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ABSTRACT

We consider the average displacement from its near neighbors
of a parton in a hadron string after absorbing a highly virtual photon.
It .is found that for Q2 > 60 GeVz, the struck parton would find itself
separated from its near neighbqrs by a distance greater than the
average intefnuéleon spacing in a nuclear matter. The éonsequences

of this result vis a vis deep inelastic scattering of leptons from complex

nuclei is discussed.
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The deep inelastic lepton-hadron scattering experiments at SLAC,
and NAL3 seem to establish Bjorken scaling4 over a spectacular range of Q2
and v. The simplest realization of Bjorken scaling is provided by the parton
model, 5 mWhich the currents scatter incoherently from elementary constituents
within the nucleonv. The proximity of the ratios b'—v /av and - f X F3(x)dx/ f F2(x)dx
to the value 1/3 and 1, respectively, 2 lend support to the characterization of
partons as quarks. The validity of the impulse approximation requires that the
forces responsible for binding the partons be fairly soft, 5 and hence that a
parton can travel freely for a considerable distance after being struck. The
crisis is then clear: why do we not see quarks in nature? Various models of
containment have been proposed, 6 but the nature of their conclusions (i.e.,
absolute containment) makes an experimental test of these models extremely
problematic.

In this note we present a discussion of containment based on the phenomeno—
logical dual string model of a hadron. 7 We find that for Q2 > 60 G(eV2 (near
w = 3), the average displacement from its near neighbors of a parton struck
by a virtual photon exceeds the average internucleon distance in a complex
nucleus. It is then proposed that the normal string would fail to bring the
struck parton back to the fold (because quarks of non-zero triality do scatter

absorptively from nucleons — this we know from the existence of bilocal
operators). We then discuss some possible expei'imental consequences of this
result. We stress thgt in no way do we deal with the field theoretic basis of
the String Hamiltonian — the latter is simply taken as a phenomenological

description of the hadron dynamics.

Breaking the String

For simplicity, we work in an infinite momentum frame, and formulate the
string model in the transverse X-Y Space.8 The partons are distributed along
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the 0 coordinate with an average density8 dN/dé = (nn(é))_l, {(where 7 is the
fractional longitudinal momentum) and the Hamiltonian which displaces the

-

system in dilated time T is8

H = M. 1 f axX + G2 ax dé + const
2 J T 9

(1)

The quantization is achieved through an expansion

X(t) = X__(7) + i§ :(au)e-lGﬁT B a(!l)e+iG1T> c0sfd o
~ ~Ccm ~ ~ »\/—:Q
2
with the usual commutation relations [ai(!l), aj(!l')] =6ij6 TR The Hamiltonian

can thén be written as
2
M = 2G 2 £ n(f) + const . (3)
2

where n(f) = {(ﬁ) - a(f). It is easy to verify, for instance, that (8}5/87) =
i[H, X(7)] . The function n (9) is arbitrary, except that 1 (0) = 7 (m) = 0.

We now propose the following physical picture atP = «: A parton with
momentum n P in a hadron in its ground state is struck by a virtual photon with
q“ = (mv/P, Q, 0, 0).9 The impulse approximation is valid in the IMF, since
the time of interaction tint ~ (l/qO)IMF ~ P/mv, whereas typical lifetimes in
the hadron are At = 1/AE = ZP/Am2 =P/G, and my >> G = 1/2 GeVzo During
the time of interaction the transverse momenta are «Q, and hence we have
approximate energy-momentum conservation across the parton-photon vertex, 9

1

with the resulting constraint w =2my /Q2 = n— . Thus one fulfills the usual

requisites of the parton model, and Bjorken scaling results.



A long time after the interaction (at t >> P/mv but t << P/G) the struck
parton will begin to interact with the remaining partons according to the string

"Hamiltoniam. The initial state (at 7 = 0 in the IMF) will be taken to be
i )
1Q, 8> = 9% g, (4)

where 0> is the target hadron ground state. This simply means that we trans-
late the parton at position 6 an amount Q in the momentum space (we take
Q=Q TX). The question now arises, what is the subsequent behavior of the
partons in the string (especially of the struck parton)? In the case of a macro-
scopic chain of masses joined by springs, we know that a very strong impulse
delivered to one of the masses will break the chain if the resulting separation
from one of its neighbors is greater than some maximum value; the mass will
probably be knocked out of the chain if its resulting displacement from the

average position of its nearest neighbors becomes large. Let us try to apply

these concepts to the hadronic string.

In calculating the mean square displacement of the struck parton from its
nearest neighbors (henceforth called the strain), we must specify more care-
fully where the partons are located. In particular, from the density require-
ment dN/d 6 = [nn (0 )]_1, we can see that the nearest neighbors of a parton
[0, N (9)] are 1ocatevd, on the average, at Gi =0 + mn(0). A simple choice
8 -1

for n(0) isn(6) =17 sinf ,

and the lowest allowed value for 7 isw
max max

if the 6 . are to stay in the interval [0, 7r] .
This choice of n(8) excludes consideration of the threshold region

_17F <m < 1(1l<w<m), and gives 03: = 0+ sinf, We are then interested in the



displacement,

-~ A7) = X(6, T) - F(X(0,, T)+X(O_, T))

ﬂ —a s
_ 15 (g(ﬂ)e iGLT §+(ﬂ)elG£T> 2costf . 2 %ﬂsme
T : JL

Quantum mechanically, one computes

<A2(Q’ 6) > = <Q,0 192(9 » T)1Q, 0 “averaged over T ()

This is easily done using the oscillator commutation relations, and the

result is
2, 2 Q>
<A(Q7, 0)> = a(f) + < b(6) (6)
where
)
ax 2 A 4
a(d) = % 2: cos £6 suz (z £ sinb) 1
=1
2
max 4 ) 4 L .
b(0) = % § : cos” {0 s;n (3 4sinf) ()
=1 L

As discussed in Ref. (8), the sums must be cut off for ¢ =E(x/(6.-8. .))
max i i-1

=E(n/sinf) = E(n _1) = E(w), where E(x) = greatest integer < x.

In Fig. 1 we have plotted the strain <A2 > VS Q2 for severalrvalues of
w =w/sinf. It is seen that for a given Qz, a maximum strain is produced at
the lowest value of w available in our treatment (w = m, sinf = n/2).

We now come to the crucial question: what is a reasonable upper bound to
the strain, beyond which the hadron string fails to contain the parton? There is
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clearly no parameter in the string Hamiltonian itself which provides us with

this scale. However, consider an experiment in which the leptons are scattered

‘from complex nuclei. Once the strain exceeds about (SF)Z, the struck parton

would be screened from its nearest (parton) neighbors by a neighboring nucleon

in the complex nucleus. It is a reasonable possibility that in this situation the

trapping mechanism would fail (if the string does not break by this time any-

how). From Fig. 1, we see that <A2(Q2, 8)>= 9F2 when Q = 55 GeVz at
w=3, This region of (Qz, w) can be probed with both electron and neutrino
beams at NAL. At higher values of w, much larger values of Q2 are required,

Are we committing ourselves to a prediction of quarks at NAL? We prefer
to develop a more conservative approach to our result. We have found that a
fairly reasonable phenomenological model of hadron dynamics becomes incapable
of keeping a parton from being isolated from its near (parton) neighbors by
nearby nucleons, when struck by a virtual photon of sz 55 GeVz,w =3, inci-
dent on a target of complex nuclei. What then happens? We consider three
alternatives: (1) If no parton (quark) is seen, a simple explanation (on the
phenomenological level) would be that the stiffness G (in Eq. (1)) is really a
function of X, and that as X becomes large, the stiffness increases so that the
quark is contained to small displacements, no matter how hard it is struck.
(2) A light quark is produced. (3) A quark is knocked out but once the''dress-
ing" is complete, it is manifest as a very heavy particle (M2>> 1 GeVz). Even
if the heavy quark is not observed, such an effect would destroy Bjorken scaling
in the region of sz ~ Mz., 10 At any rate, we would encourage a careful study
of the final state products of deep inelastic lepton-nucleus scattering in the
region QZZ 60 GeVz, w= 3.

Let us now deal with several questions which may have arisen in the

reader's mind.
-6 -



Lower Limit on Afnax

In the case where the quarks stay light when free, we can set a lower limit
‘on thé maximum strain, Afnax' In such a case, a low-lying resonance (say
N*(1236)) will undergo a spontaneous decay N* — qqq with reasonable probability

unless <A2(O, 9)4> = <A2(0,0) = a(f) <<A2 for all 6. It turns
res max

>
proton
out that the probability distribution P(AZ) is gaussian:

2
P(AZ,B) da? = (na(e))‘l e A /a(9) daZ

Also, numerically, [a(@)]max =0.25 Fz. Experiments at CERN11 and
Serpukhov11 have shown that quarks occur with a probability of less than 10—9
among charged secondaries in pp collisions. With 6-7 charged secondaries/
event, -and perhaps 2 resonances/event, one obtains an upper limit of 10_9(e_20' 7)
for the branching ratio resonance — quarks. This is achieved with

Afnax > [a(e)_]max (20.7) = 5.1 FZ.
Fluctuations
The value of Q2 needed to produce an avervg_ge strain < AZ(B) > is
Qg ~ G< A2 >/b(0) (Eq. (8)). One can show that the probability of producing

such a strain with a lower value of Q2 is negligible unless Q2 > 0.9 ng

Recombination with Other Partons

We can also show that the mean square separation of the struck parton from
any other parton in the string is larger than the strain Az. So recombination of

the struck parton with others in the string is unlikely.



Strains in Purely Hadronic Interactions

It is very difficult to produce a large strain by exciting the string through
purely hadronic interactions at presently available energies. To see this, we
calculate the average strain at position ¢ in the string for a highly excited

hadron I{n(ﬂ), 1} >, where M2 = QGZQn(ﬁ)., The result is

w=7n/sinf
2 . A,
<Ak M2, 0y > = ° }Z: (n(g) + 1) <08 L0 m?(zﬂﬁne) (10)
=1

What is the most probable distribution n({¢) at a given mass Mz? We take

for this the Bose form12

nf) = () = —17%—— (11)

e 1
which satisfies 2 G Z4n(f) = M? for t = (/3/m M/JG, and leads to a correct

counting of the degeneracy of levels in the dual resonance model. 13 The

resulting
7/sinf 9 4,
<A2(M2, 8) > = §G E : 1—!2/5 cos £6 512n 51 sind (12)
= 1

will be small unless (1) £ <<t for some £, and (2) £ ~£max~7r/sir19 for the
same £ (so that sin4-§-£ sin@ should not be <<1). This will only occur if £ <<t

for every £ < ¢ .
—="max

The statistical factor n({) + 1 then becomes =t/{ over the whole range of

£ in the summation, and we have the result

w

2 N
<A2(M2,6)> _ 8t § : cos {0 sin” 50sinf
G [
=1
= th(d) (13)



Compare Eqs. (13), (6) and (8), we find that to produce the strain equiva-

lent to that attained with a given value of Q2, one must have

s

t ::,QZ/G

or

J3 JG

(14)

We have estimated that Qz > 40 GeVz may be necessary to break the string.
Via Eq. ( 14), the excitation of a fireball with a mass > 80 GreV/c2 is required
to produce the same strain. This is out of range of present accelerators. For
instance, to digfractively produce this mass at x = 0.9 in pp— pX, we would

2

need an s = M__ iOM

1x > 64,000 G‘reVz° This requires colliding beams of

130 GeV protons or cosmic rays with E > 30 TeV,
If the spectrum of hadron states excited in ete” collisions is also character-
ized by n(f), then in that process as well the strains would be small at least

until E_ + E_% 100 GeV,

Conclugions

The large level spacing implied by the dual string sets a very small length
scale ( ~(2 G)_l = 0.04 Fz),, Thus high Q2 values are tolerated before dis-
placements in the string exceed 1 F — no new dynamics (beyond the unknown
field theory which underlies the stﬁng Hamiltonian) need be invoked to contain
quarks until Q2 = 25 GeV. Around Q2 = 60 GreV2 (with w = 3), the strains
become larger than tﬁe internuclear distances in a complex nucleus, and the
string trapping mechanism may fail to gather partons back into the nucleon if
the experiment is done with a complex nucleus ‘carget.,l4 Whether at this point

light quarks are observed, heavy quarks are produced and scaling is destroyed,
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or nothing happens (indicating that partons are truly a mathematical fiction

underlying the light-cone algebra) remains to be seen in the new generation of

lepton-hadron experiments.
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