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ABSTRACT

We propose a simple field theoretic quark model in which
the quarks are composite. This quark bootstrap is the new fea-
ture of the model. Applications to spectroscopy and deep in-
elastic processes are considered. A number of testable pre-
dictions are given. 1In particular, the ratio
R = g(e’e” » hadrons)/o(efe” » puTy s Predicted to grow
linearly with .Qz at least until \/55 v 6 GeV , where R 1is

about 7 | and drop thereafter towards a value of about one.



1. INTRODUCTION

The existing models for hadrons and their interactions do
not at present give a ;onéisfént picture of the hadron world.

To be more specific we mention the following difficulties, closely
related to the quark model. Resonance Spectroscopy and scaling
Phenomena can be qualitativelv described by the constituent and
current quark models but the connection between the two models

is not fully understood. Thus a synthesis of both is needed.
Secondly, the bootstrap principle is rather well supported by
experimental data but it is not in aécordance_with the original
quark idea . Again, a synthesis of both is necessary. Thirdly,
experimental data often prove 'reliable" predictions wrong.

For example, in the inclusive reaction e+é- * hadrons several
ideas predict —%e behavior for this cross section hl whereas
the recent data indicate an approximately constant cross section
with Q2 between 10 to 25 GeV2 » Further, it is generally
accepted that a composite structure for hadrons is at present
obviously necessary to explain data on form factors, scaling,
Regge trajectories, etc. However, no constituents have ever been
found in the laboratory. This makes the construction of such
models difficult.

Consider now the following two hadron models: the bound state
model of T.D.Lee [2] and the quark model with nine colored quarks
[3] . In the first model the nucleon consists of the elementary
fields $(x) and m(x) , with JP = 1727 and 0 , respectively.
These particles are bound together by a scalar particle ¢(x)

and the interaction Lagrangian density is



- . - 4 2,2 2 . -
LI z flww¢ + 1f2 wysww + f3 T+ fu T + k T + ie wyuw Au (1)

where Au i1s the electromagnetic field and the couplings satisfy
k> f; (1 = 1...4) and flz/uﬂ < 0.1 . With this model one can
obtain (—%—)2 behavicr for nucleon electromagnetic form factors
and alsoQapproximate scaling results in deep inelastic ep scat-
tering . At the same time resonances have large widths in agree-
ment with experiment. But the model does not include successful
rules for determining the hadron quantum numbers.

The quark model, on the cther hand, explains the multiplets
discovered in the laboratory and gives -appri scaling asymptoti-
cally ; here we quote optimistically the recent results from
models with asymptotic freedom and infrared slavery (or hot cloud
or vacuum polarization current neutralization) [u] . Now, how-
ever, scaling in ete” seems to be badly violated experimentally
[5] and therefore any quark model is in serious trouble. To have

insight in these problems we propose a model which is a synthesis

of the color quark model and the Lee model [6] .



2. COMPOSITE QUARKS

Let us unify the color quark model with the Lee model and
see whether we then could, at least in principle, explain the
difficulties of the conventional quark model. Suppose that the
quarks are not really elementary fields but rather composite
Systems, a little like the hadrons themselves. We construct
the quarks of the following basic fields: a charged spin 1/2
field ¢(x) , a neutral pseudoscalar field w(x) and a neutral
scalar field ¢(x) [7] - These meson fields are, of course ,
ultimately qq systems, i.e. color singlets while the ¥(x)
field carries the color quantum number , Clearly, the quarks
may now have also excited states qx or q(n) (n - 1) , with
suitable couplings and masses in the Hamiltonian, in addition

(0)

to the ground state q = gq = (Y1) . The lowest ex-
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cited state is a Py/5p (V4) state. Higher excitations are
either (ym) or (y¢) states with £ > 1 . These quark excitations
certainly need a firm motivation and in this paper we give ar-
guments for them, Before going into the applications let us
note that our earlier analysis I indicates that the couplings

in (1), when applied to quarks, should satisfy k’\:lfifu>fl>>f2 .

We use these estimates in the following .

2.a. Spectroscopy

A hadronic model 3 la Bohr could be the following. The quarks
that make up the hadrons behave like soft Spheres of finite size
bound together by the 1/r type color potential. Because of the

finite size of the quarks and the free field behavior of the



interaction at short distances the one particle potential

does not have singular form at the origin but is rather flat
bottomed as required by the data [8] « Thus we have the Lz0
baryon and meson Sy(3) multiplets and also the corresponding
L- exéited states. However, states like Nx(1470) and p'(1600)
deserve additional care. Calculations with radially excited
harmonic OSCillator wave functions contradict data in the NX
(1470) electroproduction [9] and in the p' decay bo] . To
avoid these difficulties we have suggested in I that the NX
(1470) and p'(1600) have the following quark content

1 -%i

xi %
and qz qm ’
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€ n
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ijk m
respectively, where 1% » M , n are the usual SU(3) indices
and i, j , k are SU(3)Color indices. Otherwise these par-
ticles are like their mother particles N(940) . and p(770) ,
eg. L = 0 for both and the non-relativistic approximations to
the wave functions are nodeless. Such non-relativistic approxi-
mations would be possible for high quark masses and strong
binding [8] .

Any unstable baryon decays by emitting a quark. Both this
emitted quark and the two quark system are neutralized into olor
singlet hadron states by the vacuum polarization current [u]
thus yielding fwo, Or more, hadrons in the final state. Altep-

X'S

natively, if the decaying hadron contains q s the decay takes

pPlace by 7 (or ¢ ) emission, qx > q + 1 (¢)



The N*(1u7o) electroproduction goes via the graph of fig. 1
and the ratio JA(pny)/A(pyA+)| is proportional to f2/fl ,
which is roughly 1/6 experimentally [9} . Now f2/fl X 0.1
and hence the above ratio should also be of the order 0.1. This
holds for the real photodecay too. Similarly, the observed p'
decays are described by the graphs in fig. 2. We can estimate

that [A(p’+pﬁﬂ)/A(p'*wn)l v flfu/k £ This is bigger than one

) -
since f2/fl N 0.1 and fu is not much smaller than k . This
was called a "radial" selection rule in I . From these arguments
it follows further that, for example, in ete™ » Ak (or um)
there should only be a weakly coupled o' state at m = 1.270 GeV
since the corresponding graph in fig. 3.a. is proportional to

ef2 . The first strong p' should occur at M = 1.600 GeV or-
responding to the graph in fig. 3.b. which is proportional to

e >> ef2 - Thus the pion form factor should, in the vector domi-
nance model, be dohinated up to -VEE = mp' * 1.600 GeV ,

These conclusions agree well with data ﬁl] .

In high energy wp and PP collisions diffractively pro-
duced high mass pion and nucleon excitations have been observed
ﬁ?] s ﬁs] - The masses of these states are at least 6 GeV and
10 GeV, respectively. This fact combined with the observed
increase of the corresponding inelastic cross section suggests
that new degrees of freedom are being excited in these collisions,
In I we have suggested fhat the production of hadrons‘containing
excited quark states Qould lead to the type of Pphenomena mentioned
above. In addition, we argue that in e'e” annihilation into had-
rons such excited quarks also occur (see section 2.b) forming

heavy vector mesons. Thus we are lead to conclude that, for

. . . . . . . + -
example, inclusive pion distributions in e'e and hadron-hadron



collisions should have similar behaviour in particular at large
Pr values, The large Py events would be due to the decays
qx > g + 7 , where qx and q mass difference can be large,

Therefore these pPions behave differently from these produced by

the proposed vacuum polarization current or hot cloud.

2.b. Deep inelastic Phenomena

A crucial test of the present model is the calculation of
o(ete™ & hadrons) or its ratio to olete” o TED denoted usu-
ally by R . Experimentally this ratio is growing still line-
arly with Q2 at Q2 v 25 GeV2 E] while the quark model and

some other arguments give [1]
R =] ey (or constant) (2)

where the €{ are the quark charges. With nine colored quarks
one has R = 2 , 1In the present mode] there are more than nine
fermions and each quark has a form factor, Consequently, (2)

should now be replaced by

2
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Fleny (@912 (2")
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where Fq(n) is then'th quark multiplet form factor,

i
Fatn)
We must next calculate this electromagnetic form factor. Inpa»r-
ticular, we wish to understand when scaling is expected to hold
and when not.

The general quark current Operator is

C - 2 g-1 - 2J
%1 = i e uq (p') [ Yﬁ Pl(q Y o+ ?E;g, Gy Fz(q ) uq(p) (3)



where ei(g-l)/qu is the anomalous magnetic moment and mq
the mass of the quark. We assume the anomalous magnetic moment
to be very smzil and neglect it [8] . The electromagnetic

fieldvcouples to the U(x) field with a Piece ie vy vy ¢ A

U H
in the interaction Lagrangian (1) . The form factor Fl in (3)
is thus in the present model due to the composite structure of
the quark. Such form factors can be studied in the ladder appro-

ximation with the Bethe-Salpeter equation with a proper kernel,

Such an analysis gives (—37)2 behavior for F(Qz) for large
Q

—Q2 values ﬁu] .  Here we must use a more phenomenological
approach in the following.

We set two requirehent;for the quark form factor Fq. First,
high energy deep inelastic lepton nucleon data BSJ indicate that
the Fq is a very slowly varying function of Q2 at large —Q2 values
and it does not seem to approach zero. Secondly, the form factor

F if some kind of perturbation expansion is poséible, should

q’
contain the effects of forces between the quark-antiquark pair.

We assume that when Q2 approaches infinity these forces may be
neglected and scaling is obtained for pointlike quarks l}d

In our model the quarks have internal structure and correspond-
ingly the qq interaction is more complicated. Phenonmenologically
we expect in Fq-vector meson poles to show up at VGE v 1 GeV. The

qi state has the quantum numbers of the oo. We therefore assume
that the Fq has a pole at Q2 = m 2. A solution for these conditions

0
for the Fq, normalized as Fq(O) = 1, is

2 cQ (4)




At large Q2 values this approaches the value 1 - C. Approximate
lepton nucleon scaling now implies 0 < C < 1, We estimate from
“15 % scale breaking at -Q2 N 10 GeV? that Cn~n 0.1,

For the excited quark form factorsF n=1...N, we

(n) ?
q
make the assumption that they approach zero asymptotically. This

we motivate by non-relativistic arguments for hydrongen like

bound states, namely

2

) om | e 10X r21 exp(=-ar) d3x

Phydrogen(q

Q—2(l+1) (5)

Thus the form factors of higher orbital angular momentum states
approach zero faster than the ground state form factor. Secondly,
we have identified the q(n)i(n), gt - 17, states with heavy
vector mesons, the daughters in the Veneziano model. Of these

mesons the p'(1600) is known to exist and we assume more mesons

2:
n

2

to exist. We parametrize their masses Mn as follows M M§+2n GeV™,

n=1...N, fitting the 0(770) and the 0'(1600) and neglecting the
weakly coupled p'(1270). Since in our model the q(n)a(n) state has

the quantum numbers of a heavy vector meson we postulate in the

form factor F (n) the existence of a pole at Q2:M2p, n=1...Mn. A
(7 )
solution now for the F (n) is
B 2
Mn
).: R (6)
M "-Q"-iM T
n - n

2

F (Q

(n)
q

where for the 0' (1500) one has T ~ 0.35 eV and we assume this

value also for all heavier states.
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With the energy VQZ in the region ~ 5 GeV we have
several terms (6) contributing in the annihilation e‘e” » hadrons.
The corresponding cross section is

o(e*e” » hadrons) = 418 IF (Q%)|% + J|arF (Q2)|2] (7)
32 q q

where a 1is the relative Strength of g and q* contributions

and the ratio R is

R = 2 [|Fq(Q2)I2 + ? |a Fq"“(QQ)!2] (8"
n=1

Assuming (§) to be a reasonable approximation we can plot R
in (' 8) with a given N ( we expect N to be finite)
because of the finite range of the ¢ exchange potential).
This is seen in fig. 4 . The present inaccurate data from CEA
and SLAC indicate that N in (8) is at least 12. A lower limit
for R can bé obtained as follows. In 7mp collisions at high
energy diffraction dissociation of pions into states of mass
about 6 GeV has been reported, as mentioned in section 2.a.
We have suggested to identify these heavy mesons as states con-
taining quark excitations with spin > 1/2 to reach the high wass.
Assuming that these states have spin one daughters, due to
quark spin vector coupling, we would expect to see vector mesons
with a similar mass. Thus N in (g ) should be as high as
N ~ 18 and consequently R would bend down at the earliest

2 5 36 GeV2 . Asymptotically the contributions from

at 0
the second term of (g:) with finite N vanish and we are left

with the result

R+ 2(1- C’z v as Q2+ 0 (g.)
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Intereéting enough the measurements at SLAC énd DESY next year
will extend in energy up to 9 GeV and thus will tell whether
there is some fundamental mass value in this region correspon-
ding to the bending down of R .

The vacuum polarization current, proposed to neutralize
the quark quantum numbers, may lead to an interesting result
concerning hadron electric charges in the e'e” annihilation
final states, The time of neutralization of the quark pair,
into which the photon dissociates, increases linearly with 'VEE
h7] . Thus the strong color force is getting softer with in-
creasing energy. This means that the electromagnetic forces
between the quarks which ultimately combine to form hadrons in
the final state may begin toplay a role beyond certain energy.
The electromagnetic force is attractive between p and p ,

n and n , n and X s, A\ and X , and A and n . Taking

into account also the color potential we see that the strongest at-
traction is for quark systems which are electrically neutral color
singlets; This would lead to an excess of neutral mesons in the
final state with the lightestmesons being produced most abun-
dantly. This prediction seems to be supported by the prelimi-
nary SLAC-LBL data [18] .

We have seen above how scale breaking may take place in
the time 1like region. 1In the spacelike region the inelastic
form factor qvyq™ would decrPease more rapidly than the elastic
quark form factor‘ Fq but it is proportional to f2 y fig. 1,

‘'which in turn is small. Thus scaling holds approximately in
lepton-nucleon deep in elastic scattering in a limited O2 re-

gion and is smoothly broken with increasing -Q2 . uN experi-

ments at NAL will soon show whether this holds.
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Finally, let us emphasize that we do not claim to make
accurate predictions or tohave an exact model. Instead we have
made an attemct to understand qualitatively what kind of model
could be theoretically satisfactory and would describe the data
in & natural way. In other words, we have tried to indicate

what are the relevant degrees of freedom in the processes dis-

cussed above,
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3. CONCLUSIONS

In summary, we have shown that our composite quark model,

as applied phenomenologically above, gives

i - - - . . 2
(1) R = o(ete™ = hadrons)/o(ete™ - u+u;) growing with Q

when Q2

R 9 GeV2 3 thus naive scaling is broken although
there gre point like photon couplings, Using the results
from wp diffraction data we Predict R to increase at
least until V5§ ~v 6 GeV where R is about 7 . In the

limit Q2 + R should approach a constant of about me ,

eq. (8). An excess of neutral particles is predicted,

(ii) approximate scaling in deep inelastic lepton-hadron scat-
tering which becomes broken smoothly when -Q2 increaseas

because of the smoothly decreasing quark form factor,

(1ii) increasing ginelastic in hadron-hadron scattering at the

energy where the quark excitations begin to play a role,

. .. . . . . . . . +
(i1v) similar inclusive pion distributions in e'e and hadron-

hadron coliisions at high energy, and

(v) natural scheme for the p'(1600), Nx (1470) etc. and for

the diffractively produced high mass states.

On the mofe theoretical side it goes without saying that avy
detailed quark model meets with difficulties: the model contains
directly unmeasurable quantities related to quark properties,
When proposing this type of model one must pay great attention to
the economy oflthe model. Any new or unconventional feature of

the model must explain as many previously unexplainable problems



a5 possible. The present model shows some promise in this
respvect: (i) it combines the constituent and current quark mo-
dels, (ii) it indicates how quark and bootstrap theories may' be
married and (iii) it helps to explain important discrepancies
between data and the traditional quark model. On the other hand,

the model is speculative at present and many questions are yet

to be solved.

ACKNOVYLEDGEMPNTS

e . . o0 strim
I wish to thank L. "Maiani for a discussion and C. Cronstrim,

i ’ nuscript.
K. Kajantie and M. Roos for useful comments on the ma D



- 15 -

REFERENCES

10.

11.

12,
13,
1y,

15,

16,

17,
18.

J. D. Bjorken, talk at the Bonn Electron and Photon Sym-

posium, 1973,
T. D. Lee, Phys. Rev. D6, 1110 (1972),

M. Gell-Mann, Schladming lectures, 1972; H. Fritsch and
Gell-Mann, Phys. Letters 47B, 365 (1973).

M.

R. Gatto, talk at the Aix~-en-Provence Conference, 1973,
G. Tamopolsky et al., Phys. Rev. Letters, 32, 432 (197y).
R.

0. Raitio, Univ. of Helsinki preprint, TFT No. 1-7u.
This is a pPreliminary version of the present paper and is
hereafter referred to as I,

M. Chanowitz and s. D, Drell, SLAC-PUB 1315 (1973), have
Proposed a different model for quark structure.

H. J. Lipkin, Phys. Reports 8C, No. 3 (1973); J. J. Kokkedee,
The Quark Model, Benjamin (1969).

R. G. Moorhouse and m. Oberlak, Phys. Letters u43B, uu (1973).

R. 0. Raitio and M. Roos, Univ. of Helsinki preprint, TFT
No. 10-713.

See for example refs, ﬁ] and l}] which include original
references.

M. Albrow et al., Nucl. Physics BS54, 6 (1973).
F. C. Winkelmann et al., Phys. Rev, Letters, 32, 121 (1974).
S. D. Drell and T. D. Lee, Phys. Rev, D5 1738 (1972).

E. D. Bloom, talk at the Bonn Electron and Photon Symposinm,
1973,

T. Appelqvist and H. Georgi, Phys. Rev. D8, 4000 (1973);

A, Zee, Phys. Rev, D8, 4038 (1973).

A. Casher, J. Kogut and L, Susskind, CLNS-251 (1873).

For a recent review see C. H, Llewellyn Smith, CERN TH. 1849

(1374),



FIGURE CAPTIONS

Fig. 1. The qux vertex.
Fig. 2 Graphs indicating the p' decay into a) omm and b) ww.
Fig. 3. Quark ‘contributions to the annihilation ete” » Y >

a) ixq and b) i*qx.

Fig. 4. Our calculation and experimental points for R =
G(e+e_ + hadrons)/o(e+e— -+ u+u—). It is argued in the
ﬂ 2
text that R should bend down at V@~ ~ § GeV or later
at some finite VQ2 value. It is quite possible that
the decrease of R, if confirmed experimentally, is
slower than shown in the figure. The curve has been

drawn with a 2 = 130, C = 0 and N = 18 in eq. (8):
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