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Some misunderstandings concerning the additivity
assumption in the quark model are explained., It is shown
that the additivity assumption in the form used for the
derivation of the polarization predictions is only some,
not very well justified algorithm, for making calcula=
tions, Two, more consistent, relativistic formulations
of the additivity assumption are discussed, The "addi-
tivity without spectators" assumption is formulated.
Arguments are given supporting Lipkin's claims that
searching for the additivity frame has no deeper physical
meaning. It is also shown that all the speculations as

to which is the additivity frame are misleading,

I, Introduction

The additivity assumption when used in the discussion
of the scattering phenomena®' (based on the non-relativis=-
tic impulse approximation) has led to many (quite) good
predictions for the total cross-sections., All these pre-
dictions, however, can also be obtained from other theo-
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retical assumptions.? Other predictions®’* were obtained

for the polarization phenomena, but their derivation was



inconsistent with the relativistic description of spin.

The aim of this paper is to discuss the additivity
assumption = Al used in the derivation of the polarization
predictions of the quark model, Al has never been stated

clearly enough and the usual arguments supporting it con-

cerned the non-relativistic motion of quarks inside hadrons,

The non-explicitly stated assumptions lead usually to con-
tradictions and misunderstanding. We claim that Al can be
only understood as some algorithm for making calculations
postulated but not derived. So one can repeat Lipkin's
question® as to which model or which theory are tested
by those relations which were derived from Al for the
statistical.ténsors,4 reaction amplitudes,® generalized
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statistical tensors, and which turned out to be con=-

sistent with the experimental data.®

In this paper we show that there are two different
approaches: the relativistic additivity assumption®®’**
A2 and the "additivity without spectators' assumption'?
A3 which are both consistent with the relativistic des=-
cription of the scattering. They both indicate that Al
can be used for the practical calculations but the inter-
pretations and the properties of the quark-quark ampli-

tudes are now completely different from those of the

usual approach.

II. The Assumption A

e

Let us consider the following reaction
My + B - Mz + B¥, (1)

+ , .
where B denotes % baryon, B¥* --§i baryon isobar,
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M;=and Mz-mesons,

Al can be formulated as a prescription for making

calculations in the following way:

1,

2,

Write down the spin and unitary spin part of
the hadrons' wave functions corresponding to the
appropriate SU(6) representations. The symbols
denoting SU(6) spinors interpret as representing
some quark states, In this way one obtains the

following formulae:
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My " = lij Aal(l,J) §i §j, (2)
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for i,j,k = 1,,..6, In the formulae (2) the follow-
ing nmotation is wsed®: &, =p,, .. 5¢ = A, p, denotes
the p = quark spin state with projection % on the
quantization axis, the coefficients Aal(i’j)’°°da3
(i,j,k) are appropriate Clebsch-Gordan coefficients

of the SU(6) group,

Write the reaction amplitudes for the reaction (1)

as follows:
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where ,00.W) are expressed by the appro-

priate Clebsch-Gordan coefficients of SU6.

3. Usé the additivity assumption which states:
only one pair of quark states in the B and M; re-
spectively can be changed, Other quarks which
states are unchanged are called spectators, However,
for the reactions with momentum transfer |t| >0
all the quarks in the initial hadrons should adjust
their momenta to this transfer so add some unknown
formfactor F(t) taking account of this effect,
Thus one obtains the following formula in the short-

hand notation of paper®:

<§i§j§1§m§n|'r|§q§r§s§t§W> _ %)
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The combination of the formulae (3) and (4) give us
the decomposition of the reaction amplitudes into

some quark=-quark amplitudes.

- 4, Now give the interpretation for the reaction ampli-
tudes f and for the quark=quark amplitudes,

Qg Qg Qg Qg
Interpret the amplitudes f as the relativistic

Qg Qg Qg U2

(transversity, helicity or other) amplitudes, the
quark=-quark amplitudes as corresponding (transversity,
helicity or other) amplitudes for scattering of free
quarks with masses being fractions of the particle

masses,

From such explicit formulation one easily sees that

ais)  (ilg
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Al is not non-relativistic assumption as has been

12 since one obtains the expression for the am-

thought,
plitudes in the relativistic spin representations, On

the other hand one cannot treat the states §i as the re-
lativistic state vectors of free quarks because in that
case one couldn't use the additivity, since for |t]> 0

the state vectors of the spectator quarks would in general
be orthogonal., So Al is only the algorithm for making cal-
culations, The author of this paper can be also blamed

for introducing some misunderstandings because by the
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analogy to the paper he called in §i the transver=-
sity wave functions of the quarks. One could ask why to
use such a strange assumption Al, The answer can be as

follows,

Al was proposed® by analogy with the non-relativistic
additivity assumption and led to good experimental predic=-
tions, It is quite usual in elementary particle physics
that guessed or heuristically motivated algorithms are
tested against experiment., When the agreement with the
experimental data for various reactions is achieved one
starts to search for some deeper explanation of the assump=
tion or if this is not possible one tries at least to for=-
mulate this assumption in a way consistent with some general
principles,

The formal explanation of Al, consistent with relativ=
ity, is given by A2 or A3 which will be discussed in sec=

tions IV and V,

Let us now discuss the problem of the additivity

frames,
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I1II. The additivity frames.

Al turns out to be dependent on the choice of the

spin quantization frame.

Let us show it more explicitly. From the formulae
(3) and (6), using the prescription of the point 4, we ob-
tain the following expression for the transversity ampli-

tudes:
§ Qg Qg Ag Qg
- F(t)a.;d. C aiasaszas (ui) (5)
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where (asa3a4aJTiala1a2ag> are the transversity amplitudes

for the scattering of the free quarks. If we transform the
formula (5) to the spin quantization frame 0’ obtained from
the standard transversity frame by the rotation of the rest
frames for hadrons by the angles o;,ws,®s,% around the normal
to the reaction plane we obtain

I
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If we had used Al in 0’ we would have obtained the for-
mula (5') which differs from the formula (5) only by
primes added to the amplitUdeSfH3U4U&U2 and
(a3a3a4a4|Tla1alagag>° So Al is frame dependent and, if
it is valid, it is valid in some chosen class of spin
quantization frames. The frame in which (3) and (4) are

valid was called the additivity frame (the a.f,).

The frame dependence of Al led to many interpretation=-
al difficulties and misunderstandings, Some have claimed
that the additivity assumption is a simple dynamical

212 g0 it cannot

assumption on the scattering operator®
lead to the frame dependent results, thus Al is wrong.
Others®® have been trying to speculate which is the addi-
tivity frame, All these claims and speculations seem to
be wrong, From the explicit formulation of Al it can be
seen that this is not only the assumption on the scatter=-
ing operator but also on the value of some unknown spin
formfactors which in theéadditivity frame are proportion-
al to the Kronecker é'sl . This last statement will be
more clear after we have formulated the assumptions A2
and A3, The frame dependence of such assumption is quite

natural and doesn't lead to any contradictions,

IV, The assumption A2

The assumption A2 was formulated and extensively
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discussed in so we give here only short discussion

of its principles and results,

A2 states: hadrons in the scattering phenomena can

be represented in a formal way in their respective rest



frames by the SU6 symmetric wave packets of some free
particle states with masses being suitable fractions of
the hadron masses. These free particles can be called
quarks due to their quantum numbers but they may not
coincidewith the real free quarks which should, if exist,
probably have much bigger masses (6-8 GeV). 1In the ha-
drons' c.m. frame for the reaction (1) these wave packets
are no longer SU6 symmetric since the necessary Lorentz
boosts spoil this symmetry. However, they are well de-
fined relativistic state vectors in the transversity,
helicity, or other spin representation possessing some
additional degrees of freedom. For example one obtains

2@ =L@ [ ) ¢ v x
Yi’ai Bi (9

]qlYlal) ® ICIa'Yzae ) fMl (Efl ,32) 53(51"'51)2) daaldsaz

where L(E) is an appropriate Lorentz boost, Calaz(Mﬁylvg)
are Clebsch-Gordan coefficients qf SU6, fMl(al,ag) is rota-
tional invariant weight function. A2 is the following
assumption for the scattering operator acting in the vector
space L being a tensor product of five free quark state
spaces: 'z

T = tij & Iij (10)

i=l,2’3

JT4,5

where t . is the scattering operator for two free quarks,i”
from the baryon and,j” from the meson , I;; is the identity
operator acting in the remaining three-quark subspace of the
space L . Let us visualize the decomposition (10) with the

help of the following diagram:
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(11)

i=1,2,3
j = 4,5

If the weight functions fMl,fMg,fB and fB* do not vanish

only for Iq/wi<<1, then for |Mﬁ | <<1 (where q denotes
the linear quérk momentum in th&Prest frame of the respec=-
tive hadron, w - the rest mass of the quark, Mﬁ rest mass
of the hadron, p - the c.m. linear momentum of the hadron)
one can obtain for the transversity amplitudes a formula

very similar to the formula (5):
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where (5;3;323]??5:3:;:3;; are some relativistic averaged
free quark amplitudes with well defined properties®?! that
the b - and ¢ - type relations®*’® can be valid only very
approximately and also for very small momentum transfer.
For larger momentum transfer A2 suggests violation of the

b and ¢ - type relations and for still larger values of
ltl it leads to a




serious break down of the usual Al predictions. If b-
and c- type relations are valid for larger |t|, they are
valid for some unknown dynamical reasons, From the for-
mula (12) it is seen that the exponential factor can be
interpreted as a simple spin formfactor and that one
could obtain (12) from Al used in some fixed transversity

frame 0’ specified by the angles @ilsz

o1 = -9 = % P"ﬁi'u—+ 0) (13)
B S g = & (—9——————-—;1“ e 4 o). (14)
B

V. The assumption A3

A3 states: hadrons in the S-matrix description of
the scattering phenomena can be represented in a formal
way in its rest frames by the SU6 symmetric combination

of the free quark rest states. For example we have:

U oy . =
M) =L, ECOERORACS (15)
where
2, (Bud= 1w 51 P 0) @ layy (16)
n n

o and a, are appropriate spin and unitary spin variables
w is the quark mass being 1/3 of the baryon's mass and %

of the meson's mass.

In the overall c.m, frame state vectors of hadrons

lose their SU6 symmetry and can be written
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M1 7 _ PR 51 = 51
M (p1) —izj a, (1,3 & 7> 5 _71 (17)

We will formulate A3 for the transversity amplitudes but
it can be formulated in any spin quantization frame.
Using the formula (17) one can write the transversity am-

plitude for the reaction (1) in the following way:
- Ma/ = Y p¥e(2 M (72 Ma(2 Y _
TR (p3> P <p4> 7| M Q’l) B <p2> -
iga.w TRTRTINTA (i W) X (18)
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Now we assume that the interaction is a two-stage process
going through some virtual intermediate states.,

the operator T in the following form:

T = Tng (19)

We write

where T; is the operator of the type (10), and the mean-

ing of the operator Ty is clear from the explicit form
of the matrix element:

. E)w@né_";_)ltr\gq(%).%w(% m Ao
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The decomposition can be represented by the following

diagram:
q i N
r | ; c SUR ) —
s 1 ) d]”.r*___..
t m { (21)
n ' :
c,d —
c =4q,r
d = s,t,w

The diagram (21) represents a two=-stage scattering process.
This process can correspond in our formalism to the follow-
ing physical process. At first two quarks from the differ-
ent hadrons interact with each other (black bubble) next

we have an interaction between pairs or triples of quarks
belonging to the same hadrons (white bubble). 1In the first
interaction all the charge exchanges and spin flips take
place, in the second changes of the four momenta to the

final physical values occur,

One obtains the additivity without spectators, if
one assumes that for fixed value of s and t there exists
such a (transversity) spin quantization frame in which
all the unknown spin formfactors are proportional to the

Kronecker 6's so:

PoNE (P (1 | TPy = 6,(pamqs-P
8y _Q__Z_ (I Ing (4%, _;_) = 8(pemqa-2L )0, Tu(s,0), (22)

/I
ey ey BOREDIT My (2)5(2 ) -
84 (pa=q2="/5 pz) 6mt6nw TB(S,t)- (23)
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The spin quantization frame in which the relations (18),
(20), (22), (23) hold can be called the additivity frame,
Combining the formulae (18), (20), (22), and (23) one ob-
tains the expression analogous to (5) but with different

meaning of the quark-quark amplitudes. There is no reason
for the formfactors TB(s,t) and TM(s,t) to be the same,
The b - and ¢ - type relations would be obtained in this
formalism only if some additional relations between q-q
amplitudes were assumed but there is no justification for

them,

One may wonder how a non symmetric diagram (21) can
be compatible with the time reversal invariance of the S

matrix, We will discuss this problem now.

Let us consider the reaction A + B - C + D, The |
time reversal invariance of the S = matrix leads to the |

following equalityle: |
©(ps) D(ps) IT| A(P1)B(p2)) = <TA(P1)T B(p:) |TITC(pa)TD(pa)y (24) '

where T is the time reversing operator acting on the ini- \
tial and final states in such a way, that the initial
states are transformed into the appropriate final states,
and final states into initial states. In other words T

reverses the directions of all the momenta and in some way
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changes the spin states of all the particles. As we see
the equations (24) are only the additional constraints on
the operator T, i.,e., on the operators T; and T, and do

not imply the symmetry of the diagram (21).
VI. General discussion.

Though the two consistent explanations of Al have
been found the problem which model is tested by the pre-

dictions of the Al is not completely solved yet,

A2 and A3 are only some formal approaches to the S
matrix description of the scattering processes. Basic in
A2 and A3 has been the introduction of the additional de=
grees of freedom in the description of the initial and
final states and the fact that the state vectors of ha-
drons in the c.m. frame don't belong to the irreducible
representation of the SU6 group. They have to transform
irreducibly only in the hadrons' rest frames. Their
transformation properties under other symmetry groups
haven't been considered, only some substructure of the
scattering operator T has been introduced. The trans-
formation properties of the operator T have not been con-
sidered either. In spite of this many strong predictions

concerning the relativistic scattering amplitudes have
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been obtained., Such way of proceeding is different from
the usual methods (mainly non=-relativistic) based on the
investigation of the.transformation properties of the

state vectors and the scattering operator with the use of

the Wigner-Eckart theorem,

Next we should like to discuss the problem of the
connection of A2 and A3 with the quark model., It can be
easily seen that such formal approaches may be connected
with the quark model but it doesn't have to be. In the
quark model, we have been considering, (there are several
quark models'”) the hadrons were treated as strongly bound
states of some real physical particles, (which have not
been found yet) whose masses are almost completely reduced
by the binding forces. Even if the quark were found and
the quark model was taken much more seriously it wouldn't
be, in our opinion, simple task to prove the possibility
of the description A2 and A3 for the relativistic scattering
phenomena (of course, if A2 and A3 turn out to be well
supported by the experimental data). We see, thus, that
the predictions of A2 and A3 cannot test the quark model
conclusively, and saying that the testing of them is of

vital importance for the quark model ® is misleading.

[/ = H
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Also misleading are all speculations about the direction
of spin of the spectator quarks, since in the real scatter-
ing such quarks do not exist., In a paper’’ arguments were
given that the choice of the Jackson frame as the a.f.
restricts the possible shape of the angular distributions
for higher spin resonances produced in the meson=-nucleon
and nucleon-nucleon collisions, Such restrictions occur
only if the non-relativistic additivity assumption®® is
used and so they cannot fix the spin quantization frame

in which the reaction amplitude for the reaction (1) has
the expansion of the type (5)‘having all the required
properties, The a.f. can be fixed by the consistent rela-
tivistic assumption A2 or it can be left unknown as in the
case of the assumption A3 and each choice is a‘ priori

equally good.

We want to end with some critical remarks concerning
A2 and A3, A2 is unambiguous and leads to predictions free
of any phenomenological parameters. However, its deriva-
tion is wvalid for restricted values of t and p. The A3 is
some kind of ad hoc assumption which gives an a® posteriori
explanation of the successes of Al, If the b- and c- type
relations are valid they are valid for some dynamical rea=-

sons not explained by A2 or A3,

-l [l
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A2 and A3 in some sense generalize the formulation
of the additivity of Kokkedee and Van Hove®°., One can
try to build other formal assumptions and one can try to

understand the parton models in the similar way.

The careful experimental examination of the predic-
tions of A2 and A3 for the statistical tensors and the
generalized statistical tensors (which we would like to
recommend as a formalism giving very accurate and detailed

tests”?®

can give answer to the following questions

1) Which one of the additivity assumptions is more reason-
able? 2) Are the a, b, and c-type relations valid or not?
A positive experimental answer would mean that the approach
A2 or A3 is reasonable and gives a convenient parametri-
zation of the reaction amplitudes. Alas, it cannot give

us any answer for some deeper theoretical questions such

as the validity of the quark model,

There have been proposed some other relativistic
assumptions®®°'® but their formulation doesn't seem to us
very convincing in view of some arguments given in a sec-

tion I of this paper.
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