical SM predictions which include one-loop radiactive corrections (see
e.g. [Ell 92], [Alt 92c.]). Since most of one-loop corrections depends on rn\ by
equating the experimental and theoretical results one obtains the allowed interval
for the top mass. We reproduce below a typical prediction for the top quark mass
mi obtained by this method (see Fig. 10.1).
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Fig. 10.1. The lepton width fj as the function of mt in the SM, for different values of m// (GeV).
The present experimental value is indicated [Alt 92c].

However there is in my opinion a conceptual difficulty in such analysis. Indeed
from the fact the one does not observe a free quark one concludes that there is a
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confinement mechanism build in QCD, which forbids an appearance of free asymp-
totic quarks. But from this fact one must conclude that the full (i.e. calculated
to all orders) quark propagator cannot have a mass pole, because if there would
be such one should see the free quarks. In turn the experiment measures the full
quantities calculated to all orders at once. How then it is possible that the exper-
iment can see the quark mass which in full theory does not exist? In my opinion
there is no experiment which can measure a current top quark mass which in full
theory does not exist.

I think that experiment can only measures the masses of observed particles and
in case it will measure a mass of a fermion with a top quantum number it will be
the baryon At mass, similarly like it was recently measured the baryon AI, mass
[RPP 92].

We have determined in Sec. IV.7 the At baryon mass and from the form of
radiative corrections in SM and HSM it follows that m/t, = ,/N^mt = 240 GeV.

We would like to mention an another aspect of top quark mass generation
which seems to us unnatural. Namely in SM we have the weak, electromagnetic
and strong interactions. One would expect that top quark mass which is more
than four(!M) orders bigger than the u or d quark mass is generated mainly by
strong interactions. However the inspection of top quark mass generation mecha-
nism shows that the entire top quark mass is generated exclusively by electroweak
Yukawa forces, without any contribution from strong interactions.

E. A suspicious high energy behaviour of physical quantities in QCD
We shall derive now a high energy behaviour of any physical quantity in QCD

in the improved two-loop approximation. We shall follow a derivation given in
[Rac 91c].

Let /i be a reuormalization point, P — an energy (or momentum transfer)
variable, a = a/vr and R — any physical quantity in QCD which depend on P,
like nucleon-nucleon cross section, p(P) — ratio, electromagnetic form-factor of
7r-meson etc. In the high energy limit one can disregard the quark masses and by
dividing away any dimensional factor one can make R dimensionless. Under these
assumptions the quantity R is a function of /i/P and a(/i) only and can be written
in the form

(10.19)
The renormalization point independence of physical quantities implies that R

must satisfy the RG equation

= 0 (io.20)

Hence the solution of (10.20) satisfies the condition

(10.21)



P~ = -a2(00 + 0i a + 02a
2 + 03a

3 + . . .) (10.23)
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Consequently the RG improved expansion for R has the form

R(P) = a(P)(l + r,a(P) + r2a2(P) + r3a
3(P) + . . .) (10.22)

where r^ = ffc(l) are constans and a(P) is the running cc which satisfies the
equation

~

Differentiating (10.22) and using (10.23) we obtain
IT)

Pjp = -a2[0o + (2^00 + 0i)a+

(3r200 + 2r,0, + 02)a2 + (4r300 + 3r20t + 2n02 + 03)a
3 + - . .] (10.24)

Using the McMahon inversion formula [McM 1894] for the series (10.22) we obtain

a = R + Ki R2 + K2P? + K3R
4 + ... (10.25)

with

#! = _r,, KI = 2r2 - r2, K3 = 5r!r2 - r3 - 5r?, etc. (10.26)

Inserting (10.25) into (10.24) we obtain a remarkable nonlinear evolution for any
physical quantity R(P) [Dha 83], [Grii 84], [Rac 91c]:

P~ = -R2(po +PiR + piR2 + p3R* + ...) (10.27)

with

Po = A>, pi = P\ , />2 = /?z + /?or

p3 = 03 + 200^3 - 400r2n - 400r2n -

A convenient algoritm for calculating of higher order expansion coefficients was
presented in [Ste 86].

It is noteworthly that the series expansion on rhs of (10.27) is not an expansion
in terms of cc a but the expansion in terms of the considered physical quantity
itself. Hence the evolution (10.26) for R can be meaningful even in strong coupling
theory if R is small. In addition since PL and P dR/P are physical quantities the
expansion coefficients pk must be RS invariants. This can be checked out by direct
calculations [Dha 83], [Ste 86].

Now we can state the following rather surprising result.

THEOREM 10.1. All physical positive quantities in QCD considered in the im-
proved two-loop approximation in the high energy limit decrease to zero if energy

l 2
P increases. If two different physical quantities R and R have the same value for

I 2
some PO then they coincide i.e. R(P) = R(P) for all P.

Proof: In the improved two-loop approximation any physical quantity R sat-
isfies by (10.27) the following equation

= p(R) (10>29)
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In case of QCD /?o = 3.83 and /?i = 4.83: hence for positive quantities the generator
p(R) of evolution equation (10.29) is negative for all P; consequently the solution
R(P) decreases to zero when P —v co. Let R0 = R(Po) where PO is the initial
energy. Then R(P) has the following Lie series solution [Gro 67]

•fl (10.30)R(P) = < exp ln—p(R<,)d/dRv
l L - f o

In fact R(Po) = Ro and by commutation theorem we have

dP
= < exp In

It follows from (10.30) that R(P) is the function of initial value RO and lnP/P0.
Since

1 2
is the same if two different physical quantities R(P) and R(P) have the same

1 2 1 2
initial value R(P0) = /2(P0), we conclude from (10.30) that 7l(P) and R(P) are
given by the identical function i.e.

R(P) = R(P) = R(P} = exp In - - (10.31)

In order to illustrate the implication of the representation (10.30) we give the
following figure.

0. 18

60 70

E ( G e V )
100

Fig. 10.2. The energy evolution of any physical quant i ty K(I') for di f ferent initial value
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We see that the decrease of R(P) with P is faster if 7?0 is bigger.
We note that in asymptotically free gauge field theories like QCD the running

cc a(P) is very smal] i;i high «irrgy region; «• <C 1. Hence it is generally assumed
that the improved two-loop approximation considered in this limit reasonable well
approximates the true quantity R(P). In fact it is claimed in many works that
two-loop approximation gives satisfactory description of various physical quan-
tities [Duk 85], [Bro 90]. Consequently one can expect that the representation
(10.30) reasonably well represents for large P the considered physical quantity
R(P). Now Theorem 10.1 states that any physical quantity decreases to zero
if energy increases. On the other hand we know many physical quantities like
proton-proton or TT-meson-proton cross sections or p-ratio which increase with en-
ergy. Hence it looks like that QCD gives incorrect high energy dependence of

i 2
various physical quantities. Secondly, if two different quantities R(Po) and R(Po)
accidentally coincide for some PQ then by (10.31) they are represented by the same

1 2
function for all p i.e. R(P) = R(P)! This conclusion is also surprising.



III. SPONTANEOUSLY BROKEN SU(6) GAUGE FIELD
THEORY MODEL FOR STRONG INTERACTIONS

1. Introduction
We propose a model for strong hadron interactions based on a totally spon-

taneously broken asymptotically free model of gauge field theory determined by
SU(6) gauge group. The proposition of this specific model is motivated by its
simplicity, effectiveness in a description of hadron interactions and the following
theoretical and experimental results:

1. The most successful model of quantum field theory is the Glashow-Salam-
Weinberg model for clectroweak interactions. This model describes all lepton-
lepton interactions with the impressive precision (see e.g. [Jeg 91]). The GSW
model represents a spontaneously broken gauge field theory model in which weak
interactions are mediated by massive vector mesons. It is tempting therefore to
assume that Nature for some reasons distinguishes this kind of models and that
the strong interactions are also represented by a spontaneously broken gauge field
theory model. We show below that the identification of the observed massive 1~-
vector mesons like p, u, ó, K*, D* etc. with gauge particles leads to a unique
determination of gauge group and fundamental fermions.

2. The elastic and the total cross sections for hadron-hadron interactions in-
crease with energy and are smaller than the Froissart's bound c In2 s [RPP 92].
On the other hand the increasing with energy cross sections were so far obtained
only in models of quantum field theory with massive vector mesons either abelian
or nonabelian (see e.g. [Che 87]). Contrary the quark-quark, quark-gluon and
gluon-gluon cross sections in QCD are decreasing with energy [Dha 84], [Pin 92b].

It should be stressed that any quantum field theory model for massive neutral
and charged vector mesons satisfying 5-matrix unitarity bound is equivalent to a
spontaneously broken nonabelian gauge field theory model [Cor 74].

3. Almost all hadrons registered in Meson and Baryon Tables of recent Review
of Particle Properties [RPP 92] may be located on some Regge trajectories (see
e.g. [Col 77]). The reggeization of fermions, vector and scalar mesons is a typical
feature of spontaneously broken models of gauge field theory [Che 75], [Che 87].
In fact if fermion representation has no singlets with respect to the gauge group
then all fermions in the given theory reggeize [Gri 79]. In addition all gauge bosons
associated with semi-simple gauge groups will also reggeize [Łuk 79], [Szy 80]. Thus
in SU(6) spontaneously broken gauge field model all fundamental spin 1/2 and 1
particles will lie on some Regge trajectories in agreement with experimental data.
Consequently these particles will in fact appear as composite particles without
introduction of any unobserved constituent subelementary particles.

4. Almost all experimental data for high energy scattering of polarized hadrons
contradict the QCD predictions (see e.g. [Kri 91], [Sof 92]). Contrary the Hadronic
Standard Model provides a natural and effective frame-work for a description of
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spin and polarization phenomena. We give in Sec. 13 a striking predictions of
our model for polarization of A particle produced in inclusive reactions whose
amplitude and sign agree with existing data (see also IV.6 and IV.8).

5. The low energy phase shift analysis for nncleon-nucleon scattering carried
out in the framework of potential theory [Nag 75] or Bethe-Salpeter equation
[Fie 75] indicates that it is absolutely crucial to have contributions from the charged
massive vector meson exchange in order to obtain an agreement with experimental
results.

6. The analysis of various phenomena in nuclear physics indicate that spon-
taneously broken gauge field theory models may play the important role in a
description of strong nuclear interaction (see e.g. [Ser 86]).

All these experimental and theoretical results in the domain of high and low
energy hadron interactions indicate that spontaneously broken gauge field theory
models are natural candidates for a description of strong hadron interactions.

If one assume that a spontaneously broken gauge field model can describe
strong hadron interactions then the selection of a concrete model is almost uniquely
determined by the number and the type of isomultiplets of observed massive vector
bosons with J^" = 1~, since the set of observed massive vector mesons must
generate the adjoint representation of the requested gauge group. The inspection
of the Meson Table of RPP and the recent experimental data [RPP 92] shows up
that the observed massive vector meson isonuutiplets p, u>, <^>, A'*, £)*, J*1*, «7/Vs
B* and T all with Jp = 1~ have the same quantum numbers as the members of
SU(6) 35-adjoint vector meson representation and can be represented in the form
of the following 6 x 6 matrix

V2

D*°
B*-
2^*0

P+

— £S- 4- .
V2 '

r°
D*+
r°

K*+
j<r*°

If0 B*+
D*- J5*°

•^c

r

(1.1)

where

We stress that SU(6) is the smallest simple unitary group whose adjoint repre-
sentation incorporates all different observed 1 "-vector mesons. For instance SU(5)
adjoint representation does not contain the observed T- vector meson.

The collection of the observed vector mesons would strictly coincide with the
set of the members of 35-adjoint representation if the T*-vector mesons

r = (r*°,r+), r;-,r*° and rb- (i.s)
would be observed: one might expect that with increasing accelerator energy the
lacking T*-vector mesons (1.3) will be found soon. Thus we select out SU(6) gauge
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field model as a natural candidate for a description of strong hadron interactions.
We shall deterrr.hie now the fermion content of our model. The simplest fermion

multiplet associated with SU(6) gauge theory is the baryon sextet

& = (łp,lf>n,ll>A,ll>A„ll>A„ll>At) (1.4)

where ^p^^m^Ai^A^^At, and, i/M, are the fermion fields with the same quan-
tum numbers as the physical proton, neutron, the yl-particle, the /lc-particle with
charm, the ylj-particle with beauty and the /Irparticle with top respectively. The
first four baryons were known and the baryon AI was found recently [Alb 91]; one
expects that the sixth baryon At will be found soon.

We show in Sec. IV.3 that the sextet (1.4) produces the baryon anomaly which
precisely cancels out the lepton anomaly from electroweak sector; in turn other
possible fundamental fermion SU(6) representations like 20, 56 or 70 would require
the large number of Jp — l/2+ baryons which are not observed. Hence the sextet
(1.4) is the only admissible SU(6) representation for fundamental fermions.

The baryon sextet (1.4) has all quantum numbers like spin, isospin, strange-
ness, charm, beauty and top sufficient for a generation in baryon-antibaryon, V-
meson-baryon or Higgs meson-baryon channels all remaining hadrons which are
not taken as the fundamental particles of the theory.

The SU(6) model based on the sextet (1.4) of observed baryons is conceptually
the simplest model for strong hadron interactions with the minimal number of
fundamental fermion fields. Since this model is based on observed hadrons the
various exclusive high energy processes like e.g. pp, pp, ?rp or Kp elastic interactions
represent a two-body problem which - due to asymptotic freedom - can be relatively
easily analysed using standard methods. In QCD model these processes represent
relativistic six or five-body problem respectively for analysis of which we have no
available reliable methods. For instance in order to calculate the lowest order
nucleon-nucleon scattering in QCD one needs to calculate around 300.000 tree
graphs [Ram 92]. This is the main reason why we have very few predictions from
QCD for exclusive processes (see e.g. [Bro 89], [Bro 90], [Bro 92a]).

The idea that one should build a theory of strong interactions using the gauge-
type field theory with observed vector mesons, baryons and scalar fields was first
proposed by Sakurai [Sak 60] and extended by Salam and collaborators [Sal 61].
The main difficulty of these models associated with the masslessness of gauge
bosons could not be overcome at that time. Later on the spontaneously broken
models were considered mainly as toy models, for testing various hypothesis like
reggeization of bosons and fermions (see e.g. [Che 75], [Che 87]) or a reduction of a
full field theory to planar field theory. Some applications of the model proposed by
Salam and Strathedee [Sal 72] was found in nuclear physics [Ser 86]. These models
had the basic defect that isospin or strangeness conservation was not realized in
strong interactions. Sometimes the spontaneously broken models were considered
as candidates for a unified field theory (see e.g. [Ell 91], and [Ans 92]).

A specific spontaneously broken model for a description of strong hadron in-
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i

teractions based on SU(3) x rj;=o ^(1) Sau€e group was proposed in [Rac 85] and
a model based on SU(5) gauge group was given by us in [Rac 87aj. Next this
model was extended by us to SU(6) gauge group which incorporated all exist-
ing conserved quantum numbers like isospin, strangeness, charm, beauty, and top
[Rac 87b]. Finally the extension of SU(6) model for strong interactuion by electro-
weak interactions was presented by us in [Rac 9la]. The present work represents
systematic presentation of the last model and a derivation of its conclusions for
various lepton-hadron and hadron-hadron processes.

In Section 2 we derive the gauge-type lagrangian for SU(6) model. In Sec. 3 we
describe the Higgs mechanism of mass generation for Higgs scalars, gauge mesons
and fermions. We show in particular a crucial result for the entire model that
choosing properly the Higgs representation <P for scalar fields one can extend the
original gauge symmetry group SU(6) to a group

G* = SU(6) x UH(l)

where Un(l), I = 1,...,6 is a certain "horizontal" global unitary group, whose
dimension depends on the parameters of Higgs sector. It is then shown that even
after spontaneous symmetry breaking of the entire original gauge group SU(6)
there survives a global internal symmetry

K = SU/(2) x 17(1) x 17(1) x 17(1) x 17(1) (1.5)

corresponding to isospin, strangeness, charm, beauty and the top conservation. In
that manner, one resolves the basic difficulty of Sakurai, Salam and Ward and
other models with massless vector bosons consisting on the fact that after total
symmetry breaking there survived the trivial global symmetry of strong interac-
tions only.

We calculate in Sec. 4 the vector meson and fermion masses generated by Higgs
mechanism for various representations of Higgs fields. We show in particular that
using five fundamental, scalar and adjoint SU(6) representation, we can obtain the
fermion and vector boson masses of observed hadrons close to their experimental
value: in addition we predict the masses of so far unobserved bosons namely B*,
B*c, T*, T;, Tc* and T6*.

We show in Sec. 5 that there are sets of values of coupling constants for which
our model is asymptotically free. Consequently all successful high energy limit
predictions based on asymptotic freedom will persist also in HSM.

We consider in Sec. 6 the reggeization problem of gauge bosons. Using a general
formalism elaborated by Łukaszuk and Szymanowski [Łuk 79], [Szy 80]. we find
for a —> oo and t-finite the explicit form of fermion-fermion (f-f) scattering ampli-
tude in leading logarithm approximation (LLA). We show that all vector mesons
reggeize and we find in LLA the explicit form of Regge trajectory functions oti(t)
for vector mesons. We show on the example of p-meson that in the present model
in LLA there appear one parent and four daughter /j-meson Regge trajectories. It
seems that one indeed observes these trajectories in experiment [RPP 92].
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We consider in Sec. 7 the reggeization problem for fermions in our model: we
show using Grisaru and Schnitzer criterion [Gri 79] that all fermions in our model
reggeize and we give an example of Regge trajectory function Xj(t) for fermions
in LLA.

Hence in the present model all vector mesons and all fermions reggeize. This
conclusion is in agreement with experimental results presented in Meson and
Baryon Tables of RPP which show that indeed most of these particles lie on
specific Regge trajectories [Col 77], [RPP 92].

To demonstrate the effectiveness of the present model for analysis of exclu-
sive processes we calculate in Sec. 8 the baryon-baryon and baryon-antibaryon
total cross sections. We show in LLA that the B-B total cross section has the
characteristic behaviour given by the formula

~3/2

(1.6)

where b = 7r~1241n2 arid c is a constant. It is striking that the formula (1.6)
admits the decreasing cross section for >/s < ISGeV and the rising cross sec-
tion for -y/s > 18 GeV in agreement with experimental data: in addition the for-
mula (1.6) excellently fits the experimental data for pp scattering in the interval
10 GeV < >/5 < 30.000 GeV which covers all data from accelerator and cosmic ray
measurements. We show also that Pomeranchuk Theorem for B-B and B-B total
cross sections holds in LLA.

We show in Sec. 9 that, using the infrared evolution equation for CTT(S) one can
improve the formula (1.6) for large s and obtain that in the high energy limit the

Q

total cross section satisfies the Froissart's bound crr(-s) < cln2 — [Kra 93b]. We
so

also determine the asymptotic behaviour of the p(s) ratio.
We present in Sec. 10 the derivation of proton and neutron electromagnetic

form-factors, which is based on the Vector Dominance Model formula. Since the
massive l~-vector mesons like p, w, <£, etc. are fundamental mesons in our model
the VMD formula is very natural in our model.

We give in Sec. 11 the extension of pure gauge type interactions considered in
Sec. 3 obtained by the inclusion of pseudoscalar mesons. It is striking that the
collection of all distinct pseudoscalar mesons like TT, K, D, F, B etc. has also the
same quantum numbers as the members of SU(6) 35-plet. Hence it is easy and
natural to extend the total Lagrangian (3.14) for pure spontaneously broken SU(6)
gauge field theory by interaction terms between pseudoscalar, vector and fermion
particles.

We describe the high energy scattering of polarized protons in our model in
Sec. 12. We show that our model gives large spin and polarization effects even for
high energy scattering in agreement with experimental data: we recall that QCD
predicts that spin and polarization effects will decrease if energy increases contrary
to experimental data (see Sec. II.3. A). We give in Sec. 13 the striking application of
the extended hadronic model for a description of a misterious strong polarization
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of yl-particle produced in the inclusive reaction p + p — » A + X. As is experi-
mentally known the inclusively produced .1-pr.rticlc has large transverse negative
polarization P with respect to the direction ~n = ~p\-nc x ~p A. It is noteworthy
that P is almost energy independent for the incident energy ranging from 12 GeV
to 2000 GeV. The QCD predicts that spin is irrelevant in high energy interactions
and therefore completely fails in the description of /1-polarization. Contrary ap-
plying our model one obtains the polarization P of A whose magnitude and sign
are consistent with existing experimental data. This is a striking success of the
present model.

Finally we discuss in Sec. 14 further possible applications of obtained model
for strong hadron interactions for a description of various processes.

2. The SU(6) Gauge Field Theory Model
The SU(6) gauge model has 35 gauge fields V°, a = 1, . . . ,35 with the field

strength

F^ = d»V? - dvV; - gfahcVf^ . (2.1)
The fields transform according to the adjoint representation with generators (Ta)&c

= -ifabc satisfying
[Tfl,T&] = ifabcTc

The fields V" couple to the baryons !? which are represented by the sexted (1.2).
The covariant derivative has the form

n m m , n,m = , . . .

where ta is the matrix representations of SU(6) satisfying

[ t a , t b ] = i f a b c t c -

In case of the vector fermion representation

*a = l/2A f l , a = l,...,35, (2.2)

where Aa are Gell-Mann matrices (see e.g. [Lie 78]).
The total SU(6) gauge invariant Lagrangian is unique and has the form:

L(V,$) = -^F^Fa""+^>lDlt - M0)$ (2.3)

where MO = MO/
The physical identification of the members Va of the 35-plet vector mesons is

easiest in 6 x 6 matrix from: in fact, setting V = 2~'l/2\aV
a we obtain the matrix

(1.1). The diagonal entries of this matrix are the linear combinations of the real
fields p°, w, < ,̂ J/i/> or T respectively: the off-diagonal entries of 1/-matrix are the
complex fields with the isotopic spin, strangeness, charm, beauty and top quantum
numbers of /»=•=, K*t £>*, F*, B*, £*, B*e, T*, T,*, Tc* and T6* fields respectively.

The coupling of the vector mesons V a, a = 1, ... ,35 to the specific fermion
currents given by (2.3) determines also IG(JPC] quantum numbers. From the
transformation properties of currents with respect to spatial reflection it follows
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that all vector mesons have Jp — l~. In turn the charge conjugation transfor-
mation CJ^C — J p implies that the vector mescu J5i>ni;iltiplet which contains a
neutral particle which is its own antiparticle must have charge parity C = — 1.
This implies that p,w, </>, J/V1 and T must have C = —1: since G-parity equals
to exp[i^/2] := (—1) C all discrete quantum numbers of vector mesons are deter-
mined. Hence in SU(6)-gauge model we have fifteen vector meson isomultiplets
with the following members:

1. one isotriplet with IG(JPC) = 1+(1—) and S = b = c = ł = 0. ( ~ p)
I. two isodoublets with 1/2(1"), S = ±1 and c = b = t = 0. (~ A'* and K*)
3. four isosinglets 0~~(1 ) and S = b = c = t = 0. (~ u;, < ,̂ J/if> and T)
4. two isodoublets with 1/2(1"), S = c = ±1 and 6 = t = O (~ D' and TT)
5. two isosinglets will i 0(1~), S = c = ±1 and b = ł = O (~ F'+ and F"")
G. two isodoublcts with 1/2(1"), b = ±1 and S = c = t = O (~ B" and B*)

7. two isosinglets with 0(l~), S = b = ±1 and c = t = O (~ B*° and Z?* )
8. two isosinglets with 0(1~), 6 = c = ± l and S = t = O (~ B*° and Z?*°)
9. two isodoublets with 1/2(1"), S = b = c = O and t = ±1 (~ T* or T*)
10. two isosinglets with 0(1"), 6 = c = O and S = t = ±1 (~ T;° and T*°)
II. two isosinglets with 0(1"), S = b = O and c = t = ±1 (~ Tc*° and T*°)
12. two isosinglets with 0(1"), S = c = O and 6 = t = ±1 (~ Tfc*° and T£°)

The inspection of the Meson table of RPP shows up that all observed vector
mesons i.e. p,A'*(S92), w,^,D*(2010),F*(2110), J/^(3097), r(9460) and
B*(5325) have quantum numbers coinciding with the quantum numbers of the
corresponding above isomultiplets. This noteworthy fact encourages us to think
that the SU(6)-gauge field theory model may be considered as a natural candidate
for a description of strong hadron interactions.

Our model predicts in addition all discrete quantum numbers (and the masses
— see Sec. 4) of yet unobserved B* and B* vector mesons associated to B* meson
and the four vector meson isomultiplets (T*°, T*"1"), T,*, T* and T6* with non-zero
top quantum numbers.

The inspection of the Meson Table [RPP 92] indicates that with a 1 "-vector
meson of a given type there may be associated several 1"-vector mesons with the
same discrete quantum numbers but higher masses; for instance with p(770) meson
there are observed p(1450),p(1700) and p(2150) all with JG(JPC) = 1+(1~). The
same is true for w, (f>, J/ij) and T mesons: for instance with w(783) meson there
are observed u>(1390) and w(1600) all with IG(JPC) = 0~(1~) [RPP 92]. These
experimental fact finds a natural dynamical explanation in our theory due to the
fact that in our model with a parent p-meson trajectory given in Fig. 6.1 there are
associated four p-meson daughter trajectories (see Sec. 6). Hence starting from
very general principles our model predicts that there will be four p-meson excited
states with 1+(1 ) quantum numbers and four a.', ^, J/V> and 7"-meson excited
states all with 0~(1 ) quantum numbers (see Sec. 6).
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3. Spontaneous symmetry breaking
The masses of all vector mesons in (Li) will be generated by the mechanism of

a spontaneous symmetry breaking. Following Weinberg [Wei 73] we shall work in
the real Higgs field representation $ = ®y>W where </?W are real irreducible fields
of SU(6). The spontaneous symmetry breaking method consists on an addition to
the gauge invariant Lagrangian (2.3) the term LH($, V,&) with Higgs scalars <f
coupled to V^mesons, fermions and to themselves in a renormalizable manner. In
SU(6) case the LH Lagrangian has the form:

(3.1)

where (A,ff) = APBP, p = 1,. . . N, N =

(!>„#)„ = [6pgd(t + ig(6a)MV?4g (3.2)

and da, a = 1, ... ,35 arc the pure imaginary hermitian matrices satisfying

a, 6, C = 1,. .. 35.

o
Let A be an AT-dimensional constant vector which gives an absolute minimum of

o
V(A). Then the unitary gauge for SU(6) symmetry is defined by the condition

o
that tho scalar field components <Pp in the directions {6a X} vanish i.e.

(0 a A,<P(x))=0, a = l,...,35. (3.3)

o
This provides M constraints where M = dim{00 A}. Let nr, r = l,...N — M
be orthogonal vectors which span the subspace in the representation space of $

o
orthogonal to all 6a A. Then the vector and the scalar meson mass2 matrices have
the form: [Wei 73]

Mlb = -(OaX,ebX), a, 6 = 1,..., 35 (3.4)

and
o

pM,> r,5 = l , . . . , ]V_M, p,g = l , . . . ,J\r (3.5)
d\pd\q

The fermion mass term is also modified and has the form

M = Mo + G(F, A) (3.6)

It follows from(3.4), (3.5) and (3.6) that the mass spectra at tree level of surviv-
ing Higgs scalars, vector bosons and fermions depend on the chosen Higgs repre-
sentation $ and the form of the Higgs potential F($). As follows from [Mur 84] the
Higgs field representation which breaks totally SU(6) group consist of five SU(6)
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fundamental representations Hk, k = 1,..., 5. However to achieve a greater sym-
mct-y '<vc break SU(6) b}- six fundamental representations

6

Jk=l

A Higgs potential V($) for the Higgs field representation (3.7) may be taken in
the form:

6 .

Set

Then we have

THEOREM 3.1. //

5 — ) > 0 (3.9)
r*min /

then the potential K($) —^ oo whenever |$| —» oo ararf has the absolute minimum
for

(hk)i = hk6kt, k, / = !,..., 6 (3.10)
tot'i/i

"^K"1-^)- (3-n)
The proof is straightforward but rather tedious.

The original local SU(6) symmetry group for the representation (3.7) is totally
broken [Mur 84]. We show however a rather fundamental fact that there survives a
certain global symmetry K which coincides with the observed symmetry of strong
interactions.

In fact if some Higgs masses //jt, fc = 1,..., / in ( 3.8) are equal then the SU(6)
local invariants

(Hk*Hk) or (Hk* #')(#'* Hk)
have an additional global invariance group: for instance if one sets p = fi\ =
,..., = /ij, I < 6 then (3.8) is invariant under the global index transformations

#,*'=t7ftff, ; = !,..., 6 (3.12)

with U = {£/£'} G U(l) x nJr{ U(l) = UH(l). Having in mind the future exploita-
tion of UH(!) group we take the transformations (3.12) in the form

. dim. aim u n c ^

-1- £ e a A ' J
a=l '
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where

/ A " ) = -(Aa)0-, a = l,...,35 (3.13)v ' }•
is the contragradient representation of SU(6) regular representation A°.

The transformations (3.12) leave invariant the potential V($) as well as the
kinetic term

and extend trivially to vector and fermion fields. In fact under SU(6) x L///(0
group fields transform in the following manner:

6-f

t=l
Consequently the total lagrangian

£>($, V,!p) = .L(V, I?) — V($) + 1/2(JD $ £)''$) — G$(r $)$' (3.14)

is invariant under the extended symmetry group

Ge = SU(6) x [/„(/).

In general SU(6) and f///(/) groups will be completely broken by the vacuum
expectative values hk = (0\Hk\0). However as it was shown in [Rac 87b] there
remain some linear combinations Zn — X" © Yn of SU(6) and Un(l) generators

o
which form a stability Lie algebra K of the vacuum vector A. In fact we have:

PROPOSITION 3.2. Let in the Hiygs potential (3.8) /*i = /i2 and let //3,...,/i6

be different from (i\ and between themselves. Then the stability group K of the
vacuum

0 xl^ 0
A = S t[,hk = h (3.15)

k=l

with hk given by (3.10) and (3.11) is the group

» 15 24 35
K = SU(2) x 17(1) x U (1) x U (I) x 17(1) (3.16)

a
where J7(l) are generated by Cartan generators 1/2A", a = 8,15,24 and 35.

We see now the important role played by the horizontal symmetry J7//(2). If
we would have at our disposal only the original local symmetry SU(6) then — for
mass generation of all bosons — this symmetry would be totally broken and we
would remain then with a theory possessing a trivial symmetry G — I. We see
however that the existence of the global horizontal symmetry U H (2) admits —
even after mass generation for all vector bosons - the surviving symmetry (3.16)
which precisely coincides with the global symmetry

K = SUi(2) x 17(1) x U(l) x U(l) x 17(1), (3.17)
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corresponding to the isospiu, strangeness, charm, beauty and top conservation
observed in strong interactions. In that manner we resolved the basic difficulty
of previous attempts consisting on the conflict between the necessity of the total
symmetry breaking of the original gauge group and the necessity of the existence
of the surviving global symmetry group coinciding with the observed symmetry
(3.17).

Clearly one may include in the Higgs representation $ more fields: for instance
one may expect that $ should contain Higgs bosons which interact with fermions.
In our case & transforms as 6 and

606 = 1 ©35,

Hence in order that <J> couples to fermions it must contain 1 or 35 representations
as its irreducible components.

As follows from [M\ir S4] the Higgs field $ containing the fundamental and
adjoint representations and breaking SU(G) totally may be taken in the form:

<]> = 0 Hk ® (p (3.18)
k=l

where (p is a 35-plet of scalar particles. One may take also as (f> a 1 0 35-plet of
SU(6).

If (p is taken as 35 or 1035 then a rather general potential for the representation
(3.18) may be written in the form:

h t(Hk*Hl)(Hl*Hk)+
k=i * 2

(3.19)

0

One may show that the Higgs potential (3.19) also possesses a vacuum A which
breaks totally the original gauge group SU(6) and admits the surviving global
symmetry (3.17). Since however in this case the Higgs potential contains 6 coupling
constants the entire analysis is rather involved.

Because we shall compute in Sec. 6 the S-matrix elements with vector meson
v

exchange it is convenient to work in a basis in which the M2-mass2 matrix is
diagonal [Gri 79]. Let Aa = {Ata}, a,b = 1,...35, be a set of orthonormal

v
eigenvectors of M 2 -matrix i.e.

v
M"*Aa = mlAa, AbaAbc = 6ca, AbaAca = Sbc, a, 6,c = 1,...,35.

In this basis we have

Ki/« = Aba *b(i ,_ ~n\

[Ta,Tl] = i
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where

Jabc == •'*maj^n6-'

are SU(6)-structure constants in this basis. Using (3.7) and (3.8) we obtain
from (3.4)

Mlb = -(6a\,eb\) = ml6a0, a, 6 = 1,..., 35 (3.22)

The shifted total lagrangian in this basis has the form:

i
a

~ Q ~
- ( 0 a A , 0 4 <

fj

4. Generation of vecior boson and fermion masses
The mass formula (3.4) is determined by the quadratic - in the spatial compo-

nents v — part of the total hamiltonian. We now calculate the mass formula
for vector bosons under the assumption that the Higgs sector contains fundamen-
tal representations Hk and the 1 © 35 representation (p. The representation S is
not neccessary for a generation of masses of all vector mesons and fundamental
fermions; we have included it however for a better illustration of baryon mass
problem. We have:

PROPOSITION 4.1. Lei hk, k = 1,... ,6 and (pQ be ike vev of Hk and G Higgs

fields respectively. Then the quadratic — in v -field — part of the total hamiltonian
has the form

[hk V (4.1)

Proof. For Hk fields we have

LQ(H,V) = [(Z^

Passing to real variables Hk = 2~l/2(ReHk,ImHk) and shifting the fields we get

the first term of (4.1). The temporal component in V2 = V0
2 — v 2 is a dependent

variable of higher than quadratic order and does not contribute to V^ [Wei 73].
In turn using the SU(6) relations

(Ta)im = -
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we obtain

£Q(& V) = \ [(£^)a(£'Vr j 9 = £ tr(£- V' - $V$V).

Setting (p — §' + y>0 we get the second term in (4.1). V
Following [Mur 84] we take <£o in the diagonal form

(£o)y = ai$,j, a; 7^0, i,j = 1, . . . ,6. (4.2)

The condition that K given by (3.16) is the stability subgroup of the vacuum
o

vector A implies that

[A" ,^ 0 j=0 for n = 1,2, 3, 8, 15, 24 and 35

This condition is satisfied if a\ = 02.
Using Eq. (4.1) and (4.2) we obtain the following expression for vector mesons

masses: (hi = /i2 = /i, hf, = 0):

mvi} = !?2/l2> i = 1,...,5,

+ /»? + («,• -a;)2], i,j = l , . . . ,6, ̂  j.

The baryon mass matrix is given by (3.6) and depends on a chosen baryon
representation !P of SU(6). Take for example the vector representation for #: then
& couples to 1 © 35 in Higgs sector only and by (3.6)

M = Mo + G$0 (4.5)

The formulas (4.3), (4.4) and (4,5) give the mass formula for fifteen vector meson
and five baryon isomultiplets in terms of 10 parameters <72/i|, a*, k = 1,3,4,5,
giQ-i an(j j^o- lience these mass formulas have a considerable predictive power.
From (4.5) we have:

M,- = M0 + Gai, ; = !,..., 6. (4.6)

Thus the observed baryon masses can be reproduced exactly by the Higgs mecha-
nism in strong interaction sector. We note however that the spontaneous symmetry
breaking of 811^(2) x 17(1) symmetry in the electro- weak sector also produces the
baryon masses (see Sec. IV.2). Thus the baryon masses may be generated in the
present model by strong Higgs sector only, by the electro-weak Higgs sector only
or by both Higgs sectors.

For off-diagonal vector mesons we obtain

m2v- = 0a/2[*? + h] + G-2(M,- - M,-)2]. (4.7)

The five parameters <72/i|, t = 1,3,4 and 5 and jr2G~2 may be determined by
masses of p, K', D*, F* and B* . Taking

mp = 0, 77 GeV, mK* = 0,89GeV, mD* = 2,OlGeV
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we get głG~* =0,1 and we obtain the following prediction for masses of the
remaining ten vector meson isomnltiplets:

mu = 0, 77 GeV, m* = 1 GeV, m J/4> = 2, 67 GeV

= 7,13GeV, mB; = 5,33GeV, ms. =-- 5,53GeV

mr* = [0,3 + 0,1(0,94 - M^,)2]1/2 GeV,

mr.* = [0,5 + 0,1(1,1 - M^,)2]1/2 GeV

mr. = [3,6 + 0,1(2,3 - M^)2]1/2 GeV,

mr; = [26 + 0, 1(5, 5 - MAt )2]]/2 GeV

Comparing the experimental masses of w, <£, J/rj.> and T with (4,8) we see that the
Higgs mechanism reproduces even in the tree approximation the observed masses
of these particles with a reasonable accuracy.

The masses of £*, 5*, T*, T/, Tc* and T6* were not measured yet and (4.9)
represents the prediction of our model for the masses of these particles. We see that
the masses of T*-mesons are determined by the mass MA, of top-baryon which
is also not measured yet. The recent experiments suggest that M^t is around
240 GeV; (see Sec. IV.7). if this is true then by (4.9) the masses of top-mesons
should be around 80 GeV.

Taking into account that mass formulas (3.4) and (3.6) give masses of particles
in the tree approximation the obtained results are rather encouraging: they show
that using the Higgs mechanism one can obtain the baryon and the vector meson
masses in a satisfactory agreement with already observed masses and one predicts
rather high masses for B* , B* , T* , T* , T* and T6* vector mesons in an agreement
with so far existing indirect experimental data.

5. Asymptotic freedom
It should be stressed that most of successful predictions of QCD and SM in

hard collisions are derived from the asymptotic freedom property of QCD sector.
It is noteworthy that in the strong sector determined by the SU(6) spontaneously
broken gauge field theory model the asymptotic freedom can also be assured. In
fact, as it we showed in Sec. 3, the simplest Higgs field representation which breaks
SU(6) symmetry completely can be taken in the form

k=\

where H k is the SU(6) vector representation. The most general Higgs potential
for the representation (5.1) has the form:

k*Hk? + ^(Hk*H')(Hl*Hk). (5.2)
Jt=i
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The one-loop renormalization group equations which determine the asymptotic
freedom of the strong sector have the form (see e.g. [Pol 74]).

167T2 = 80A2 + 48A/> + 6/>2 - 35A</2 + g\ (5.3)
Q>li J. £

167T2^ = 12A/J + 24/)2 - 35 \g2 + 8g4.
at

It is evident that the gauge coupling constant is asymptotically free. To check
whether the Higgs coupling constants can also be asymptotically free we set

A = Ag2, p = Rg2 (5.4)

Using (5.3) we get for constant A and R the biquadratic system of equations
10

(5.5) SO A2 + 48AR + 6R2 - 14.67/1 + 6 + -^ = 0,
\.£i

(5.6) 12AR + 24#2 - 35/1 -f 20.33fl + 8 = 0.

The computer analysis shows that these equations have the two solutions

/1(1) = 1.12, RW = 2.04 (5.7)

and
AW = 0.17, RW = -0.11. (5.8)

Since gauge coupling is asymptotically free, both Higgs couplings by (5.4) are also
asymptotically free.

It should be stressed that there are also other intervals of initial values of X(to)
and p(to) for which all couplings A(z), p(i) and g(t) are asymptotically free; for
instance if one takes p(to) very small compared to A(<o) and g(to) then the terms
p2 and A/? in (5.3) can be disregarded. It follows then from (5.3) that for

0.2302 < A(*0) < 0.3902 (5.9)

all one- loop ^-functions for evolution of gr, A and p are negative. Hence we obtain
another set of asymptotically free coupling constants in which both p and A may
be positive. It is interesting that small coupling constants p can generate large
Higgs field expectation values. In fact, we have shown in Sec. 3 that for the Higgs
potential (5.2) the vacuum expectation values (Ol-H^lO); = hk$ki of the Higgs fields
are given by the formula

i

Thus a small coupling constant p can generate large vector meson masses as re-
quired by the considered model.

It follows from the above analysis that in the high energy limit the strong sector
in HSM will behave as in the asymptotically free gauge field theory model with
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the SU(6) gauge group. Consequently all successful high energy limits predictions
based on asymptotic freedom will persist also in HSM.

It is interesting however that the decrease of the running coupling constant
0SU(6) ^t-h 'he increase of the scale fi will be much more quicker than in QCD.

In fact for five flavours /9^CD = 3.83 whereas 0£SM = 10.17. Hence in one-loop
approximation the generator of the renormalization group equation is in HSM
approximately 3-times bigger than in case of QCD. Consequently by (5.3) the
SU(6) rcc in HSM will decrease to zero much more quickly than QCD rcc. Since
the decrease of the rcc determines the rate of decrease of physical quantities with
energy ^/s or momentum square transfer Q2 the much faster decrease of rcc in
HSM will imply the definite faster decrease of physical quantities. We propose in
[Rac 93b] some concrete experiments which could verify what is the decrease rate
of rcc and considered physical quantities in HSM framework.

If one takes more complex Higgs field than (5.1) e.g.

$' = $ © <$

where (p contain the singlet and 35-plet then the renormalization group equations
(5.3) will be extended by coupled equations for additional Higgs and Yukawa
couplings. In this more general case one can try the ansatz (5.4) for all Higgs and
Yukawa coupling constants and look for the solution of the corresponding system
of biquadratic equations similar to (5.5) and (5.6) equations. Alternatively one can
try to choose initial conditions for additional coupling constants in such a manner
that renormalization group generators are negative for all coupling constants. It
seems that there is enough freedom to ensure for considered Higgs and Yukawa
sectors the asymptotic freedom for all coupling constants.

6. Reggeization of gauge bosons
We shall demonstrate now that all massive vector mesons V°, a = 1,...,35

will reggeize. We recall that in lagrangian field theory with £(<?, V, <P) containing
the spin 0, 1/2 and 1 particles the partial wave scattering amplitude M(s, J) has
in general the form:

M(s, J) = Manaiytic(s, J) + (fixed singularities)

If for JQ =0, 1/2 or 1 we have

M(s, J0) = -ManaJyticCs, Jfl)

than all elementary particles with spin J0 will lie on the moving trajectory in J
and we say that the theory reggeize at JQ.

The reggeization of spin 0, l /2 or 1 particles in concrete models was so far
investigated by two different methods. One method is based on a summation of
the infinite set of Feynman diagrams in leading logarithm approximation (LLA)
[Fad 76], [Szym 80], the second one is based on Mandelstam counting argument
related with analyticity, unitarity and the existence of so-called nonsense channels
[Man 64], [Gri 79].
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We shall demonstrate the reggeization of vector mesons in our model using
the first method. The most general analysis of reggeization of vector mesons in a
nonabelian gauge theory with an arbitrary compact gauge symmetry group was
carried out by Lukaszuk and Szymanowski [Luk 79], [Szy 80]. Their main result
can be stated in the following manner: the fermion-fermion scattering amplitude
for

5 = (Po -f P&)2 -* oo and t = q* = (pc — p„)2- finite
has the following asymptotic form:

(fU)

Here the vertices F^,a are defined by the formula

and the matrix Ra(t) has the form

itg^t) — JL f £[S ~i~ y Sj J. ^0.^^

The matrix C(i) is the real symmetric matrix with entries given by the formula
35

«,>=!

where

Fti(t) = 7T-1 /
<PH

^j\ «=-^T2

The integral can be expressed in terms of elementary functions in the form1

Fa(t) = (mimjr
l(^i ~ I)'172 ln[7y + (7?,- ~ 1)1/2]

where

70-(0 = (2mimJ-)-1(-i + m2 + m2-).

Carrying out a ^-dependent orthogonal transformation we can diagonalize C(t)-
matrix

(rCf~l ) i j ( t ) = 6ij\i(t), t, j = 1,..., 35

and we obtain

Ma,b,.,ab(s,t) = -ff

1 Private communication from P. Rączka
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where
n

/ j \ -i y \ t i\ ((+ &\O J ( Ł ) = l — 7—r^jli) (6.6)
(47f)2

and O' are rotated vertices of the form
35 ^k^

k=i

The final formula (6.5) is instructive from several respects. First it demonstrates
that in LLA the asymptotic behaviour of /—/ scattering amplitude does depend on
the chosen gauge group and the representation $ in Higgs sector. In fact formula
(6.5) shows that Regge exponents c*j(t) depend on eigenvalues of C(<)-matrix:
these eigenvalues by (6.2) are determined by structure constants of gauge group,
the functions Kp(t] and Fmn(t). The dynamics of Higgs sector enters by means of
vector boson masses m„, a = 1,... ,35 which in turn by (3.4) are determined by
Higgs sector parameters.

One can readily show that if group G is semisimple than all Xj(t) > 0 for
t < 0: on the other hand if G contains an abelian factor then necessarily some
Aj(<) are zero [Szy 80]. Hence the high energy behaviour of scattering amplitudes
is determined by the group structure of compact group and the parameters of the
Higgs potential.

In order to make clear the meaning of C(t) operator in determining the high
energy behaviour of fermion-fermion scattering amplitude consider first a simpli-
fied case when masses ma of all vector mesons are equal to a mass m. It then
follows from (6.2) that all Fij(t) are equal as well as all Ki(t): hence by (6.2)
using that for SU(6) we have

fkijfijl = 65fc/

we obtain
Ckl(t) = 6K2(t)F(t)6kl, fc, / = 1,..., 35

where F(t) is given by (6.4) with m,- = m;- = m. Hence in the present case the
Regge function otj(t} have the form:

a,-(0 = a(*) = 1 - |£(-< + m2)F(f), j = 1,..., 35 (6.7)

The f-f scattering amplitude may now be written in the form:

Ma,b,.,ab(s, t) = y2*W
t ~~ 77T-

It follows from (6.8) that all gauge mesons associated with simple group SU(6)
reggeize (see (6.11)).

We calculate now the p-meson Regge trajectory ap(t) from general formula
(6.5). Using the formula (6.2) — after tedious calculations — one obtains

+ F54 + F109
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k = 1,2,3; / = !,..., 35. (6.9)

where

By (6.1) and (6.9) the />-meson contribution to f — f amplitude may be written
as a separate term of the form

jfe = 1,2,3; l = l, . . . , 35. (6.10)

We see that in the /9-meson sector the rotated vertices 93
a,a(t) '

n (6-5) reduce to
the original i-independent vertices.

The physical meaning of each term in (6.9) is transparent: in fact in the high
energy limit s — * oo, i-finite all fourth order radiative corrections by (6.3) are
proportional to F,-j(t)-function which represents the contribution from one vector
meson loop with m^ and m j masses: in particular .^2,1 represents the contribution
due to /)-meson loop: ^54, FIO 9, FU ie, -F26 25 represent the contribution due to K*,
£)*, B* and T* — vector meson loop respectively. The terms in (6.9) represent the
contribution from all possible vector meson loops allowed by conservation laws. It
is noteworthy that the sum of contribution from all higher order diagram in LLA
by (6.2) can be written as the exponent of the fourth order radiative corrections
leading to the Regge type behaviour of the /-/ scattering amplitude (6.5) or (6.10).

Passing with (6.10) to the partial wave amplitudes Mj(t~) one obtains in the
t- channel

,, / , \ a , aa / f t i i \MJa,b,ab(t) = , 2 . * = 1,2,3, (6.11)

where B is some constant, (no summation over fc) and C\\ = CM = CM.
It should be stressed that in the /-channel the variable t plays the role of energy

and is nonnegative: this implies by (6.4) and (6.6) that Fij(t) and therefore also
ap(t) = ajt(0> & = 1)2,3, are in general complex functions of t. According to a
Regge pole theory the Regge poles are determined by zeros of the real part of the
denominator in (6.11). The shape of the real part Rea(t) = [1 -g*/16n2Ckk(t)] =
Jp(t) is highly nontrivial: the first branch of Jp(t) is given below.

It follows from (6.9) that for t = mp one obtains Jp = 1: hence the ob-
tained Regge trajectory Jp(t) = Reap(i) correctly reproduces the observed p-
meson mass2. However since that amplitude in the LLA is derived under the
condition that \t\/s <C 1 the quantitative value of LLA for a description of Regge
trajectory Jp(t) for large t is not clear [Szy 80]: since LLA should be correct for
small t and for t = m2 it reproduces precisely the /9-meson spin one should expect
that in the interval 0 < t < m2, the LLA should give a reasonable description of
the Regge trajectory function Jp(t). The inspection of Fig. 6.1 points out that
in the interval 0 < t < m2 the obtained function looks like a straight line. The
numerical analysis indicates that in the interval 0 < t < m2 the function Jp(t)



90 n RACZKA

Fig. 6.1. The parent Regge trajectory function for p-mcson: the dashed line represents the function Jp(t):
the straight line represents the approximation (6.12): the crosses represent the observed resonances.

may be reasonably well approximated by the function

Jp(0 = 0,466 + 0,9*. (6.12)

Since an ability of LLA for a quantitative description of a p ( t ) for large t is uncertain
it seems reasonable to assume that for i > m'*p the function Jp(t) is also given by
(6.12); if one does this one obtains the following prediction for the masses of higher
resonances of p-meson Regge trajectory:

ma,(132o) = 1305Mey, mp(1690) = 1678MeV, mB4(204o) = 1982MeF

mp6(235o) = 2244 Me V, ma8(245o) = 2480 MeV
The number in the bracket of the corresponding meson denotes its experimental
mass: we see that under stated assumptions the present model reproduces the
observed p-meson trajectory reasonably well.

The function Jp(t] — as follows from (6.9) — contains still four other pieces
which may be considered as daughter Rcgge trajectories. The shape of daughter
trajectories in LLA is presented in [Rac 87b] Sec. 6.

It is interesting that there were found three p-meson resonances with / (J ')
= 1+(1~) namely />'(1450), />"(1700) and />'"(2110): they may be interpreted as
traces of the predicted p-meson daughter trajectories. It is noteworthy that our
formula (6.9) predicts four p-meson daughter trajectories; hence we predict that
in addition to already observed /?', />", p"' daughter p-mesons with IG(J )^ =
1+(1—) quantum numbers there should be observed ^""-meson with 1+(1 )
quantum numbers and mp»» > 2110 MeV.

In a similar manner the Regge trajectories of w, K*, <£, !>*, F*, B* and T*
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vector mesons can be calculated in LLA. Since the resulting Regge parent and
daughter trajectories have a rnthrr rich structure the full analysis will be presented
in a separate publication. We mention only that the corresponding to (6.9) Regge
traju-.tory function determined by (6.11) will predict a definite shape of Regge
trajectory and a definite number of daughter trajectories for each vector meson u>,
K*,D*,F*, B* and T* respectively.

One should be aware that the LLA is a rather crude approximation which gives
only a rough description of real high energy phenomena. A more detailed descrip-
tion of Regge trajectories based on the RG equations including also nonleading
terms will be presented separately.

7. Reggeization of fundamental fermions
The problem of a reggeization of fermions in nonabelian gauge field theories

was considered in several works [Fad 77], [Gri 79], The most effective fermion
reggeization criterion was derived by Grisaru and Schnitzer [Gri 79]. They have
shown that if no fermion of a given model transforms as a singlet under the gauge
group G then all fermions reggeize.

In our case fermions transform as sextet under SU(6): hence they all lie on
some Regge trajectories.

The fermion Regge trajectories will appear in f-V scattering with exchange of
fermions. The Grisaru-Schnitzer fermion reggeization critrrion was derived on the
basis of analysis of Born amplitudes; hence in contradistinction to the Lukaszuk-
Szymanowski method they do not give an explicit form of Regge trajectory func-
tions «a(i), a = 1, . . . , TV = dimension of the fcrmion representation.

To give however an idea how the fermion Regge trajectory may look like in
our model consider a simplified case when all vector meson masses are equal to m
and all fundamental fermion masses in the sextet are equal to M. In this case the
reggeization of fermions may be verified by analysing the /-channel fermion- vector
boson scattering amplitude. The direct calculations give the following form of
positive signature fermion-vector boson partial wave amplitude in LLA [Fad 77]

•3K 1 J

where

Comparing (7.2) with (6.7) we see that the structure of the fennion and vector bo-
son Regge trajectory functions are similar i.e. they are proportional to the inverse
propagator multiplied by the corresponding vector meson or fermion — vector
meson loop respectively.

The determination of fermion Regge trajectory functions in case of unequal
masses is rather tedious and it was not considered so far.
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8. High energy behaviour of baryon-baryon and baryon-antibaryon
total cross sections

We demonstrate now that the present model implies that baryon-baryon and
baryon-antibaryon total cross sections have the following asymptotic behaviour

.err (5) = c — I In I — I -f- lower order terms (8.1)
VW [ \ W J

with
b = TT"' 24 hi 2 and nf = gł/4ir

The formula (8.1) gives a remarkable description of proton-antiproton cross section
in the interval

10 GeV < ̂  < 30.000 GeV (8.2)
(see Fig. 8.1 below).

To derive (8.1) we follow the works [Fad 7G] and [Bal 78). We assume that
baryons are in the fundamental representation 6 of SU(G). Then the baryon-
baryon elastic scattering amplitude can be written in the form:

A/a5;.'6'(M) = ̂ M^s, t)rbb, + /^, MV (S, OAV (8-3)

where Ml>(s, ł} and Mv (s, t) are scattering amplitude with scalar or 35-plct SU(6)
quantum numbers in the ^-channel respectively.

The vertices .Taa/ and F£a,t have the form

rna- = kgoaa,*A.,A, , rn
c
a, - VZgt^S^x; (8.4)

where A a is the heli city of the baryon a and t'aa, are the matrix elements of SU(JV)
generators normalized such that tl — rl for SU(2) and tl = A' for SU(3).

The analysis of high energy behaviour of scattering amplitudes for various
spontaneously broken models indicates that the asymptotic behaviour of fermion-
fermion scattering amplitude depends on a specific structure of Higgs sector only
indirectly, by means of generated vector meson and fcrmion masses [Fad 76],
[Szy 80]. The calculation of vector mesons Regge trajectories carried out in Sec. 6
clearly confirms this fact.

Consequently in analysis of baryon-baryon scattering amplitudes in the present
model we can exploit the results of work [Fad 76]. Since in case of high energy scat-
tering the values of the masses of individual particles can be disregarded we shall
assume for the sake of simplicity that all vector meson masses mn, a = 1, . . . , 35 are
equal to an effective mass in which will appear even in massless theories [Man 90],
[Pin 92b]. Define the partial wave amplitudes1 MjY(0 = Mj+1(<), X = P or
Vand the full amplitude M'Y(.s,z) by the formula

.
t — m1 4i •' V vi2 I sin TTW

- V '

- w u , _ _l

^ f rfwf-U - - . ( > M*(t). (8.5)
•' 2

1 We keop definition of M*' (t) from [Fad 76]. However one obtains a more consistent notation if
the symbol M£ in (8.5) and below is replaced by M*+](i).
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Then it follows from [Fad 76] that Mj) is determined by the off shell Bethe-Salpeter
amplitude M* (fc, q — k)

Mj(t) = M*(k,q - k} k^(g_k)J=m, (8-6)

which satisfies the following integral equation (5 = a — 1)

{u — 5(fc2) — a[(g — k)2}

u , 35
2

«— A:')2 - m2]

The kernel K*(k, k') is given by the formula

- *')2 - m2]„Xfl ^ A rK, (k, k ) - AX - CX

where
37

= 2q2 -- -77z2, Av = q2-rn2, Cv = 1-
IS

One readily verifies that for X = V the solution Mv(k, q — k) is fc-independent
and has the form (t = q2}

which coincides with (6.11) in case of equal vector meson masses. Using then the
formula (2.7.4) of [Col 77]

(8.9)

and the formula (61) of [Fad 76]
- 00 x \ ł \ — IjJ— \

M-W = ~/««(ŚJ)(Ś») ^Im.M^.i), (8.10)
1 \ X \ /

we obtain
V / o \ °^

Im Mv(5, <) = - - f — ) + lower order trems
t-m2\s0J

where cv(^) is given by (6.7).
The analysis of Eq. (8.7) for M£(t) shows up that this amplitude has the series

of square root branching point singularities [Fad 76], [Dal 78]. (See also [Lip 86],
eq. (33) for the explicit formula for the location of these discrete singularities and
[Kir 92]). The asymptotic behaviour of Mp(s, t) will be determined by the extreme
right branching point wo given by the formula

u;o = kva, 6 = 7T- l241n2 (8.11)

The shape of the amplitude near u;0 has the form [Fad 76]

(8.12)
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where Co(t) and C\(t) are certain function of t which in the limit rn — > 0 can be
explicity calculated (see [Lip 86], Eq. (3.4)). Using (8.9) and (8.10) we obtain:

( \ l u » o / / \ \
— ) ( In ( — ) + lower order terms. )soj V VW /

Since by (6.7) in s-channel a(t) < I for t < 0 the Mv(s,<) amplitude gives
for large s a negligible contribution: hence using the optical theorem OT(S) =

a"1 Im M(s, t = 0) we obtain

(
s u>o / f \ —3/2

— ) ( In ( — ) + lower order terms (8.13)
so/ \ \5o/

which gives (8.1).
The formula (8.13) implies that in the high energy limit the baryon-baryon

total cross sections for all fundamental baryons are equal. In addition since the
derivative dtr^B /ds changes the sign from the negative to positive values at

/ 3 \
= s0 exp I - — I (8.14)

the total cross section will decrease for s < $m\n and increase for s > sm\n. It
is remarkable that this phenomenon is observed at sufficiently high energy for all
measured baryon-baryon total cross sections [RPP 92], [Bal 87].

It should be stressed that the more detailed analysis of a behaviour of the
amplitude around extreme right branching point is more subtle than (8.11); for
instance it was shown in [Bal 78, Eq. (44)] that in massless case m = 0 in the
neighbourhood of UQ a f-dependent amplitude has the form

M*(t) S (w - 0,0 )-1/2 (l - exp U7^1n f 1U \ (8.15)

where M is the mass of fermion particle; for u — * WQ (8.15) gives

similarly as (8.12). However the form (8.15) implies that the elastic differential
cross section da^B(s^ t)/dt will have a shrinking of diffraction peak with increasing
energy ,/s.

The baryon-antibaryon elastic and total cross section can be analysed in a
similar manner. In fact in this case the scattering amplitude will have the form

with

f6
c
6, = -gV2tc

b,b6^bl. (8.17)

The amplitudes Mp(s,t) and Mv(s,t) in LLA satisfy_also Eq. (8.7). Hence
as in the previous case the pomeron exchange amplitude Mp(s,<) will dominate
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asymptotic behaviour for a —» oo. t — constant and by (8.16) the total baryon-
antibaryon cross section will be given in LLA by the formula (8.13). Hence in the
present model the celebrated Pomeranchuk theorem on equality of baryon-baryon
and baryon-antibaryon cross sections in the limit of very large s holds in LLA.

We shall compare now the predicted cross section (8.1) with the experimental
one. Since there is more experimental data for pp scattering we shall compare
(8.1) with the observed cross section for this process. Since in (8.1) there are
three unknown parameters the gauge coupling constant gr, the scale s0 and the
proportionality coefficient c we have to specify some additional conditions for fixing
experimental data. Looking at the experimental table of total cross section we find
that it reaches a minimum at ,/smjn = 18.17 GeV [Bal 87]. If we insert this value
into (8.14) we get a relation between the value of u;0 and s0. In order to obtain the
estimate for the value of u.'o we calculate the so called effective Regge trajectory
function at:n(t) by the formula (see [Col 77] and [Bal 87] for the experimental
data):

<»•«>
Taking ^/a, = 546 GeV and Js2 = 31 GeV we find that u;0 = aeff(0) - 1 =

0,179 ± 0.008. By (8.14) we find that ̂  = 0,28^'^ GeV. The constant c is
"'" \J j L/O

fixed by the condition that (8.1) coincides with observed ap^'(s} for >/s = 62,7 GeV.
Using these pieces of information on u0, ^/so and c one obtains the curve for the
predicted cross section in the interval 10 GeV < \/s < 30.000 GeV (see Fig. 8.1).

We see from Fig. 8.1 that the predicted in our model pp total cross section
agrees with the experimental data in the interval 10 GeV < -\/s < 30.000 GeV
very well. We stress that this remarkable result was obtained from the first prin-
ciples using the LLA. Notice that the expansion parameter cv., = <72/47r of gauge
theory satisfies in our case the main assumptions of LLA stating that f£ <C 1 and

fck(£)<l-
We see from Fig. 8.1 that even for the relatively small energy >/s = 5 GeV

our formula gives a reasonable value of a^f starting however to deviate from the

experimental data: this is natural since our expression for ̂ (s) is asymptotic.
We stress that the approximation of the high energy pp cross section by the

function cln2(—) gives for >/s = 30.000 a™ ~ 159 mb. This is much more then

the experimentally measured quantity 0%' (./s = 30.000) = 120 ± 15 mb. Hence it
seems that our formula (8.1) gives much better description of experimental results
than others implied by the form of the Froissart's bound.

We took for a description of high energy BB and BB — total cross sections
only the term provided by the extreme right angular momentum singularity in J-
plane. This singularity determines the very high energy behaviour of all BB and
BB total cross sections. However for moderately high energies say >/s < 50 GeV
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Fig. 8.1. The predicted total cross section (rPT>(i) for pp scattering (c = 232,4 mbarn, ^/SQ = 0,27 GeV,

o>o = 0,179). The crosses represent the experimental points.The experimental value t r r p ( j i )
for Y/5 = 30.000 GeV was obtained from Fly's Eye experiment under the assumption that at

this energy ^(a) = ^(s)

the nonleading terms might be also important. These nonleading terms are given
by the next extreme right branching point [Lip 86] and by vector meson Regge
poles. As follows from (8.17) vector mesons couple differently to pp and pp system:
hence one obtains a natural explanation for a different behaviour of the CT^P and
(Tpp cross sections for moderately high energies.

The more detailed analysis of high energy limit of baryon-baryon and meson-
baryon cross sections is presented in [Rac 87c|.

We derive now the energy dependence of the />(s)-ratio which is defined by the
formula

ReA/(s,i = 0)
p(s) = (8.19)

ln\M(s,t =0)

As is well known the unexpected very high value of p(s)-ratio measured for
= 546 GeV in UA4 experiment [Ber 87] is the one of the most challenging

unexplained problems in high energy physics (see review by Nicolescu [Nic 91]).
In order to get an analytic expression for />(s) we shall use the so called deriva-

tive analyticity relation

ReAf(a,0 TT d ImM(s,f)
- n,s 291n5 s

which was derived from some general assumptions about scattering amplitudes
and is supposed to hold at high energies [Gri 68]. Inserting (8.20) into (8.19) we
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obtain:

p(0.) = *J*.
Using the asymptotic form (8.13) for 07(3) we get

t \ *( * s

P(S) = ̂  wo-TT7"2. \_ 2 In SQ

We see that p(s) passes through zero for

s = SQexp

(S.21)

(8.22)

(8.23)

i.e. for the same value (8.14) of energy for which crr(s) reaches minimum. For
5 —•» oo we obtain

/9(a -» oo) = |w0 ^ 0.3 (8.24)

In Fig. 8.2 we show /?(s)-curve compared with data for pp and pp scattering
[Car 86], [Ber 87], [Amo 90].

Fig. 8.2. Comparison of prediction (8.22) for p(s) (solid line) with pp (•) and pp (o) data for
p(s) compiled in [Car 86]. The star for ^=546 GeV represents UA4 result [Ber 87] and D for 1800 GeV

represents Fermilab data [Amo 90],

We see a rather satisfactory agreement of our prediction for p(s) with exper-
imental data — especially for energies above 30 GeV — except the controversial
UA4 result for v/J = 546 GeV. Our main prediction is that for a very high energies
p(s} approaches a constant equal to 7r/2u>o — 0.3.
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9. Infrared evolution equation for total cross sections and />-ratio.

We shall calculate now the energy dependence of the total cross section <TT(E)
and /9(f/)-ratio for proton-antiproton scattering. As is well known the unexpected
very high value of p(E)-rat\o measured for E = 546 GeV in UA4 experiment
[Ber 87] is the one of the most challenging unexplained problems in high energy
physics (see e.g. review by Nicolescu [Nic 91]). We shall begin our analysis with
derivation of the infrared evolution equation (IEE) for physical quantities. We
shall follow our two recent works on this subject [Pin 92a] and [Kra 93b].

A. Infrared evolution equation for physical quantities
We shall derive now a convenient form of evolution equation for the total

cross sections and related physical quantities in SU(JV) gauge field theory models.
The evolution questions for physical quantities were proposed by Griinberg in the
formalism of so called effective charges [Grvi 84] and by Dhar and Gupta [Dha 84].
The parameter ł of the evolution was connected with the large momentum transfer
square or energy variable. In the present work we propose to consider the evolution
with respect to low energy scale variable represented by a small infrared cutoff or
a small effective vector meson mass.

We consider the physical quantities like cr-r(5) °r p(s) in the energy interval of
order of TeV or even of the order of tens of TeV as e.g. in case of pp collisions
in SSC where ^/s ~ 40 TeV. In this case we can disregard in the lagrangian
the original masses of vector mesons which are of the order of GeV and consider
SU(7V) spontaneously broken gauge field theory in the massless limit. However the
nonperturbative (e.g. lattice) calculations demonstrate a remarkable phenomenon
that even in the gauge field theories with lagrangians containing the massless
vector fields like in QCD case, the nonperturbative vector meson propagator shows
the mass pole with a nonzero effective mass 7neff (see e.g. [Man 87]). Hence
in our formalism we shall also assume that our vector meson have a common
small effective vector meson mass meff whose value will be determined from some
consistency condition.

It is known that in gauge field theories of SU(JV) type the perturbative expres-
sion for the total cross section has the form

<TT(s) = kNa2jrrka
k (9.1)

fc=o
where kw is a constant, rb = 1 and a = <72/4?r2 = — (see e.g. [Che 87], [Pin 92]).
Usually we know at most n terms in the expansion (9.1). Since the coupling
constant a is large in case of strong interactions and depends strongly on the
renormalization scheme the truncated perturbation series

(9.2)
fc=o

strongly depends on a chosen renormalization scheme (see II.6). In addition the
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coupling constant for strong interactions — contrary to QED case — has no direct
physical meaning. For instance in massless QCD one has at least nine different
definitions of QCD cc: six based on quark-gluon vertex, two on triple and quartic
gluon interactions and one based on ghost-gluon vertex, respectively (see II.10.A).
The /3-funcHons in these RSs are significantly different. This implies that in dif-
ferent renormalization schemes the value and the behaviour of running coupling
constant a(Q2) is different.

The above difficulties indicate that there exists a rather fundamental problem
of extracting meaningful information from truncated perturbation series in non-
abelian SU(N) gauge field theory models. In order to overcome these difficulties
we shall use a formalism which eliminates the cc a from the analysis of energy
evolution of physical quantites. In that manner we eliminate all difficulties and
ambiguities connected with a selection of a meaningful coupling constant and the
renormalization scheme dependence (see II.10.E).

We shall present our analysis in case of spontaneously broken gauge field the-
ories based on SU(AT) gauge groups considered in LLA. In this case the expansion
coefficients have the form (see Sec. 9.B)

where fł represents a variable mass of gauge mesons [Pin 92]. In order to obtain
the infrared equation we first introduce a dimensionless quantity R connected with
OT by the formula

The quantity R(n) has the following perturbation expansion
CO

R = a; rkx
k with r0 = 1 (9.4)

For a study of the /i-dependence of R(n) (for a fixed E = ^/s) we introduce the
evolution parameter

r = In In 4 (9.5)

Then using the RGE also in LLA i.e.

o>2

r 0/i ^ " V T T

with
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and NH — the number of Higgs sextets we obtain

with so = 1

sfc = (k + l)nt + jPokn-i (9.7)

In order to get IEE we invert Eq. (9.4) using the Mc Mahoń inversion formula
[McM 1894]

x = R(l + KlR + K2R
2 + ...) (9.8)

where
#1 = -ri , Ki = 2rf - ra, K3 = 5Fir2 - r3 - 5rf . . . (9.9)

Inserting (9.8) into (9.6) one obtains IEE in the form
QD

— = R(l + PlR + P2R
2 + ...) = p(R) (9.10)

with
P i = « i - r i , pi =52 -2ri5i -r?, ... (9.11)

Note that all pjt are fj. and s independent constants. We have also

We now present the basic idea of IEE [Pin 92]. We first remind that in most of
previous applications of SBGFT models based on SU(N) groups one was taking
the scale /i around the nucleonmass (see e.g. [Che 87]). Using this scale in Eq. (9.1)
for <TT(S) one obtained some formulas for cross-sections which were compared with
experimental data [Che 87]. We note however that for /i ~ 1 GeV and s around
say (10 GeV)2 the coefficient ylog(^) is for SU(6) around 27.6; in turn the
coupling constant a(^2) for /z c± l GeV is also large. Consequently the truncated
perturbation series (9.2) for CTT(S) is unreliable since the prediction for 0^ (5)
strongly depends on the utilized order of perturbation theory. The idea of IEE
consists first on taking the initial value ft very large say Ji = -fa E; then for such ft,
the cc a(/l) — due to asymtotic freedom — is small, and the factor log(s/7Z2) also
considerable decreases; consequently the successive terms in perturbation series
(9.2) are decreasing and PS becomes meaningful for ju and allows to calculate
R(fi) in a reliable manner. Next we take this R(fi) as the initial value for IEE at /T
and evolve R(ff) to R(fJ, = m eff) using Eq. (9.10). Using in turn the formula (9.12)
we find 0T(E, "^eff ) for a given energy E. Repeating this analysis for a sequence
{Ek} of energies we obtain the cross section OT(E} for the considered process.

B. aT(E] in SU(6) gauge field theory
We shall now apply the IEE for calculation of energy dependence of the total

cross section in SBGFT model based on SU(6) gauge group. We have shown in
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Sec. 8 that the fermion-fermion two body scattering amplitude M(.s,<) in the high
energy limit is dominated by the Pomeron amplitude Mp and in the LLA the
expression for the ImM(s,0) has the form [Pin 92a]:

(9.13)
7 1A ł~ \ I \t*-/ I

where
N

and K is an integral operator given in [Pin 92a, Sec. 3]
Using the optical one obtains

2 oo

where

Using the formulas presented in App. B of [Pin 92a] after rather tedious computer
calculations we have succeeded to calculate eight expansion coefficients r* in (9.14)
for SU(6) model;

r, = 1.316, r2 = 2.326, r3 = 2.735, r4 = 2.755, /n .
(9.16)

rs = 2.330, r6 = 1.716, r7 = 1.115, r8 = 0.648, V '

The IEE (9.10) in the considered case has the form

(9.17)
k=o

with po = 1

pi = 2.353, p2 = 1.027, p3 = -0.455, p4 = -2.686,

p6 = 3.408, p6 = 4.329, p7 = -14.726, ps = 2.778 ^ ' '

If we consider p(R) in perturbation theory we would take the polynomial (9.17) for
p(R) and set PQ, p\o,... equal to zero. However this approximation for p(R) would
strongly depend on the order of truncation of perturbation series. Indeed if we take
seven terms in ̂  pkRk then for large R the series for p(R) will be dominated by
the term p&RB which is positive; this implies that the function Rp(R) very quickly
increases to +00 if R increases; in turn if we take eight terms in ]T) pkRk then for
large R this series is dominated by the terms p-iP? which is negative; this implies
that the function Rp(R) is very quickly decreasing to —oo. Thus predictions given
by the truncated PS for /)(.R)-function depend strongly on the utilized order of
perturbation theory and are therefore unreliable.

In order to obtain a more reliable description of p(R) we decided to use Pade
Approximations. They are easy to calculate and provide a convenient method
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of the analytic continuation of many different functions, outside of the circle of
convergence, of their Taylor series (even if radius of convergence of it is 0!) [Gil 87).

Prom the calculated po, •.., Pe coefficients we can construct the following PA's:

,[7/1], p[6/2], />[5/3], p[4/4], p[3/5], p[2,6] and p[l/t\.

The behaviour of the most important p[L/M], function is presented in Fig. 9.1.

R

Fig. 9.1. The behaviour of various PA p[L/M] for p(R) function.

From the general properties of PAs we infer that in the absence of any infor-
mation on the behaviour of p it is most safe to take the diagonal PAs, or ones
lying in a neighbourhood of the diagonal of the Pade Table [Gil 87].

We shall now use the distinguished />[4/4], PA for />(.R)-function and calculate
the energy evolution of the total cross section for antiproton-proton scattering.
Consider an energy E for which we want to find the <JT(E) for pp scattering.
Then our analysis is carried out in the following steps.

1°. We consider the energy E for which we wish to find the value of a?- we
first take /I = -^E and we find the value of the strong SU(6) cc a(ji) at this scale
from RG equation taking a(/< = 34 GeV) = 1.8819) calculated from Re+e- -ratio
(see IV, Sec. 5). In LLA we obtain

-=- (9.19)

Inserting this a(/l) into the series (9.4) we find the initial value Ro(E;n) for the
IEE (9.10).

2°. We solve numerically on computer IEE (9.10) and get the value R(E\p =
meff); using then (9.12) we fing the <TT(J5;meff) for the given energy E. The
numerical value of meff is determined by the condition that <TT(EI ; mefr) should
coincide with the value of experimental cross section measured at the energy E\.
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3°. Repeating this analysis for a sequence {Ek} of energies we obtain the curve
<TT(E\ 7neff ) for antiproton-proton total cross section.

It should be stressed that in our approch nowhere appear large logarithms or
large coupling constants in truncated PS which imply that PS is unreliable.

We now give the final results for antiproton-proton scattering in SU(6) model.
We shall calculate the curve crT(E) in the interval 100 GeV < E < 1016 GeV

using steps l°-3°. The value meff was determined by the condition that ar (E =
1800) will have its experimental value 72.1 mb which gives meff = 4.75 MeV. We
present in Fig. 9.2 the energy dependence of the total cross section.

( m b ) P58/

10 13 14 16
lg in E (GeV)

10

Fig. 9.2. Energy dependence of antiproton-proton total cross section. 1°. The continuous curve
represents <?T(E) obtaines by 1EE. 2°. The dotted curve indicates the energy dependence

of Froissart's bound. 3°. The dashed curve represent the truncated perturbation series in LLA.

The continuous curve is obtained by means of IEE (9.10) using the PA [4/4]
for the function p(R). The dotted curve represents the behaviour of Froissart's
bound and is given by the formula

o£b(EF) = CF\n'*(—} (9.20)
\me f f/

For purpose of demonstration of energy dependence we have chosen the normal-
ization condition

a$b(EF) = 4EB(EF) (9.21)

for E F = 1.8 TeV. The actual value of the Froissart's bound should be scaled with
an appropriate constant typical for proton-antiproton collision.

We see that the total cross section is below the value given by perturbation
theory and for energy E > 1012 GeV it respects the Froissart's bound.
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This is a remarkable result since the total cross section in Lipatov theory given
by the formula (9.13)

aT(s) =

normalized at the same Ep = 1.8 TeV will grow up more quickly than the Frois-
sart's bound given by the curve CF\nł(E/mef[). It looks like therefore that the
mechanism of regarding in some form of all orders of perturbation theory by tak-
ing instead of the truncated perturbation series for p(R) the corresponding PA
reproduces to some extend the unitarity properties of scattering amplitude.

The dashed line PS8 represents the cross section cr'r(E) calculated from the
truncated perturbation series (9.2) with n = 8. The curve IEE and PS8 coincide
in the interval 100 GeV < E < 106 GeV. This indicates the range of applicabil-
ity of the perturbation series. For very high energies the last term proportional
to In8 -4- becomes so large that it dominates all other terms and PS becomesm.rf . &

meaningless and violates the Froissart's bound. In the energy region where the
truncated PS is invalid the cr^Fj(E) grows up considerably slower than ff^s(E)
and for E > 1012 GeV it respects the Froissart's bound.

For LHC and SSC energies we obtain

. (TT(E = 8 TeV) = 86.24 mb, aT(E = 40 TeV) = 105.14 mb (9.22)

It is interesting to compare the present results obtained with the help of the
[4/4] PA, with the corresponding results obtained by means of other PA.

6 t IEHmb) [VslandlVO,

10 15 20 25 30 35
EOo'-GeV)

Fig. 9.3. The energy evolution of <TT(E) obtained by means of various PAs and perturbation series for p(R)-

We see that in the interval 546 GeV < E < 4 • 104 GeV the cross sections
obtained by diagonal and near to diagonal PAs almost coincide. The stability of
our result justifies the use of PAs in a very high energy limit.
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Finally let its note that in LLA the fermion-fermion and vector meson - vector
meson scattering amplitudes are proportional [Che 79). This implies by the optical
theorem that in the very high energy limit, the corresponding total cross sections
are also proportional. This is a very definite prediction of our model.

C. p(E)-rat\o in SU(6) gauge field theory
We shall now apply the IEE for calculation of energy dependence of />-ratio

defined by (8.19). The formulas (9.13)-(9.16) give the ImM(s,i = 0). In turn
using (8.20) we calculate the truncated perturbation series for ReM(s,z = 0).
Using finally (8.19) we find the truncated perturbation series for p(£)-ratio.

Na a

One finds [Kra 93b]

r0 = 1.31, n = 2.9203, r2 = 1.3001, r3 = 1.0863
r4 = -1.5586, r 5 = 0.2086, r6 = 1.4870, r7 = 0.4849

Using formula (9.11) we obtain

/»i = 3.9133, p2 = -7.8714, p3 = 27.944, p4 = 129.46

p5 = 680.91, p'6 = 3858.3, p7'= 22971

(9.23)

(9.24)

(9.25)

Using now the IEE (9.10) for />(jE7)-ratio and steps l°-3° we calculate the energy
dependence of p(JE?)-ratio in high energy limit. We present in Fig. 9.4 the plot of
/>(JE)-ratio for various available PAs.

0 5000 10000 15000 20000 25000 30000 15000 40000
E (GeV)

Fig. 9.4. The plot of p(E)-ratio obtained by means of [3/3], [4/3] and [3/4] PAs.
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We see that the curve p(E) obtained by the highest available PAs [4/3] and
[3/4] almost coincide. One may expect therefore that the obtained result is reliable.
We see that our model predicts that if energy increases from 1.8 TeV to 40 TeV
than the /?(jE)-ratio will "lonotonically increase from the value 0.14 to the about
0.158.

10. Nucleon form-factor
We shall present now a derivation of electromagnetic form-factor (FF) of pro-

ton and neutron in the frame-work of Hadronic Model. As we discussed in II.2
QCD is not able to describe the properties of nucleon electromagnetic FF. On the
other hand these properties are well described in vector dominance model (VDM)
[Dub 88], [Dub 90], [Bil 92b], [Dub 92]. Since vector mesons are fundamental
particles in HM the VDM description of nucleon FFs is extremely natural in our
model.

We present below a basic steps of the derivation of nucleon FF following the
analysis of [Dub 92] paper; in this work one utilizes the so called unitary and
analytic VDM.

As is known a decomposition of nucleon electric Gp^i) and magnetic GM(t)
FF's into isoscalar and isovector parts of the Dirac and P auli FF's has the form:

'(0 + JR

'(t\\
(10.1)

The isoscalar and isovector parts of nucleon FFs in VDM are taken in the form
[Dub 92]

= E

(10.2)

2

72 - lŁ o """ Ł

E
V=P,P',P",P"' v

my

V=P,P',P",P"' v

The ratios of the coupling constants in (10.2) are constrained by the normalization



SPONTANEOUSLY BROKEN SU(6) GAUGE FIELD THEORY MODEL 107

conditions

*f(0)«5J Jf(0) = i(^+/a Fftfl) = ±; F/ = 5(^1, -/<„)

which imply the relations

, (10.3)

E < "
E <

V=p,p',p",p"'

In (10.3) ftp and //n are the anomalous magnetic moments of the proton and neu-
tron, respectively.

Following the work of [Gar 85] and [Dub 92] we shall take the asymptotic
behaviour of FFs in the form (up to logarithmic corrections)

Imposing on the representation (10.2) the asymptotic behaviour (10.4) we obtain:

2

i fa N N mu> [ mw" P*w"JT mw mw' mu>' ~~ !!}w
ml,, -1,

1 2
F"(t} — -\n A-ii 1 mu mu'*2W- nWp + Pntt 71^2

v=p,p"

_ „,2mp,

_ _ m^ mp" "̂ S ~ mp" _ "*?' mp" 11
wv ~ * '"p" - * mo» ~ mp' mo' - * mp» - * J J

m'2

/ f2) »> o O O O 9 9 9V / r «̂ »« * i^vł« »-fc^ * ib^-> * w^ * *V1" ^̂  *vi *
( P'"AW _ mp mp» mp)<< mp», - mp mp,(< - mp(

/P'" l "»J - t m2,,, - ł mj,,, - i mj, - m2 mj„ - m2,,

m2 m2, m2,,/ m2,,, - m2 m2,,, - m2,,
«7,2 _ * .-,2 _ j. „-2 _ j 2 _ „,2 .-,2 _ „,2
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J-

*, - t mp„ - t mp,„ - t mp, - m2 m£„ - m'p

p ~ * mp" ~ * mp'» -
into which now the two-cut approximation of the correct nucleon e.m. FF analytic
properties are incorporated. This is realized, as conventionally, by means of the
special nonlinear transformations [Bil 92]

- 1 g)

_
0

(ig = 9m^; <Jf = 4m£ and <)^, i?*, ij^, i?^ are square-root branch points) which
lead to the following new UA-VMD model of the nucleon e.m. structure

J ł p1

sw
p"'N N ,

/,,in

RP'" ~
"

R0in — Rn R0ni — Re

R ,n — R1 Tf — 7? l f 1
\ l r^ ^ v
' TJ D D D l -f lJn.pi — Kp łtp" — tip J Jpin )

/(i) /(O
The obtained representation depends only eight free parameters -"FJ*, •p, ,
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f'jl

f/nN» f'j-pm
N > *!ń» *?ń> łini *?«> (to be compared with 14 free parameters in

the previous formulation of UA-VMD [Bil 92]) where

(YN - Yt)(YN - Y:)(YN - l/Yt)(YN - 1/y.') (WR}

(Y - Yi)(Y - Y?)(Y - l/Yi)(Y - 1/Yf) j

H m =A > (z - Zj)(z - z; (10.8)

j = w", p, p', p", p1"; Z = UorWorX

y, Z are the inverse transformations to the nonlinear transformations (10.6) YN =
Y(t)\t=o; ZN = Z(t)\t=o] Yi and Z; axe pole positions in the Y and Z planes,
respectively and the constants

i = [(VN - ViXyN - vn(vN - i/vMyN - i/vr)]/[(vt - i/Vt)(v? - if v?)

Nj = [(WN - Wj
and
Rj = [(XN - Xj

N - WJ)(WN

; = />,/>',/>",/'
Figure 10.1 shows that a perfect description of all space-like data on the proton

e.m. FFs is achieved also by the new UA-VMD althought the number of free
parameters is reduced only to eight from the primary fourteen [Dub 92].
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Fig. 10.1. A description of the data on electric and magnetic proton FFs by new UA-VMD model.
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We present in Fig. 10.2 the neutron e.m. FFs [Dub 92].

6 -5 -4 - 3 - 2 - 1 O
L[GeV2]

-12 -10 -8 -6 -A
L[GeV2]

Fig. 10.2. A description of the data on electric and magnetic neutron FFs.

A different result in comparison with the result in the previous analyses [Bil 92],
[Dub 88], [Dub 90] is obtained for a rate of the predicted £rt0t(e"*~e~ —»• nn) to
<rtot(e+e~ —» pp) in the time-like region. Both total cross sections just above
the nucleon-antinucleon threshold are predicted approximately to be equal and in
the region of J/& particle <7tot(e+e~ —> nn) is half of the atoi(e+e~ —> pp) (see
Fig. 10.3).

Such results are strongly supported by the newest data on the J/& decay into
the pp and nn pairs [RPP 92). However, still the final word to this problem is left
to the FENICE results expected from Frascati.

It follows from the formulas (10.1)-(10.9) that the basic ingradients of present
FF theory are coupling constants of vector mesons to nucleons, the masses of
vector mesons and nucloons and the mass of pion; all these parameters appear as
natural quantit ies in Hadronic. Model; in particular the resonances p', p", p"' and
w', ŁJ" which arc crucial for VDM formalism were predicted in Sec. 6 as the particle
which start the so called daughter trajectories. Contrary in any QCD approach the
abovp VDM parameters and particles are quantities which are outside the starting
QCD frame-work.

We have presented in this section a VDM theory of nucleon FFs based on
Dubnićka approach in which a VDM represantation of FFs is given not only in
terms of fundamental vector meson like poru but also in terms of their "daughter"
resonances /»', p", u>', cv" etc. It would be however more satisfactory to use in FFs
representation (10.2) the fundamental vector mesons /), u> <^, J/if> and T only. The
work on this problem is :n progress [Kra 93c].
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Fig. 10.3. A description of existing data on the proton total cross-section and a predicted behaviour
of the neutron total cross-section. The newest data on the proton

total cross-section obtained on LEAR at CERN are denoted by triangles [Bar 91].

1.1. Inclusion of pseudo-scalar mesons,

It is well known from analysis of many hadronic processes that if quantum
numbers allow, the pion exchange dominates the hadronic amplitudes, especially
at small momentum. This important fact is difficult to understand from the point
of view of so far presented SU(6) spontaneously broken gauge field theory model
where strong hadron interaction is mediated by vector bosons and Higgs scalars.
It seems therefore that the present model should be extended by adding to the full
Lagrangian (3.23) the interaction terms of so far introduced fundamental particles
with pseudo-scalar mesons. It is interesting that the collection of experimentally
discovered pseudo-scalar mesons like TT, K, 77, D, F, T/C, B etc. have the same
quantum number as the members of the 35-plet of SU(6) group. The physical
identification of 35-plet of pseudoscalar mesons is easiest in 6 x 6 matrix form; in
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fact setting II = 2 a we obtain the following matrix
JL.

7T

D°

7TT

^ +K°
D+

T+

A

F+

^=T<1 -,_L —D ±i+ J

D~ B° T

n. B+ T
Be
rpO
-Ł f* #66

(11.1)

where
/Tee = -v/277 - »?' - r/c - 7;6.

Since the pseudo-scalar mesons JT are in 35-plet representation the renormal-
izable interaction Lagrangian of II with the remaining fields and itself can be
written in the form:

L(7T, #, $, V) = L( JT, i>) + L(/T, f/) + I( J, $) + L(S) (11.2)
X-V XN. XN.

The terms L(I7', V") and L(II,&) are unique and have the form:

, V) = ( (11.3)

The term L(I7",$) depends on the chosen structure of Higgs sector. The self-
interaction term L(II) has the form

L(H) = - J72)2 (11.4)

Let us stress that in the present formulation 7r-nucleon, A'-nucleon, nucleon-
nucleon and others elastic processes are two-body processes for analysis of which
we have many available methods like Bethe-Salpeter equation, Lipatov equation,
dispersion equations and other methods; contrary in QCD these processes repre-
sent five or six body equations respectively whose analysis is extremely involved.
For instance for analysis of nucleon-nucleon scattering in QCD frame-work we
need to calculate in the lowest order tree approximation around 300.000 Feynman
graphs [Ram 92 ]. To calculate this process in one-loop approximation one needs to
calculate presumably many millions of Feynman graphs. It seems that even with
the help of supercomputers it is a task which is beyond present calc.ulational pos-
sibilities. We present in the Sec. 13 as illustration an interesting application of the
Hadronic Model with pseudo-scalar particles for determination of the misterious
large polarization of /1-particle produced in inclusive processes.

12. High energy scattering of polarized protons
We shall derive now predictions of HM for the high energy elastic scattering of

polarized protons. In the frame-work of HM protons are considered as1 the funda-
mental elementary particles: hence the elastic scattering of protons represents the
two body process. Ustially the elastic scattering of polarized particles is described
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in terms of helicity amplitudes TA 3 A 4 ;A,A a (M) [Mar 77]. It is well known that
helicity amplitudes contain kinematic singularities in s and t variable. In order
to separate out these singularities in explicit form one introduces in case of elas-
tic processes the so called dynamical amplitudes D\6,\4;\i,\,(s,t) by the formula
[Cha 92]

x

A4;A.,A.(M) (12.1)

Herę M = m\ = m3, m = m^ = 7714, A = AI — A2, fł = A3 — A4

L2 = [s - (M - m)][s -(M + m)} (12.2)

and S] and 63 are spins of incident particles. In the limit s — v oo and t? - fixed we
have

t = —s sin2 — , L2 = s2

L2 + st = s2 cos2 -
£.1

Hence

(12.3)

with

We see that s-dependent factor in (12.3) will provide the kinematical hierarchy
of helicity amplitudes in the high energy limit. Some helicity amplitudes are
kinematically increased whereas others are kinematically decreased.

In particular in case of nucleon-nucleon elastic scattering we have five inde-
pendent helicity amplitudes. Using (12.3) one obtains [Cha 92]

Tl/2 -1/2-1/2 -1/2 ~ COS2 -.

T sin2 * i•M/2, —1/2; —1/2,1/2 sln 7TJ

2
2m2

-Dl/2 ( l/2;l/2,l/2 (I2-4)
O

2m2
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It follows from (12.4) that the proton-proton helicity amplitudes are splitted into
three classes in the "order of smallness" provided by the kinematical factor; un-
der the assumption that the dynamical amplitudes have approximately the same
asymptotic behaviour we obtain the following hierarchy

> 2V2 )i/2 ;i/2 >i/2 ~ 2l/2,l/2;-l/2,l/2 (12.5)

For pp scattering at 6cm = 90° we have from s «-» u crossing symmetry the relations

Tl/2,l/2;l/2,-l/2(0cm = 90°) = °

ri/2,-l/2;l/2,-l/2(^cm = 90°) = T1/2 (_1/2;-l/2,l/2('9cm = 90°)

Taking into account the kinematical hierarchy of helicity amplitudes we obtain
for 6cm = 90° the following formulas for asymmetries

A -A - 2ReTl/2--1/2J1/2--1/2ri*/2.-i/2;-i/2.i/2 T- - — --

We recall for comparison that QCD gives for these quantities the value 1/3
[Bro 79], [Far 79]. In turn the massive quark model gives Ann = 0.97; A,, = —0.01
[Ang 83]. Hence there are the drastic differences in HM and QCD predictions.

The experiment gives the following values at i9 = 90° for ^„„(^(GeV)2)

4„„(3.81) = 0, 26 ^„„(4.79) = 0, 52 A„„(5, 56) = 0, 59

We see that with the increasing energy the Ann quantity increases and even for
moderate energies is significantly above QCD prediction. Once again the treatment
of proton as the elementary particle gives better agrement with experimental data.

13. Calculation of /1-polarization in Inclusive Reactions
We shall present now an interesting application of the present model for ex-

planation of large transverse polarization of A-particle produced inclusively in the
process p + p — t A + X. It would seem reasonable to expect that no polarization
effect of yl-particle will appear in this process since one is summing over many
different inelastic channels X which have polarizations of random signs; hence the
sum would average to zero. However the experimental data in the beam fragmen-
tation region show up that there is the large transverse polarization P of yl-particle
which is negative with respect to the direction ~n = ~p-mc x ~p A. In addition P
is almost energy independent for an incident energy ranging from 12 GeV to 2000
GeV. These effects are very difficult to explain in QCD framework since from
the vector-like structure of QCD interactions it follows that spin and polarization
effects should decrease as energy or momentum square transfer increases [Tro 90].

The attempts to explain the large transverse polarization of /1-particle in QCD-
frame work using the Lund semiclassical fragmentation model [And 83] or the
recombination model [Deg 86] failed since in these models one is unable to predict
the value P of A-polarization.
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We shall now present the results of Soffer and Tornqvist who — in fact in the
frame-work of the present model — have succeeded to show a dynamical mecha-
nism which generates a large transverse. A-polarization whose magnitude and sign
are consistent with the existing data [Sof 91]. We shall present here only the basic
steps and final results referring the interested reader to the original work.

As is well-known if quantum numbers allow pion exchange generally dominates
hadrouic amplitudes especially at small momentum transfers [Bor 74], [Tur 76].
Therefore it is justified to assume that in the fragmentation region the following
diagram dominates the process of inclusive A-production [Sof 91]

h S

Fig. 13.1. The dominant diagram for the process p + p— • A + X in the fragmentation region.

The contribution of this diagram to the cross section pp
expressed in the following form

1

AKX can be

'
x

d3pK (13.1)

where pi, p2, PK and p A are respectively the momenta of the initial protons and
of the produced kaon and lambda, m and /j, being the proton and the pion masses.
Moreover the five invariants of the reaction are defined as follows: s = (p\ +pz)2 is
the collision energy squared, s\ = (PK + PA)2 is the energy squared of the binary
reaction, s2 = (pi + p2 — PK — PA)2 is the invariant mass squared of A", t\ is the
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invariant momentum transfer squared from the proton beam to the lambda and
the mass squared of the off-shell pion is t = (pi — p/c —JM)2. In Eq. (13.1), we also
have the usual kjrsernntical function A(JT, t/, ;)2 = (x — y — z)- — 4.yz and we denote

— (sj ,<i) the differential cross section for the binary reaction and atot(.S2)

the rrN total cross section. The function F(i;si,5i,s) includes the reggeized pion
propagator and describes the off mass shell behavior [Bor 74], [Tur 76]. The five
invariants of the reaction can be reexpressed in terms of five more convenient
variables, namely x Ą and x K the i/r's of the lambda and of the kaon, PTA and
PTK the corresponding transverse momenta relative to the initial proton direction
(in the c.m. system) and ip the angle between the two directions ~PTA and ~P*TK-

It is important for our argument that in the fragmentation region, i.e. x A ~ 0.5
and XK ~ 0.2, the effective energy of the binary s\ is always much smaller than s
and, in general except for XK = 0, it is reduced to values in the range of 10 CeV2

or less. In fact we have

Sl „ (XA+XK]
where the m^'s are the lambda and kaon transverse masses m? = \/m2 + pj,.
On the other hand $2 remains of the order of s and approximately 52 ~ (1 —
XA — XK)S- Therefore from Eq. (13.1) results, (provided F2 remains small when
s increases), that the cross section obeys scaling in agreement with the observed
inclusive lambda spectrum. Another important kinematic observation is that t is
generally not very large in the region considered, where PTA and PTK are small
and x A + XK not far from unity. Thus the pion will not be far off-shell. The
invariant cross section for lambda production is obtained from Eq. (13.1) after
integration over the invariant phase space element of the kaon d?pK/EK and the
final expression reads [Sof 91]

47T 7_, i , PrfK , A(ai,m 2 ,/i 2 )
. ' x

where pcm is the c.m. momentum of the initial collision.
Taking the function F(z;si,s 2 >*) from works [Bor 74] and [Tur 76] and using

the interpolated cross section for the binary reaction rc + p-^K + Aai low and
moderate energies we can predict the absolute normalization of invariant inclusive
cross section (13.2). We present the comparison of predicted cross section with
experimental data in Fig. 13.2.

It follows from Fig. 13.2 that the present model predicts the correct absolute
normalization and the correct trend of the data both in x A and PT variables,
with the best agreement obtained in the region x A ~ 0-5. These noteworthy
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Fig. 13.2. The inclusive /I invariant cross section at p|0b = 400 GeV versus
XA for different PTA values. Solid curves are our theoretical predictions

and open squares are the data representation from [Pon 85] with typical errors.

results convince us that Hadronic Model correctly describes the strong hadron
interactions.

We now pass to the problem of determination of /1-polarization. It follows
from the kinematics of particles in Fig. 13.1 that one obtains inclusive transverse
polarization P of /1-particle from Eq. (13.2) if one takes the weighted average of
the quantity cos (f>Pj\ where PA is the polarization of yl-particle in binary reaction

TT + p -» A + K and cos ̂  = ~n~ff(\'ri\ \ JV^I)"1 with "r? = ~p*inc x ~p A and 7^ =
~p„ x ~p = —~p K x ~P A tne normal to (7<"/l)-plane in the proton rest frame.

We present in Fig. 13.3 the predicted transversal polarization of /1-particle.
We know from Fig. 13.2 that cross section is best described for x A — 0.5; hence

we expect that the predicted transverse /i-polarization is also most reliable at
the same x A- We show for comparison the existing data at two different energies
in the region around x A — 0,5. We see a remarkable agreement of predicted
transverse /1-polarization with data both in magnitude and sign. It was also
verified that the predicted in the present model transverse polarization P of A
is energy independent.

Summarizing the present Hadronic Model gives a spectacular explanation of
the observed large negative transverse polarization of A-particle and its energy
independence. We stress that efforts to explain these phenomena in QCD frame-
work failed [And 83], [Deg 86].
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Fig. 13.3. Comparison of the measured A polarization with our theoretical predictions
at XA = 0.4 (dashed curve), x A = 0.5 (solid curve) and XA = 0.6 (dotted curve).

The open circles are FNAL data at j>|ttb = 400 GeV/c and average XA,XA = 0.44 from, ref. [Port 85]
and the solid circles are ISR data at ^/a = 62 GeV and x\ = 0.58 from ref. [Smi 87].

14. Discussion
We conclude this chapter with the following remarks:

1. The asymptotically free SU(6) model of gauge field theory provides the
simple and very effective frame-work for a description of strong hadron interactions
in which all observed internal conservation laws like isospin, strangeness, charm,
beauty and the top are naturally incorporated.

2. The effectiveness of the model is best demonstrated in case of two-body high
energy scattering considered in Sec. 8 and 9. The fact that one obtains a decreasing
total cross section for moderately high energies and then the increasing one for
very high energies — in agreement with experimental data — is very encouraging.
It indicates that the present model may correspond to a physical reality. The
explanation of energy independent polarization of yl-particles produced in inclusive
reactions is really remarkable.

3. Since the model is based on the observed particles all physical hadron
processes can be in principle directly computed. Due to the asymptotic free-
dom the model gives especially definite predictions for the hadron processes with
large momentum2 transfer. This is contrary to QCD where the simplest exclusive
processes like e.g. meson-baryon or baryon-baryon elastic scattering cannot be di-
rectly calculated without additional ad hoc assumptions on hadronization process
of quarks and gluons into hadrons.

4. The model is free from infrared divergences and possesses therefore a con-
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ventional well defined scattering operator.
5. The asymptotic freedom and the so called "Branching Theorem" enable the

derivation of a closed form expression for the meson and baryon form-factor and
elastic scattering amplitudes in the high energy limit in leading and double leading
log approximation [Fad 76], [Bal 78], [Kir 83]. This analysis allows to check the
implications of the present model in high energy domain for meson-meson, meson-
baryon and baryon-baryon elastic scattering [Rac 87c], [Kra 93b].

6. The simplicity and the effectiveness of the present model is demonstrated in
the analysis of concrete low energy few-body processes. For instance the dibaryon
problem represents the six fermion problem in QCD for analysis of which we have
practically no available methods. In this model the dibaryon problem represents
the two-body problem which can be analysed by means of the nonrelativistic po-
tential theory [Nag 75] with forces derived from the interaction lagrangian (3.23)
or in the frame-work of Bethe-Salpeter equation [Fie 75].

The above analysis indicates that the spontaneously broken SU(6) gauge field
theory model based on the observed baryons and vector mesons provides a nat-
ural frame-work for a description of strong hadron interactions: the considerable
predictive power of this model for high energy hadron processes will allow for an
experimental verification of this model in a near future.



IV. THE HADRONIC STANDARD MODEL FOR STRONG AND
ELECTROWEAK INTERACTIONS

1. Introduction
This chapter constitues the most important part of HSM. We unify here the

spontaneously broken SU(6) model for strong interactions with the spontaneously
broken SUx,(2) x U(l) model for electroweak interactions. The detailed derivation
of this unification and the form of the final total Lagrangian is presented in Sec. 2.
The main modification of the conventional SM consists on the replacement in the
total Lagrangian of three quarks doublets

by three baryon doublets

where p, n,Ac,A, At and AI are fundamental baryons from the sextet III (1.4) of
SU(6) gauge group. The analytical form of total Lagrangiann in HSM expressed
in terms of meson and fermion fields is similar to that in SM; however the strong
coupling constant cxa, charges and masses of strongly interacting fermions are
different and there is no colour degrees of freedom. It is of fundamental importance
that all fields entering in the total Lagrangian of HSM represent particles which
are observed. The most important processes like

p + p-*p + p, 7r + p-»7r + p, e + p-»e + p, e~ + e+—>p + p, (1.3)

etc. which are extensively investigated in Fermilab, HERA, HERMES or LEP
experiments are represented in HSM by two-body amplitudes for analysis of which
we have convenient well-elaborated formalisms; contrary in QCD the simplest
elastic process like p+p —» p+p is determined by six-body amplitude to which even
in tree approximation contribute around 300.000 Feynman diagrams [Ram 92].

We show in Sec. 3 the cancelation of electroweak anomaly by the anomaly
coming from strong sector. This noteworthy result — which in QCD supports the
three-colour assumption — represents a consistency check of our model.

We consider in Sec. 4 a running od QED cc aem(/i). We demonstrate that the
one-loop radiative corrections calculated in the conventional SM give the result
which depends on quark masses. Since values of quark masses are determined in
large intervals only (e.g. 2 MeV < mtt < 8 MeV etc., (see [RPP, p. II.4]) the SM
prediction for aem(mz) is very ambiguous. Contrary, the masses of fermions in
HSM are definite and HSM gives a definite prediction for aem(mz) which reason-
ably well agrees with generally accepted value for aem(mz}.

We present in Sees. 5-10 various highly nontrivial applications of HSM for
lepton-hadron interactions. First we give in Sec. 5 the analysis of e+ + e~ —»
hadrons process in HSM. This process considered in PETRA and LEPI experi-
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ments was crucial for a reliable determination of QCD coupling constant cv3 in
three-loop approximation [Gor 91], [Alt 92]. We use this process also for the
estimate of a, in HSM.

Next we consider in Sec. 6 the e+ + e~ —> W+ + W~ process, which will be
soon analysed in LEP2 experiment at CERN. We show a surprising result that
in spite of the fact that charges and masses of baryons are different than that of
quarks and in HSM there is no colour the obtained predictions for various cross
sections in HSM differ in the interval of energy 200 GeV < E < 500 GeV less than
2% from the corresponding predictions in the conventional SM.

We consider in Sec. 7 the rather fundamental problem of top fermion mass in
SM and HSM. We argue that the top quark mass m t cannot be observed since
the full top quark propagator — due to confinement — cannot have a mass pole
and the experiments measure the all orders of perturbation theory at once. Thus
the apparently obtained dependence of physical quantities on top quark mass is
merely the artifact of considered order of perturbation theory. Contrary in HSM
the top baryon is the observed baryon like proton rjnd its pole mass is a measurable
quantity. Comparing the one-loop expression for partial decay width F(Zo —> vv)
as a function of m/i, and m// we get m/( ^ 240 GeV for m// = 200 GeV.

Next we analyse in Sec. 8 the process et -f e^ —> p + JJ with polarized initial
fermions in Born approximation and with the inclusion of electromagnetic and
weak form-factors. We use for these form-factors the vector dominance model
representation derived in Sec. 111.10. This representation is natural in HSM since
the massive observed vector mesons are fundamental particles in our model. We
calculate the dependence of differential cross section on energy and polar and
azimuthal angles and show a very rich structure of these cross sections as a function
of longitudial and transversal polarization of initial fermions. We think that the
comparison of these HSM predictions with experimental data may provide a crucial
test for HSM and also for QCD.

We consider in Sec. 9 the ej + p\ —» e + p and ej -f p —> e + p processes which
will be analysed in HERMES and HERA experiments. We again obtain a rich
structure of cross sections as the function of energy, polar and azimuthal angles
and polarizations.

Finally, we discuss in Sec. 10 the difference in muon and neutron life-times
in HSM frame-work. The neutron life-time was never calculated in SM since a
reliable representation of a neutron wave function in terms of quarks and gluons
does not exist. We complete this chapter with a discussion of obtained results nd
enumeration of important unsolved problems.

2. The hadronic standard model
We shall derive now a form of the total lagrangian for electroweak and strong

interactions based on observed leptons and baryons. Since the GSW model is
very successful in a description of electroweak lepton interactions we shall take the
lepton sector in GSW form. Hence the lepton and Higgs sector will contain the
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following field multiplets:

(2.1)

Since the gauge group G = SU(2)i, x 1/{1), the covariant derivative has the
form

iDp = id^ + flf'(y/2)B„ + </(ra/2)W; (2.2)
where </' is the coupling constant for the singlet J?M gauge field, g is the coupling
constant for the triplet of the W£ gauge field and Y is the hypercharge equal to
2(Q), where (Q) is the average charge of a given fermion or boson multiplet.

We now determine the baryon multiplet structure in this model. The baryon
sextet 111(1.4) — similarly like in quark standard model — should interact with
the Higgs doublet (2.1): hence by virtue of (2.2) it seems natural to introduce the
following baryon multiplet structure

-(P'L\ u -(A'CL\
- I „I } > °2L - 1 Al }•>\nLj \AL]
- - -

1L - „I > 2L - Al •> 3L -\nLj \AL]
it _/ If At l l _

°\R— PR> °2R — -^Srł °cR ~
if „l J > ' - / ł ' Ł' _ A>
°4R = nH) °5R — ARi °6R ~ AbR'

According to the Cabibbo idea the leptons see a rotated baryon world [Cab 63].
Hence the baryon multiplets (2.3) do not yet correspond to the multiplets of the
physical baryons p, n, A, Ac, AI, and At respectively.

The total lagrangian for the electroweak part of the HSM may be written in
the form:

L = Lv + LF + LH + LY (2.4)
where

(2.5)

'jLi» (id, + ̂ B, + 9-ra

(2-6).
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with

V(2v>» = -/*§¥>> + A(y>V)2, ul > O, A > O (2.8)
and

LY = L'Y + Lb
Y

with

h.C. (2.9)

LY = - E 1 ̂ Wv*^) + G^R^'b'^) \ + h.c (2.10)
.-,;=!l J

We shall now reduce a general baryon Yukawa interaction lagrangian to the
conventional form with physical baryons.

If the matrices F = {F*'} and G = {G'-'} are hermitian then Ly conserves
CP-parity: otherwise the CP-parity is violated. Set now y>, F and G in the form

1 S** ^*. ^* S++ ^^ *r*+.,_ /_ , \ (n\ i jLt'rt*\\ c^ IP T^ f^ — f^ \r ('o 11^
~ ̂  n ;;' F' °

where F' and G' are hermitian whereas VF and VG are unitary. Set

Then from (2.10) we obtain

Lb
Y = -2-J/2(„ + fi^G'bl" +tl

R'Flbl
L» + h.c.]. (2.12)

Setting m6i = 2~1/2t;P', m6Z = 2 ̂ /^G' and using the relations ^R F>bl
L" +

TtfPVk =-bllF^' where 61' = l^ + b^^&^+^d'^ = 62/G'62', where
62/ = 6 '̂ + 6^" we may write (2.12) in the form

Let B1 and B2 be unitary matrices which diagonalize the hermitian mass matrices
mji and mja respectively, i.e.

Cmn 0 \ (mn 0
m,ic , B2*m5aB

2 = I
0 m^,/ \ 0

Then setting b1' = B1^, 62' = B262 we obtain
3

i=l
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Clearly the kinetic part is invariant with respect to Bl and B"1 transformations,
i.e.

Hence only the final fields 6) and 6?, x = 1,2,3 have the meaning as the fields for
the physical proton, ylc, At, neutron /I, and /U, respectively.

It follows from the form (2.4)-(2.10) of the total lagrangian that the action of
matrices Bl and J52 will cancel out in all terms in which baryons form the neutral
currents composed of 61 or fc2 fields only. However, in charge currents e.g. of the
form

the action of Bl and J92 transformation will not cancel out and it will lead to the
current

J<-> = ~b2

jLK^,b}L (2.15)
•XV

with K the 3 x 3 Kobayashi-Maskawa-like matrix of the form

K = Bl*B2. (2.16)

Carrying out the conventional analysis in the spontaneous broken model given
by (2.4) we obtain the total interaction lagrangian of the final theory in the form

L = L'W + L'H + L'F + L'Y (2.17)

where

(2.18)

with

W* = sin QwAp + cos OwZ^ (2.19)

L'H = - ( A^3 + ̂ } + L* + £) ( ?-Zl + ^W+W;} - ^/4A (2.20)
\ 4 / \ / / \ ' ł z /

with

<7=-— -- — - e = g'cos6w (2.21)
sin &w cos PVV

(2.22)
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where

r,2 = V>3 -fe)'
with

-BO- (2.23)

n'
= K

n
A
Ab

T, =

The matrices T* and TS in (2.22) represent the weak isospin generators and Q
represents the electric charge operator in unit of proton charge in particular

-i fore-,/|-,7--,n,yl,yl4
Finally

L'Y = - (f>/v{mN[(pp) + (fin)] -ł- mA(AA) + MAC(ACAC)+

+ m^AbAd) + rriAt(AiAt) + me(ee) + m^/I/i) + mr(TT)} (2.24)

Comparing formulas (2.17)-(2.24) with the corresponding formulas in SM (see
e.g. [Cha 84]) we see that three baryon doublets (2.23) play the same role as three
quark doublets (1.2). However contrary to the conventional SM which predicts
an unobserved process with nonzero probability, the present model predicts the
observed processes only.

The starting Lagrangian (2.4) corresponds to a renormalizable gauge field the-
ory [Cha 84]. The final Lagrangian (2.17) was obtained from (2.4) by the mecha-
nism of spontaneous symmetry breaking. As we shall show in Sect. 3 the lepton
and the baryon anomalies in the theory defined by the final Lagrangian (2.17)
cancels out: consequently according to [Cha 84] the Lagrangian (2.17) leads also
to a renormalizable theory.

One obtains the full Lagrangian of HSM adding to (2.17) the Lagrangian £5
of the strong sector: the form of this Lagrangian was given in Sec. III.3, except
the baryon kinetic part which was already included in (2.22).

3. Anomaly cancellation
It is remarkable .that the model (2.4) is anomaly free. In fact as follows from

[Bil 80] the anomaly vanishes if

Dabc(R) = Tr[Tfl{T6,Tc}] = 0 (3.1)

where R is a representation of G = SUi(2) x U(l).
As is well-known for any SU(7V) representation we have

Dabc(R) = dabcA(R) (3.2)

where dabc is the totally symmetric invariant d-tensor of SU(JV) and A(R) is a
scalar depending on R. It follows from (3.2) that if Dabc — 0 for a particular set
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of indices for which dabc ^ 0 then A(R) = 0 and anomaly is absent. In our case
the lepton and baryon representations are. given by (2.1) and (2.3), respective!}'.
If in the fermion triangle diagrams there are three W's then D°6c = 0 since SU(2)
is anomaly free [Bil 80]. If there are one W and two B's then since for the direct
product of groups G = G<1} x G(2)

TrH(T(1)T(2)) = TrH, T*1' x Tr*2 T(2> (3.3)

and

Tr/z T" = 0 (3.4)

for SU(2) the anomaly also vanishes. Finally if there are two Ws and one B then
one may replace the generator Y/2 associated with B by (Q — Ta). Then the term
with TZ vanishes and we remain with two cases corresponding to W+W~~f and
Wo Wo7 vertices proportional to

= Tr[(T+T-)Q] (3.5)

= Tr(T3
2Q). (3.6)

Since T+T- = 2(T2
2 + T2) the quantity (3.5) reduces to (3.6). Consequently our

model is anomaly free if

4suL(2)xt/(i)=Tr(T3
2Q) = 0.

From (2.1) we get
o

.1 lep tons "

--4'

Similarly from (2.3) we get

on s = l ( Q p + Q/ic

Hence our model is anomaly free.
We note that an anomaly of a given lepton generation is canceled out by the

opposite anomaly of the corresponding baryon generation. Thus the condition of
the anomaly absence does not determine the generation number.

Let us note that in case of the conventional standard model since J ,̂--! Qg>- = 1
the quark anomaly has the form

A quarks _ •*"«=
- 4 '

This formula implies that there must be three colors for each quark in order to
have anomaly cancellation. We see that in HSM we have achieved the anomaly
cancellation without any colour degrees of freedom.

4. The running of QED coupling constant a(/z) in SM and HSM
We shall now analyse the running of QED coupling constant ot(n) in the con-

ventional SM and in the HSM. We show that the HSM gives the unique prediction
for tt(m^) which is reasonably close to the generally accepted value, whereas SM
gives a very vague prediction. We shall use the formalism initiated by Marciano
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and Sirlin [Mar 81] and recently extended by Jegerlehner [Jeg 91] and Arason et
al. [Ara 92].

As we have discussed in Subsec. II. 10. A the renormalization scheme and gauge
invariant cc orinv(<Z2) is defiined in QED by the formula

where in general the cc ax and the photon self-energy U x are quantities considered
in the X RS [Coq 80]. In the Thomson limit we have

(4.2)

Using (4.1) and (4.2) we get

O(aem) (4.3)
We choose in the following calculations X — the MS scheme and we omit the
index X .

The 11(0; fj.) function contains in the lowest order in acm the contribution from
all fermion loops which in leading log approximation (LLA) have the form ([Coq 80,
Sec. III.1.3] or [Jeg 91, Sec. 4.2.IV])

Hence for \i — mz we obtain

= 137.04 - i £ Q} In (4.5)
3?r —— in f

where the summations runs over charged leptons and quarks in SM and over
charged leptons and baryons in HSM.

We see now the real problem with a prediction from (4.5) the value of a~l(mz)
in SM. Indeed according to the recent Review of Particle Properties the mass mu

of u quark is in the interval
2 MeV < mu < 8 MeV (4.6)

In the interval (4.6) we have
2

18.68 < In—f < 21.46.

We see therefore that the contribution to a~l(mz) in (4.5) from u-quark loop
will be large and with large error. The similar situation will occur for other light
quarks. In addition all quarks in SM are charged so the all 15 quarks will give the
contribution to a"1 (mz)' hence there will be the ambiguous large contribution to
a~l(mz) from all fifteen quarks loops in (4.4).

Contrary in HSM model only proton, Ac and At are charged fundamental
baryons and for /x = mz only proton and Ac loops give the baryon contribution to
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(4.5). Since masses of proton and .lc are well known one obtains in HSM in LLA
a very definite prediction for o^m^) from the formula (4.5).

It was suggested in {Ara 92] that at the scale ji = m z one should take the
lepton and quark (or bary on) masses also at this scale. The relation between
the running and the physical lepton masses is given bv the formula (see [Ara 92,
Eq. (2.72)]

Taking

rne =0.511 MeV

r7j^ = 105.65S MeV

in r = 1.7S4 GeV

one obtains for /i = niz from (4.7)

mt(mz) = 0.4S6 MeV

»',,('»z) = 102.S MeV (4.S)

fNr('«z) = 1.754 GeV

Using this one finds from (4.5) that

(4.9)Vf^L] * yQ?ln_^=4.S39 (4.9)
\oW,ep 37T^V ' mj(mz)

 V

The relation between the running and the physical baryom masses in LLA is
given by the formula ([Ara 92, Eq. (2.59)])

mOO^mphU^ffeir ° (4.10)

We have identified here the RG invariant mass fn which appears in [Ara 92] with
the RG invariant physical mass mpi, .

In case of SU(6) symmetry we have

fa = 10.166; TO = 2.92

The coupling constant «,(/*) in LLA is estimated in Sec. 5; for /* = mz,
<x„(fji) ~ 0.13. Hence using (4.10) we obtain

m,(mz) = 0.732 GeV
mAc(mz) = 1.782 GeV

Using this one finds from (4.5) that

i.860 (4.12)
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Hence we obtain from (4.5)

cv-1 (ms ) = 137.04- f ̂ L\ _ ( =130.34 (4.13)
V«em/i c p \ aein/har

It was stated in [Alt 93] that the generally accepted value for

cTl(mz) = 128.87 ± 0.12 (4.14)

We see therefore that the unique HSM prediction for a~*(mz) is reasonably close
to the accepted value (4.14). This is especially noteworthy since we did the calcu-
lation in LLA only.

Now if we want to calculate a(mz] in SM from one-loop formula (4.5) we have
the essential difficulties following from the indeterminancy of quark masses. For
instance according to the recent RPP we have ([RPP 92], p. II.4])

2 MeV < mu < 8 MeV; 5 MeV < md < 15 MeV
100 MeV < ms < 300 MeV; 1.3 GeV <mc< 1.7 GeV (4.15)
4.7 GeV < mb < 5.3 GeV; 91 GeV < mt < ?

Here the mu,m,j and ma are the so called current masses i.e. the quark masses
which appear in QCD lagrangian; there is a suggestion in several works that «
quark is essentially massless [RPP 92]. In turn the c and 6-quark masses in (4.15)
are the so called potential model quark masses of constituent quarks. Nobody
succeded to clarify the relation between current and constituent quarks [Che 91].
It should be noticed that current and constituent masses may differ even by two
orders!!!; for instance the u-quark current mass has the value from 2 MeV to 8 MeV
whereas the constituent mass of u-quark is

mconst

(see e.g. [Ynd 83, p. 158]). Since for perturbative analysis of Aa or other quantities
one should take the values of current masses, it is not clear at all what value for
charm and beauty current masses one should put in formula (4.5).

Since we know the values of light current quark masses in the wide intervals
(4.15) only and we do not know at all the values of current c and 6 quark masses
it is impossible to give a reliable calculation of oc(mz) in SM in the frame-work of
perturbation theory.

In view of these difficulties in a determination of quark masses Jegerlehner
estimated the current quark masses which by (4.5) reproduce the value (4.14) for
a(mz): he got ([Jeg 91, p. 32])

mu = 62 MeV, md = 83 MeV,
ms = 215 MeV, mc = 1.5 GeV, (4.16)

mb = 62 GeV,
We see that the current light quark masses which reproduce the data drastically

differ from the accepted in RPP quark masses. The scientific value of these masses
is best illustrated by the footnote in [Jeg 91, p. 32]:
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"Warning: Do not use these values for the quark masses for small spacelike
momenta (as needed in Bhabba scattering). These would give wrong results."

We hope that the above analysis illustrates well the difficulties connected with
comparison of perturbative SM predictions with experimental data: all radiative
corrections one-loop, two-loop or higher will depend — via the quark propagators
— on six current quark masses mq. i = 1,...,6 whose value is at present not
determined. From the general point of view — since quarks are not observed —
the full quark propagator should not have at all a mass pole: consequently there
is in principle no place in the theory for quark masses.

Notice that the ambiguity in the determination of Aa has also serious impli-
cations for other measured quantities. For instance the mass2 of W boson is given
by the formula

/21
j

where A0 = 37.28 GeV. In turn

Ar = Aa - ctg *OwAp + Arrem

The large ambiguity in the value of Aa implies the ambiguity for Ar which in
turn implies the large ambiguity in the prediction of the mass mw in SM. This
ambiguity appears also in the SM prediction of the value of any other measurable
quantity which depend on Ar as e.g. sin2 #vv, decay witdhs etc.

In order to avoid the above serious difficulties coming from the ambiguities in
a determination of current quark masses several authors proposed to calculate Aa
nonperturbatively ([Jeg 86], [Bur 88], [Jeg 90], [Jeg 91]).

Using the optical theorem and the dispersion relation one obtains ([Jeg 91,
P. 31])

had
(4.17)

w

The dispersion integral was estimated in the various energy regions in the
following manner ([Bur 88], [Jeg 90])

1°. In the region 4m2 < s < (1.4 GeV)2 from the experimental pion form-
factor.

2°. In the region (1.4 GeV)2 < s < (12 GeV)2 from the experimental R(s)
ratio (see Fig. 4.1)

3°. From (12 GeV)2 < s < (50 GeV)2 by the straight line starting at R = 4
and ending at R = 3.87

4°. From (50 GeV)2 < s < (100 GeV)2 and (100 GeV)2 < s < co by constants
3.87 and 3.84 respectively.

Using (4.17) one obtains

= 3.86 ± 0.12 (4.18)
\Qfem /had
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Fig. 4.1. Paraitietrization of R including resonances up to i/ś = 50 GeV using logarithmic scale.

"V
j.ogether with (4.8) this gives from (4.5)

128.34 ±0.12 (4.19)

We have the following comments

1°. The dispersion integral (4.17) in the region 4m£ < s < (1.4 GeV)2 was
calculated from the pion FF. However one has not used the prediction of QCD for
pion FF (which is highly questionable [Isg 89]) but it was used the Kinoshita et
al. parametrization based on vector dominance model [Kin 85].

2°. It is instructive to look on experimental shape of R(s) plotted in Fig. 4.1.
We do not see there any trace of quarks or gluons but instead we see the contri-
bution from vector mesons p0, u>, <£, J/T/> and T to R(s) curve. These and only
these mesons are precisely the neutral vector mesons which are the fundamental
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particles in our SU(6) model for strong interactions.
3°. The spectral representation (4.17) is valid under the condition that the

process e+e~ — » hadrons goes by means of one photon exchange; in fact in optical
theorem one uses ([Jeg 91, p. 31])

a

lmn'y(s) = -^(Ttoi(e
+e~ — > 7* — * hadrons)

However above ^/s ~ 50 GeV the contribution from ZQ -exchange becomes
essential and this contribution for ^/s ~ mz is absolutely dominant in R(s) be-
haviour. Hence we do not see a convincing justification for using the constant R(s)
for 50 GeV < ̂  < 100 Gev.

4°. The assumption that for ^/s > 100 GeV the R(s) can be replaced by a
constant has no theoretical justification.

Summarizing in the course of calculation of dispersion integral nowhere the
QCD properties were used. Contrary the concept of the pion mass which appears
in the definition of dispersion integral, the pion form-factor, the Kinoshita VDM
representation, the peaks in R(s) corresponding to />0, w, t/>, J/T/> and T vector
meson masses are all basic ingredients of HSM. Consequently it is difficult to say
that the obtained estimate for Aa follows from SM predictions.

5. Analysis of e+ + e~ — * hadrons process and estimate of strong a,
in HSM.

Consider the R(s) ratio given by the formula
+e~ -» hadrons)

We shall consider this ratio for energies in PETRA-experiment ^/s « 34 GeV.
The contribution to R(s) due to Higgs exchange is negligible due to the small-
ness of electron-Higgs coupling constant equal to — me/246 GeV. For this energy
the contribution provided by Zo-exchange is also small and one can approximate
the jR(s)-ratio by taking into account the one-photon exchange, i.e. we set [Gor 91]

= atot(e+e- -* 7 -> hadrons)
v ' a(e+e~ -> 7 -* /i+/x~) v '

We shall now derive the formula for R(s) in the one-loop order in aa in HSM.
However in order to emphasize the differences in calculations in HSM and in the
SM we shall recall the basic steps of derivation of R(s) formula in SM. The most
extensive analysis of jR-ratio was carried out by Gorishny, Kataev and Larin and we
shall follow here their most recent work on this subject and their notation [Gor 91].
It can be shown that the .R-ratio is determined by the photon self-energy function
II(Q2)] in fact we have

(ITW" (5'3)
4m*
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where Q2 = —g2 is the Euclidean transfered momentum.
Setting A = y|̂ r = j f and inverting the formula (5.3) one obtains:

2iri
(5.4)

where c> 0 is the known constant [Gor 91].
We see that the .R-ratio is defined totally by the photon self-energy function

JT(Q2) which gives D(s)-function by (5.3). The following diagrams give the con-
tribution to /7(Q2)-function in SM:

-CD--O-

Fig. 5.1. The zero-, one- and two-loop QCD contributions to /72(Q2)-function.

In order to simplify the calculation of contribution of diagrams in Fig. 5.1 to
JT(Q2) one disregards the masses of all quarks. In three-loop approximation one
obtains then in MS-renormalization scheme the following expression:

[-f

where for
colour space,

-44C3+CFrF(-22+16C3)] A2 (^ +j2A* (j£) } (5.5)

colour group d(K) is the dimension of quark representation in

C A = ATC, (5.6)

Cs = C(3) and 72 is the definite function of SU(7VC) invariants. The summation
over / in (5.5) runs over the number of active flavour quarks which contribute to
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fermion loops in Fig. 5.1. In case of QCD NC = 3, d(R) — 3 and one obtains:

where
ri =1.9857- 0.1153 n/,

r2 = -6.6368 - 1.2001 nf - 0.0052 n} - 1.

We shall consider now fl(a)-ratio for PETRA energy ̂  = 34 GeV. Taking
into account that the mass of the top quark m« > 130 GeV it is reasonable to
assume that we have five active flavour quarks whose loops contribute to 77(Q2).
One then obtains:

R(s) = 11 [i + 2i + 1.4092f 2-V - 12.8046 (^Vl (5.8)
J ( 7T \ 7T / V 7 1" / J

It is noteworthly that the three-loop coefficient TI is relatively large and nega-
tive. It is interesting that the large negative value of this coefficient comes not from
the three-loop Feynman diagram contribution but from the coefficient c in (5.4)
which arises due to the analytical continuation to the physical region of energies.

The formula (5.8) can now be used in SM for the determination of aa(-jfc) and
A in MS scheme. In fact using the experimental results (see e.g. [Ago 89])

= 34 GeV) = 3.872 ± 0.029 ' (5.9)

one obtains in three-loop approximation:

The value of QCD scale A can now be obtained from the three-loop approximation
for aa(-jfc) given by the formula (L = In -j?)

(5.11)47T

Here fa are the /3-function coefficients used in [Gor 91]; they are related with our
fa for pure SU(JV) gauge field theory by the formula

ft = 22ł'+1/?,-, i = 0,1,..., (5.12)

Using (5.10) and (5.11) one obtains

It is instructive to compare aa and A calculated in three- and two-loop approxi-
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matjon. Using (5.8) and (5.11) in two-loop approximation we obtain from (5.9)

a, ~ 0.158 ± 0.020

. ,^+300
'Ł-440 -230

We see that the three- and two-loop predictions for the coupling constant differ
about 10% and for A about 20%.

Now we derive the expression for R(s) in HSM. It is clear from Fig. 5.1 that
in zero order in a, the expression for R(s) in HSM is given by the formula

N,

(5.13)

where Np is the number of active fermions at given energy of the fundamental
fermion representation of SU(JV) gauge group and Qi are baryon charges. In order
to calculate the leading order contribution in a, in HSM we first show that in
QCD the coefficient at A in (5.5) given by

(5.14)
/=!

represents the weight factor implied by non-abelian structure of SU(JV) theory.
In fact consider the first two-loop diagram from Fig. 5.1. It is well-known that
the contribution from this QCD diagram will be given by the product of the same
QED diagram multiplied by the weight factor determined by the traces of products
of T° generators of SU(JVC) group (see e.g. [Mut 87]). It follows from the form
of quark and gluon propagator that for the first two-loop diagram in Fig. 5.1 this
weight factor has the form

where Q/i is the charge of the quark with the fixed flavour / and colour i. Since
Ta are SU(JVC) generators in the fundamental representation we have [Vol 84]:

_
(T°T<%. = - ; = CF(Nc}Sij (5.15)

Hence summing over all colours and flavours we obtain:

= W E 0/C> WO (5.16)
/=i

where d(R) is the dimension of the quark representation in colour space. It is
evident that two remaining two-loop diagrams give the same contribution. Hence
the non-abelian weight factor will be given by Eq. (5.14).

We now calculate the corresponding weight factor coming from SU(6) gauge
group in HSM. As previously for simplicity of calculation we shall carry out the cal-
culations in massless S\J(N) gauge field theory. For the second two-loop diagram
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in. Fig. 5.1 we obtain as in QCD

102 = Q,(TaT")imQm

where d(R) is the dimension of the baryon representation. Notice that now some
charges (Q„, QA and QA,,} are zero. The third diagram gives the same contribu-
tion. However the first diagram gives in HSM the weight factor

10, = OtT?mT?mQm

Since
rna rpa _ K
•Mm-* /m — «xr °lm

we obtain

Consequently in HSM the one-loop weight factors give
d(K)

whereas in QCD

/=! i=l

We see therefore that in order to find the fc-loop coefficients one has carefully
calculate the weight factors of every diagram in HSM.

We now calculate a3 in HSM in one-loop approximation: the contribution from
SU(6) sector by (5.5) has the form:

(5.19)

We notice that at energy ^/s = 34 GeV only proton and Ac charges contribxite to
J2QJ- We note also that in HSM in one-loop approximation we have additional
contribution from fermion loops with Higgs propagators instead of gluon propa-
gators. However this contribution, by Eq. (III.5.4), will be proportional to o^ and
therefore it will be of the same order as the two-loop SU(6) contribution. Hence
in the lowest order in a„ we shall have expression for .R-ratio given by Eq. (5.19).

For SU(6) we have

r0 = ~ = 1-5625 (5.20)

Using the experimental value (5.9) for .R-ratio we obtain the value of strong
coupling constant a, in HSM in one-loop approximation:

aHSM(34 GeV) _ j 8m ± Q 029 (5.21)
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We should stress that cc (5.21) and (5.10) cannot be directly compared since a,
in (5.10) was calculated in three-loop approximation. For instance if the coefficient
TI in HSM would be of order one as in QCD then from two-loop expression in HSM

R(s) = 2 f 1 + 1.56— + (—\ I (5.22)
I * \ T / J

we obtain
a?SM(34 GeV) = 1.452 ± 0.018 (5.23)

We see that taking into account the two-loop contribution to .R-ratio we may
considerably decrease the value of a^SM obtained from the one-loop approximation
(5.19). Note also that /?JCD = 3.83 (for nf = 5) whereas /$SM = 10.166; hence
we have much quicker decrease of a^SM with energy than in case of QCD.

We give in Fig. 5.2 the evolution of a^SM wj^ energy.

4 If)

SUli )

Fig. 5.2. The rcc evolution with energy in HSM and QCD in one-loop approximation.

Let us note that JR
exP(34 GeV) = 3.872, whereas .R°-ratio without QCD con-

tribution given by (5.13) equals to 3.667. Thus the electoweak part of Rc+c- ratio
constitutes around 95% of total value of e*e~ annihilation into hadrons. It seems
that this is unjustified since the contribution of the strong sector in e+e~ anihi-
lation into hadrons should be at least as big as the contribution of electroweak
sector. In our case we have by (5.19) that electroweak sector contributes around
50% only to Re+e- ratio and this seems quite natural. However this implies that
strong sector contribution to e+e~ ratio in HSM is significant and therefore the
strong coupling constant cannot be so small as in QCD case.

6. Analysis of e+ + e~ -» W+ + W~ process
We shall analyse now in some details the process

e+ + e- _> W+ + W (6.1)

in the HSM frame- work [Fie 92]. This process is of particular interest for two
reasons:

1°. This process allows the determination of triple gauge coupling in the inter-
action Lagrangian (2.17).
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2°. This process allows also the verification of the mechanism of spontaneous
symmetry breaking by analysis of properties of cross sections for longitudinally
polarized W-bosons. Indeed in the exact SUi,(2) x U(l) model T*V-gauge mesons
are massless and posscess the helicity A = ±1 only. During the process of sym-
metry breaking the three components of the complex Higgs doublet eat the zero
components of massless SUL,(2) gauge mesons and produce massive W bosons with
longitudinal polarization.

The analysis of this process in one-loop approximation in SM was first carried
out by Lemoine an Veltman [Lem 80] and by Philippe [Phi 82]. Their results
disagree however. In view of the importance of this process the independent cal-
culations were carried out recently by Fleischer, Jegerlehner and Zralek [Fie 89]
and by Bohm et al. [Boh 88], the full agreement of all results of these groups was
obtained.

In this work we follow the notation of [Fie 89] paper; the Feynman graphs
which contribute to the scattering amplitude in SM are presented in App. A of
[Fie 89]. The inspection of SM and HSM lagrangian presented in Sec. 2 shows
that the scattering amplitudes for lepton-Icpton processes calculated in one-loop
approximation can be obtained in HSM from that calculated in SM by the following
substitution rules:

1°. Every Feynman diagram in SM which does not contain the quarks loop
gives the same contribution in HSM.

2°. The Feynman diagram which contains a quark loop should be replaced by
the Feynmaii diagram with the corresponding baryon loop and with substitutions

Qq ~* QB in vertices
mq —> mo in fermion propagators (6.2)

Nc -+ 1 in HSM

Thus having the form of cross section for a lepton-lepton process in SM in one-loop
approximation we can immediately obtain the corresponding cross section in HSM
by means of substitutions (6.2)

The differential cross-section for the scattering of the polarized electron with
the helicity "-J-" or "—" on unpolarized positrons giving the W+W~-pair with the
helicities A and A respectively has the form (see [Fie 89], Eq. (5.9))

d<r(±; A, A; < a;) _ rf<r(±;A,A) rfao(i;A,^
d cos 9 d cos O d cos 9

Here the term dcr(±; A, X}/d cos 9 represents the one-loop corrected cross section
obtained from the sum of squares of the corresponding Feynman diagram contri-
butions (see Eq. (2.12) in [Fie 89]), w-represents the upper bound of energy for
soft Bremsstrahlung photons, dvo/dcos9 represents the Born cross section and
Car represents the soft Bremsstrahlung integral (5.2) of [fie 89].

The cross section (6.3) for W-pair production in HSM was obtained from the
corresponding cross-section (5.9) of [Fie 89] in SM by means of substitution rules
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(6.2); for masses we have (see Sec. 6 of [Fie 89] and Sec. II of [9])

mu = 53 MeV -> mp = 0,938 GeV;
md = 71 MeV -» mn = 0.940 GeV
ro. = 174 MeV -> mA = l.UGGeF; (6.4)
mc = l,5GeV -»rnA e = 2.285GeF
mj = 4,5GeV -> mA & = 5,750GeV

We see that difference in fermion masses in strong sector of SM and HSM is
significant. We recall that in SM the problem of the meaning and the value of
quark masses is very controversial (see Sec. II.10.D); in fact because of the quark
confinement the full quark propagator should not have any pole mass; hence the
physical meaning of quark masses in (6.4) is unclear.

This problem does not appear in HSM where the fundamental fermion masses
represent the observed baryon masses.

We now present the results of calculations; all results were obtained in so called
GM renormalization scheme [Fie 89).

Fig. 6.1. shows the dependence of total cross section on energy E =

1.8

1.6

21.4
«c

2 '•?
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* 1
3
0 .8
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.2

0

\ UNPOLARIZED oo(Gu-3chetne)

oaU(GB-scheme)

200 300 400 500 600

Fig. 6.1. The dependence of the total cross section on v/s; <TQ - Born approximation;
(Tall - one-loop approximation; LL - longitudinal W-polarization;

TT - transverse W-polarization; LT + TL mixed W-polarization.

We see that OT( W) has the threshold peak at -^/s ~ 200 GeV and then smoothly
decreases when energy increases. It is noteworthy that the cross section for pro-
duction of transversally polarized W-particles is above one order higher than that
for production of longitudinal W-mesons.
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We present in Fig. 6.2. the dependence of the total cross section for production
of W-meson pair in scattering of left or right handed electrons.

10'

Q
5 10"

10
-2

UEFTHANOED

o (G-scheme)

RIGHTHANOED

200 300 400 500 600

Fig. 6.2. The plot of total cross section for production of W-meson pair in scattering
of left or right handed electrons.

We see that cross section has the maximum around 200 GeV and that the cross
section for scattering of left-handed electrons is by around one order bigger than
that for right handed.

We present in Fig. 6.3. the dependence of the differential cross section on angle
0 for production of longitudinally polarized W-mesons.

We see the large maximum of angular distribution for W-meson production for
9cms ~ 16° and the second smaller maximum for OcmB around 108°.

The comparison of obtained results in HSM for W-pair production with the
corresponding SM results [Fie 92] shows the remarkable coincidence of predictions
in both models; the analysis of numerical results of obtained differential and total
cross sections reveals that in the whole interval of energy from E = 200 GeV up
to E = 500 GeV and angles from 5° up to 175° the difference in predictions is less
than 2%.

This is indeed a noteworthy fact taking into account that parameters in SM
and HSM such as fermion masses, charges and colour are essentially different.

7. Prediction of top baryon mass; MA, ~ 240 GeV
The experimental determination of top-fermion mass will provide the crucial

test for SM as well as for HSM. In fact in all calculations in SM there appear three
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Fig. 6.3. The plot of differential cross section for production of longitudinally polarized W-mesons.

top-fermions determined by colour quantum number; this increases the contribu-
tion from Feynman diagrams containing the top-fermion by factor 3. Thus one
may expect very distinct top-fermion masses in SM and HSM.

We now derive the value of top baryon mass in the frame-work of HSM
[Rac 93a]. The mass relation between top-fermions in SM and HSM follows from
analysis of top-mass dependence of various physical quantities used for so-called
precision tests of electroweak theory. The most clean test is provided by the exclu-
sive processes with no hadrons in the initial or final state. Consider for instance
the process Z — » lśv. In this case the partial decay width F is given by the formula
[Hal 91]

(7.1)

The asymptotic formula for p has the form [Alt 92c]

NcGFm1 3GFm| 2 ,
P — l H -- ;= --- T=-SW I

8^x72 47r2v/2 W

In the SM 7 ĉ = 3 whereas int HSM Nc — 1. Hence if we try to reproduce with
(7.1) in SM and HSM the experimental value Texp(Z — » Ff) we get the mass
relation

mA, = \/3m, (7.3)
We present in Fig. 7.1. the curves F (Z — » Fi/) as a function of mt and mA, for a
fixed m//.
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m I G e V )

Fig. 7.1. Variation of T(Z —» vv) with tnt and m^, for fixed my = 91.174 GeV,
= 200 GeV and sin2 6W = 0,2265

The central experimental values for T(Z — » i/i/) obtained in the recent four
LEP l experiments run from the value 160,33 MeV (ALEPH) up to 170,33 MeV
[Jeg 9,1]. Taking the value 166,67 MEV for T(Z -» vv) as suggested in [Jeg 91] we
obtain from Fig. 7.1

mt = 140, 1 mA, = 242, 3 GeV

Clearly if we would take the exact one-loop expression for p(mt, m//) as given
in Z-Fitter Programme [Z-Fit 92] or the asymptotic formula with two loop effects
given by the quartic polynomial in mt [Djo 91] we would get a slight deviation
from the relations (7.1) and (7.2); however for m< ~^> mz and m// ^ mz the
asymptotic formula (7.2) well approximates the exact expression for /9(m,,mf/)
and the basic relation between mi and m\t is satisfactorily represented by (7.3).

As follows from the asymptotic formula (7.2) the curve T(Z — > Z7i/)(m<;m//)
— as well as other partial widths [Ber 90] — depend rather weakly on the value
of Higgs mass.

We shall now present the determination of top mass using the W-mass depen-
dence on mt and m^. The expression for W-meson mass in terms of cv, GM, mz
and the radiative correction Ar is given by the following formula [Hal 91], [Jeg 91]

\ 1/2-1 1/2

A ) J j
(7.4)
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with

/ \ '/2

,4 / \ o-, oo /~< -T•̂io — ( —TZ. i — J < . Ć.G Ci 1.1
\V/2Gj

The complete analytical form for Ar calculated in SM is given in [Hal 91] and
[Hio 91]; it contains around a hundred terms and it is rather complex: since the
recent experiments indicate that mt ^> m 2 and m/f ^ m z it is useful to take the
asymptotic form of Ar for large top and Higgs masses [Jeg 90], [Hio 91]

. a \ NcmJ 22, /m/Al . ,_ „.

^r = H[o^[4^-TH^Jr (7'5)

The term Aor represents the one-fermion loop contributions to photon propa-
gator and is given by the formula [Jeg 91]

+ Aahadrons + A<*lop (7.6)

with
a 4 ml

for mt ^> mz [Jeg 91]. A serious numerical problem in SM is connected with the
fact that masses of light quarks which give a large contribution to Aa are not
\vell established and change its value by factor 14 (!) if one takes for instance the
constituent or the current mass values [Tar 81]. To avoid this ambiguity the use
of dispersion relation for the vacuum polarization amplitude was proposed which
gives [Jeg 91]

^CVhadrons = 0.0282 ± 0.0009 (7.7)

The formulas (7.4)-(7.7) yield MW as the function of unknown masses mt or TTIA,
and m u. In case of HSM Nc and Ncj equal to one in (7.5) and (7.6) respectively
and Q f represents the corresponding charge of lepton and baryon from the doublets
(2.23).

We present below the dependence of m w in SM and HSM for various Higgs
masses.

It is evident that for every measured value of m w the HSM will predict much
higher value of top mass.

The various experiments give the m w value in ihe interval 79,78 GeV < m w <
80,49 GeV [CDF 90]. The recently published results of L3 experiment give mw =
80,42 GeV [L3-91]; taking this value as the central value for experimental
mass (±0,32 GeV) we get from Fig. 7.2

mt = 154, 1 +^ J GeV, mA | = 267, 3 +J£ J GeV

i.e. again TTIA, — \/3m<-
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Fig. 7.2. Variation of mw with mi or m^, for a fixed mz = 91,174 GeV, m/f = 200 GeV and a ,̂ = 0.2265

One can use also other quantities which are measured presently with great
precision like sin2 9\v or forward-backward asymmetry AFB- For instance for b-
fermion the asymmetry has the form [Djo 91]

Ab
FB = (Ab

FB)° + 2Ap (7.8)

where (Ab
FB)° contains only electroweak part and Ap is obtained from the relation

p — 1 + Ap. Since for the asymmetry the experimental error 6Ab
FB ~ 0.004 and

soon it will be even more reduced one can use (7.8) for obtaining very stringent
bound for m< and rriA, • Since however Ap has top mass dependence of the form
~ Ncm\ one again obtains the relation mA, — \/3m<-

The present analysis of precision tests in SM indicates that m< should be around
140 GeV [Jeg 91], [Hal 91], whereas the HSM gives mA, around 242 GeV. If in
some experiment (most probably in ~pp scattering experiment at Fermilab) one
finds the top fermion around 140 GeV then this will strongly support the SM in
its present formulation; however if one finds the mass of top fermion much higher
than 140 GeV, then QCD will be in serious trouble. If this mass will be around
240 GeV this will strongly support HSM since we do not know any other model for
electroweak and strong interactions which would be simultaneously renormalizable,
anomaly free and asymptotically free (in the strong sector).

8. Polarized e+ + e~ -» p + p process
We calculate now in the present model the differentia1 cross section for annihi-

lation of arbitrary polarized electrons and positrons into proton-antiproton pairs.
The calculation of this quantity in the conventional SM is practically impossible,
since a reliable representation of the physical proton or anti^roton in terms of
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quarks and gluons is unknown [Doe 92]. We carry out the calculation of cross
section in Born approximation and with the inclusion of proton form-factors.

A. Born Approximation
We consider the scattering of polarized leptons since polarization effects in

differential cross sections are very rich and provide therefore a very acute cross
check for predictions of any model. The diagrams of Fig. 8.1 contribute to the
process e+e~ —>pp.

Z0

p

Fig. 8.1. The diagram in HSM for e+ -f e~ -+ p -ł- p process

The dashed circle at boson pp vertex represents the electromagnetic and weak
nuclear form-factor /^(Q2).

It follows from (2.24) that Higgs - e+ — e~ coupling constant equals to —me/v
where v = 246 GeV; consequently in e+e~ —> // processes the Higgs exchange
diagram - due to the smallness of the electron mass - gives a negligible contribution
with respect to photon and Z exchange diagrams. Hence we shall disregard in our
analysis the Higgs exchange diagram.

Let PJJ denotes a longitudinal and let P^ denotes a transverse polarization of
e^. Let 0 be the polar and <j> the azimuthal angle between e~ and proton. Let mp

be the proton mass, //p = m*/s and s = (p~ + p+)2. In order to show clearly the
richness and complexity of polarization effects we first calculate the cross section
using for diagrams in Fig. 8.1 the Born approximation.

Using the results of [Jeg 91] for e+e~ —> // process we obtain

~ = ̂ yr^Kl - PtpDXu + (Pt - Pl)XL + P}PfXT] (8.1)

where
Xv = Gi (l + cos2 6) + 4fipG2 sin2 6 + ^/\ - 4^PG32 cos e

XL = Hi(l + cos2 6) + 4fipH2 sin2 9 + ^/l - ^PH32cos6 (8.2)
XT = (1 - 4^p)(Fi cos 2(f> + F? sin 2y>) sin2 9.
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In the lowest order approximation the Z meson propagator has the form:

(8.3)
s — m~

The function G,-, Hj and Ft in (8.2) in the lowest order have the form: (IJ =
X + iY)

d = 1 - 2vevpX + (vi + al)(V$ + Ą - 4/<Pap)|77|2

H3 =

— 2aeapX + veaeup

-2aevpX + 2veac(uJ + a2, - 4/z.,ap)|J7|2

-2atvpX + 2veaeuJ|77|2

-2veapX + 2(vl +

l- 2vevpX + (vi -

(8.4)

where
_

Ve~
-l-ł-4sin2gyv (8.5)

= -a,

The formulas (8.1)-(8.4) show that the dependence of differential cross sections on
e+ and e~ polarizations is highly nontrivial; since in a storage ring the transverse
polarization is a natural one we shall carry out the analysis of da/dfł for this case.

It follows from (8.2) that (fcr/rfJ? for a fixed 5 will have a rather characteristic
structure in B and (f> variables. In Fig. 8.2 we first present the dependence of
dcr/df2(s0,0o,<f>) function on azimuthal angle v? for ,/s0 = 90 GeV which corre-
spond to the LEP energy obtained in CERN experiment and for #o = 7T/10.

2.9

2.8

0 1 2 3 1 5 6 7

f

Fig. 8.2. d(r/df)(3o,So,<p') cross section xlO7 for ̂ =90 GeV,
00 = T/10, P+ = Pf = 0 and P+ = P- = 1.
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The numerical analysis shows that for ./ś̂  = 90 the function FI(S) in (8.2) is
very small in comparison with Fa(.s): hence the (^-dependence has sing 2<£-type
shape. If energy is decreased say to the TRISTAN energy \/a° = 55 GeV then
Fj(3) is small with respect to Fj(.s): consequently (^-dependence has cos2y>-type
shape. In the region around ̂  = 78.17 GeV the functions FI(S) and F2(a) are
comparable: this gives a characteristic phase shift presented in Fig. 8.3.

-10

1.63

1.62

1.61

1.6

Fig. 8.3. dff/dn(sQ,$0.<f>) cross section x lO 1 0 for
SJ= 78,17 GeV, B0 = jr/10, P+ = P~ = 0 and P+ = Pf = 1.

It is remarkable that the passage from sing 2</j-type shape to cos2y>-type shape
is very sudden within 0.1 GeV interval around 78.17 GeV.

One might expect that the s-dependence of da/dSl will be most interest-
ing around the pole s = m2

z of Z-propagator. Hence we plot in Fig. 8.4 the
$o, Vo) as a function of the variable >/s for fixed #o and I/JQ-

dd/dals.MolxlO7

I I

80 8-1 88 92 96 100
Vs I GeV)

Fig. 8.4. dcr/dfl(s,0o,<f0) cross section x lO 7 as a function
of energy for 00 = ir/10, <f>0 = x / 1 0 , P+ = P~ = 0 and P.'+ = Pf = 1.
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We see the expected peak in the cross section at the Zo-pole mass energy.
As follows from formula (8.2) the dependence on the polar angle depends on

relative values of G\ , G-i and GZ functions and can be quite interesting. We give
in Fig. 8.5 the dependence of the cross section on the polar angle for LEP energy

= 100 GeV.

(s0.9.^,1 xlO8

1 I

Qu

Fig. 8.5. dff/d£l(3Q,0,i(>o) cross section xlO8 as a function of the
polar angle 6 for ,/s^= 100 GeV, <PO = */60, P£ = P£" = 0 and P% = Pf = 1.

We see that relative values of cross sections for different polar angles can be
very large.

B. Inclusion of proton form-factor
We shall present now the results for polarized e+e~ —> ~pp process with the

inclusion of the electromagnetic and weak form-factors in diagrams 8.1. The mod-
ified formula for the differential cross-section in this case is also given by (8.1);
however the expression for Xu, XL and XT coefficients depend now on FFs. The
analytic formulas for A"-coefficients in terms of FFs is rather complex and is given
in our work [Kra 92]. The analytic form for electromagnetic FFs Ff, F£, Ff and
F.y in HSM were presented in Sec. III.10. The weak FFs can be derived from the
general form of the weak current

where

and F%(t) is the axial FF. Hence using the expressions for F^ and F/* for elec-
tromagnetic FFs from Sec. III. 10 we obtain the analytic form of Fy and Fy weak
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FFs. For the axial FF F% the following dipole approximation was proposed [Bil 82]

(8.6)

Inserting these formulas into Xu, Xi and XT functions we obtain the final formula
for the differential cross section. The cross section depends on the cms energy >/a>
the polar and the azimuthal angles 0 and <p respectively.

We present in Fig. 8.6 the polar and azimuthal dependence of cross section for
•y/3 = 1,9 GeV. We recall that the threshold energy for pp pair production equals
to 1.876 GeV.

Fig. 8.6. The dependence on the polar and the azimuthal angles for 1/3 = 1,9 GeV and PL = 0, PT = 1.

We see a very characteristic peak of cross section around angles 9 = 90° and
<p = 90°. If energy increases the peak quickly decreases and for the ^/s ~ 1,93 GeV
peak almost disappears. If energy increases above 1,93 GeV the peak becomes a
dip represented on Fig. 8.7.

Fig. 8.7. The dependence on the polar and the azimuthaJ angles for -Js = 2 GeV and FŁ = 0, PT = 1.

We see therefore that in the low energy region we have a rather rich and
interesting structure of differential cross section. This structure can be tested in



IV. THE HADRONIC STANDARD MODEL FOR STRONG AND ELECTROWEAK INTERACTIONS 151

the planned FENICE experiment.
If energy further increases the cross section quickly decreases because of strong

decreasing of form-factors. We present in Fig. S.S the cross section for •v/'s =
53 GeV as the function of polar and azimuthal angles.

Fig. 8.8. The dependence on the polar and the azimuthal angles for -̂ /s = 53 GeV and PL, = 0, Pp = 1.

We see that the cross section at this energy is by 14 orders smaller then the
corresponding cross section at energy -^/s = 2 GeV!

do/d51(s o8-C)

(10"16nb

Fig. 8.9. The dependence on the polar and the azimuthal angles for i/s = 91.16 GeV and PI = 0, Pf = 1.

One could expect that if -^/s = mz then due to resonance properties of Z-
propagator one obtains a significant increase of cross section. We present this case
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in Fig. 8.9. We present in Fig. 8.10 the dependence on energy in the low energy
region.

o.co

Fig. 8.10. The dependence on energy for 60 = T/10, <po = */10> PL = ° »>»d Pf = 0.15.

We see in Fig. 8.10 two unexpected peaks for >/s ~ 1.9 GeV and ^/J ~ 2.1 GeV.
We present in Fig. 8.11 the dependence on energy in the high energy region.

Fig. 8.11. The dependence on energy for 60 = r/lO, v>o = */10, PL = 0 = 0.15.
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We see indeed a peak for ->/s — mz with a very small value of the cross section
however.

We have also calculated the e+e~ —» nn process in low energy region and we
have found the same characteristic peaks for this process as that observed for
e+e~ —* pp process and presented in Fig. 8.6 and 8.7. We also found that the
cross section for e+e~ —* nn process is for all energies slightly bigger than the one
for e+e~ —>• pp process.

9. Polarized e + p —* e + p process

This process represents the most important example of lepton-hadron interac-
tions. This process combines the electroweak and strong interactions and exhibits
an ideal cross-check for testing various models of elementary particle interactions.
It was calculated in [And 91] that in case of polarized e + p scattering we have
255 different polarization asymmetries; thus the scattering of polarized electron
on polarized proton provides indeed an excelent frame-work for testing various
models of interactions.

The scattering of polarized electrons on polarized protons will be soon investi-
gated in HERMES experiment at DESY at energy around 30 GeV of electrons in
the laboratory system [Her 91]. The scattering of polarized electrons of 30 GeV on
unpolarized protons of 820 GeV will be investigated in HERA experiment [Her 91].

The problem of a description of e+p scattering in conventional SM frame-work
is very difficult since we have no a reliable proton representation in terms of quarks
and gluons (see Sec. II.9). In any case the e+p process represents in SM a relativis-
tic four-body process which is very difficult for analysis. Contrary in HSM this is
two-body process which may be investigated by various well elaborated methods.
We shall now briefly describe the analysis of e + p process in HSM [Kra 93a].

" . V--? ..... "
P t, p

Fig. 9.1. The lowest order Feynman graphs: the dark circles
on the figure represent alactromagnetic and weak form factors.
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The scattering amplitude for polarized particles has the form:

l(pc, Sch" —, 36, 3C, Sd\ 3, t) = -C2 ( tj(pd, 3J )rPhu(

) )J

where u(p,s) is the Dirac spinor for a particle with momentum p and spin s,
F*? are vertices depending on electromagnetic and weak form factors respectively,
* = (Pc — Pa)2, mz* FZ represent the mass and width of Z boson and e, a, 6 are
coupling constants.

Partial polarization of a particle beam is denned as

__ ( p 3 )2 <

The form of proton electromagnetic and weak form factors on HSM was pre-
sented in Sees. III. 10 and 8.

The cross section for scattering of polarized electrons on polarized protons
was obtained from the amplitude (9.1) using symbolic calculus on computer. The
cross section was obtained in analytic form, however the final formula depends
on all possible scalar products of polarization vectors and momenta and is too
complex to be reproduced here [Kra 93a]. The differential cross section depends
on initial polarizations, energy, and polar and azimuthal angles. We present for
an illustration the dependence on azimuthal angle measured at fixed energy, fixed
polar angle and for longitudinally polarized electron and proton.

.05

S9J

to l M 370 JM
dag

Fig. 9,2. The dependence of the difTerentioa] cross liction on the azimuthal angle $ for EI, = 10 GeV,

We see the characteristic oscillations of differential cross section around the
value 90.2 nbarns. These oscillations persists with considerably different amplitude
for other values of polar angle [Kra 93aj. For instance for energy E\, = 10 GeV, 6 =
0.7° longitudial electron polarization Pe

L = 1 and transverse proton polarization
Ppt = 1 the dependence on the azimuthal cross section oscillates around the value
34.54 nbarns. In turn in the most interesting case of HERMES energy EL =
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30 GeV the differential cross section decreases due to fast decreases of form-factors-
by four orders with respect to cross section at EL, = 10 GeV. For instance for
EL = 30 GeV, Pe

L = 1, P£ = 1 and 0 = 0.1° the differential cross sections
oscillates around the 0.0042 nbarns.

The differential cross section considered as a function of polar and azimuthal
angles depends strongly on energy and initial polarization. We present below a
typical surface dcr/d/2'for a fixed energy [Kra 93a].

nb)

J50

Fig. 9.3. The plot of d<r/dn(EL;9,<t>) for EL = 30 GeV, P£. = 0.4 and />£. = 1.

We have chosen a small interval of polar angle 0 since the dependence on (f>
changes the cross section in few percent limit, wherea-s the dependence on 9 may
change the cross section by several orders.

We plot finally a typical dependence of differential cross section on enercrv.

0 5 10 IS 20 11 JO

E L I G e V )

Fig. 9.4. The plot of dff/dn(EL;60,<f>0) for 00 = 5°, tfo = 0°, P£_ = 1 and P£ = 1.
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We see that — contrary to e~e+ —* pp case considered in Sec. 8 — we have no
some structure in energy dependence. This should be expected since in e~p case
we have no some propagators or FFs which resonate with energy.

It would be very interesting to test these predictions in e.g. HERMES exper-
iment since the change of shape of differential cross section with directions and
degree of polarizations, energy and polar and azimuthal angle is significant.

10. The muon and neutron lifetimes

We shall derive now the formula for the lifetime ratio Tf'/T" where T*1 and Tn

is the muon and the neutron lifetime respecively. Since AI, and At are rather heavy
one may expect that their contribution to T^ and T" lifetimes is negligible. Hence
we shall carry out the calculation with two bayron doublets (p, n) and Ac, A) only.
The corresponding lagrangian is given by the formulas (2.17)-(2.24) with

cos0c, — sin0c
A — • n nsin uc cos yc

(10.1)

where Qc is the Cabibbo angle. From the Kez decay data it was determined that
sin0c = 0,221 ±0.004.

The first order corrections to T^ in Weinberg model were first calculated by
Ross [Ros 73]; recently the complete calculations of T^ up to the one-loop in
SM were carried out by Halzen and Morris [Hal 91]. Here we shall sketch the
calculations carried out by Angerson [Ang 74]. The one-loop diagrams for neutron
with exchange of photons, W and Z-mesons are presented in Fig. 10.1.

n p p n n p

Ź-

Oe V V
-Ji—J

V
(b)

Fig. 10.1 Box graphs in neutron decay.

The corresponding box diagrams for /z-decay are presented in Fig. 10.2.
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H v v

e e V e v v e e V
(a) (b) (c)

V V

e V V e e V
(d) (e)

Fig. 10.2 Box graphs in muon decay

Graphs involving the Higgs scalar exchange ave negligible due to smallness of
Higgs coupling constants A/ = — m//246 GeV, where m; is the corresponding
fermion mass (see Eq. (2.24)). There is also no need to consider the corrections
to the VF-boson propagator as they contribute equally to mn and mM and do not
affect the ratio T^/T". Taking into account the contribution of Born terms and
one-loop diagrams one obtain [Ang 74]

(10.2)
0 T p 0 .Ac0

where

g2 sin2 Q w
«eff = - -. - ,4?r

TQ and TJ1 are the lowest order lifetimes, EQ is the maximum electron energy in
neutron decay and S comes from the phase space integrals, S « 0, 83.

We took in these calculation the point interaction between baryons,. photons
and vector mesons. One could take in this analysis the electromagnetic and the
weak form-factors in baryon-meson vertices considered in Sec. 8.B. However since
the momentum transfer from the neutron to proton is very small, we are very closed
to the normalization point of form-factors at which they coincide with vertices
denned by the point interractions (see Sec. 8.B). Hence we may expect that the
formula (10.2) provides a resonable approximation to lifetimes ratio.

One can use the formula (10.2) for several purposes;

1° One can take sin2 0\y and sin2 QC from other experiments: then Eq. (10.2)
would determine the weak coupling constant g.

2° Alternatively one could take sin 9w and g from other experiments and de-
termine from Eq. (10.2) the Cabibbo angle.
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3° Finally one can take sin2 BC and rj from other experiments and determine
the. Weinberg angle d\y.

We wanted to compare the derived lifetime ratio (10.2) with that derived in
the conventional SM where the neutron is represented by the three-quark system.
However we could not find the corresponding result in the literature. Evidently
the result will depend on the wave function $pA(pi\ifiai,... ^3^3/303} similar
to that in Eq. 11(9.12) which converts the product of three quark state into a
physical neutron. Since this function is in fact unknown the predictions of the
conventional SM will be ambiguous. As we stressed in Sec. II.9 there will be also
a serious conceptual problem connected with gauge dependence of the neutron
representation.

11. Discussion
The HSM model represents a natural framework for a description of elec-

troweak, lepton-hadron and haclron-hadron processes. The physical foundation
of HSM are more natural than in SM. In fact in every model the strong sector
must be included into the framework of pure electroweak theory in order to can-
cel out the lepton anomalies; the strong sector in QCD form cancels out these
anomalies but introduces unobserved quarks and gluons; this leads to the serious
conceptual and numerical difficulties of SM connected with the confinement of
quarks and gluons, predictions of nonzero cross sections for unobserved quantities
etc. In case of HSM the baryon doublets from the strong sector also cancels out
the electroweak anomalies; however all particles in HSM are observed. So the
previous difficulties do not appear at all. I am personally convinced that when-
ever we formulate a physical model in terms of unobserved particles we shall run
into difficulties since the concept of existing but unobserved particles and fields is
unphysical.

It is remarkable that in the low energy region the HSM reduces to the VDM,
which is very successful in the description of many low energy electroweak and
strong processes [Gar 85], [Dub 92]; on the other hand in the high energy limit the
strong sector of HSM reduces to the asymptotically free SU(6) gauge field theory.
Thus contrary to QCD the HSM provides the effective framework for analysis of
low and high energy processes in electroweak and strong interactions.

The HSM allows for an effective analysis of lepton-hadron inclusive and exclu-
sivee processes like e.g. e+e~ anlhilation into pp, AA or p+p~ pairs or ep elastic
and inclusive scattering. As we discussed these processes could not be analysed
in SM in a satisfactory manner since there is no reliable description of hadrons in
terms of quarks and gluons or a reliable formalism for hadronization processes.

We presented in Sec. 8 for an illustration the analysis of the anihilation of
polarized electrons and positrons into proton-antiproton pairs in the lowest order
approximation. The obtained formulas for cross sections show the rich dependence
on the polarization of the incoming leptons and will provide then the acute test
for HSM.
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We also plan to analyse the annililation of polarized electrons and positrons
into nn, AA amd p+p~ pairs.

We have presented in Sec. 9 the preliminary analysis of elastic scattering of po-
larized electrons on polarized protons in high energy limit, since we are convinced
that richness of polarization effects in electron-proton scattering will provide the
most severe test of HSM and other models. Since one expects that in the HER-
MES and the HERA experiment at DESY electrons might reach 92% polarization
the predictions of our model may be soon tested.

We see from the processes considered in Sec. 5-10 that HSM allows to carry
out the effective analysis of electroweak, lepton-hadron and hadron-hadron pro-
cesses inclusive as well as exclusive. Thus most of present experimental data from
PETRA, TRISTAN, LEP, HERMES, HERA or Fermilab can be analysed in HSM
framework. As we discussed in Sec. II the lepton-hadron and hadron-hadron exclu-
sive processes cannot be analysed in a reliable manner in SM because this model
does not provide a satisfactory dynamical description of hadrons in terms of quarks
and gluons or a reliable description of the hadronization processes.

The analysis carried out in Sec. 5 indicates that the determination of the value
of strong cc a, in HSM might be difficult. It seems that a, may be reliably
determined in many loop analysis only or perhaps in a nonperturbative approach
like e.g. lattice gauge theory. In our opinion the strong cc a„ is an unproper
parameteer for a description of strong elementary particles interactions and it
should bee eliminated. In fact we think that one should rather use a Griinberg
approach [Gru 84] or a Dhar-Gupta approach [Dha 90] in which one eliminates
cc and one obtaines a specific nonlinear evolution equation directly for physical
quantities. The example of such approach was presented in Sec. II.10.E in QCD
case and in Sec. III.9 in HSM case. If one uses the total lagrangian for strong
interactions with three coupling constants 3, A and p one obtains in Dhar-Gupta
approach a system of three coupled nonlinear equations. It is a challenging problem
to verify if one obtains in this formalism an increasing total cross section for pp,
?rp and TTTT interactions.
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