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Figure 3: Preliminary measurement of the proton structure function Fy{(z,Q?) as function of
z in different bins of Q2. The inner error bar is the statistical error. The full error represents
the statistical and systematic errors added in quadrature not taking into account the 1.5%
systematic error on the luminosity measurement (4.5% for Q* < 6.5 GeV?). Open circles
and triangles represent NMC and BCDMS measurements, respectively. A smooth transition
becomes apparent from the NMC and BCDMS data (open circles and triangles, respectively)

tc the H1 data. The curves represent a QCD fit to all data, see text.
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n
arge distances the scattered quarks can maintain their colour
hey remain colour non-singlets and confined, by polarizing the

LEICY o1 ts and ¢ y ) pPLiadliilll viiC

vacuum. I cal ulate the probability for the creation of quark—antiquark pairs
from the polarized QCD vacuum and their contribution to the structure function.

1. Introduction

The new experiments at HERA ? extend the kinematic regions of deep inelastic
scattering to much higher values of Q% < 1000 GeV? and smaller values of the BJorken
cattering variahle =~ > 1n —4 (‘nnnr

a
OLQUUTLillE variadie <

long distances on the hght cone®”

Thus the struck quark moves with relativistic velocity to distances much larger
than the radius of the proton, while at the same time remains confined. The fact
that it remains confined means that it is still connected to the rest of the proton.

Far evamnle the ctruck anark can he one mem
1L UL CAQLIIPIT, vl Suiulh Yudwn Loir oo Ve <

al
a1 Q.

al 4 — 7 nair Ac the
Uar § g pail. 4S5 il

struck quark begins to move it transfers energy to virtual quark-antiquark pairs in
the vacuum, thus polarizing the vacuum. When the deposited energy is large enough,
the quark and antiquark separate and form hadrons.

In this a,rtlcle I describe the space-time structure of the process and assume that

a ig farmead hatwoeon tho geatt Aarl and tha roct Af tha
(PRI RNV SN LAWY § ULUV AL WS UAJ.'u oLauvu Liu.(lull\ Al U1lT LUOUV VUl viulCo

proton. Quarks in the negative energy sea of the tube gain energy from the fields in
the tube and tunnel into positive energy states leaving quark holes in the Dirac sea.
The transition into positive energy states signals the breaking of the tube into two
disjoint parts, which we identify with hadrons.

2. Space—time structure

Deep inelastic scattering investigates the tensor

Wola 1,2 = 5 [ dye™(pllIw), OV 1)




We select the momentum of the current along the 3-axis, i.e., ¢, = (g0, 0, 0, g3
The phase of the Fourier transform becomes stationary when

and yy =yo+ys~ =

do ds an — q3

A v v

Y- =Y —ys~ =

For the time-like distances of y these equations imply

1
Y —y+y-—y1—y2<y+y-~;- ‘ (3)
The large values of Q? investigated at HERA require that y? is very close to the licht—
els

cone. The dominant contribution of the commutator near the light-cone
glven Dy

|3(y)v°q(0)|p) . (4)

Keeping this contribution alone and following standard techniques, it can be shown
that the scaling of the structure function follows. The data, however, show that

scaling violations are large which means that QCD correctlons are 1mportant The

new data also show that at fixed @? the structure function Fy(z,Q?) increases by
a factor of two as z decreases, indicating the creation of additional quanta. One

method is to generate the structure function perturbatively starting with a boundary
2

s P o, [ A iy a
Wis(a- P €)= spwap [ d'y e 5o

condition at Oz = U A popular hmmdm‘v condition® is to nnq‘rn]ai-p a valence-like

OIICLLL vidal Doulidal COLIC VSLRAGLE & VRICLLOTLINC

gluon distribution at g = 0(A) and calculate its development perturbatively. This
approach reproduces the data.

When we look at the distance occurring in the commutator of eq. (1), however,

we find that 1 1

va = ii o—a " T - e 5)
The distance L(z) depends on the scaling variable and for small z becomes very
large in comparison to the radius of the proton. Considering eq. (1) as the correlator
of two currents on a proton, we are forced to accept that the distance between the

currents is many times the radius of the proton. Viewing the process in the electron—

nratan contar_af aaa ayvata 4 rmenna that +tha atrirele anls V54 | [

proion cenver—OI—Iiass SySt€ill 1t IMeEalns tilat i€ SIirucCK quarx is still connected to
the remaining proton through a long tube of chromoelectric flux. The process is
shown schematically in figure 1. The virtual ¢ — ¢ pairs in the tube experience the
chromoelectric field from which they gain energy and tunnel to positive energy states.
This is a different picture than perturbative QCD which I shall try to develop. .

3. Pair creation

In addition to the perturbative effects, hadrons can be produced non—perturbatively
. by the gluonic field. This means that in the process we must treat QED perturba-




tively (single photon exchange) and QCD non-perturbatively. The ;
problem is given by

VAJd /v

S =Tezp !—ze /A,,(uh"(u)d“u—w /G"‘(u "’"‘(y)d‘*y} (6)

with A,(y) and G2(y) the electromagnetic and gluonic ﬁelds coupled to the corre-
sponding currents j*(y) = d(y)v*q(y) and j"*(y) = §(y)2= %7”q(z), respectively. The
capital T indicates the time-ordered product. When we treat QED perturbatively, but

(\("ﬂ f’n a” nrdars 1t can ho nranfad that far tha timoe_ardarad nraditct +ha FATl A im
9 1t can oe PLUVICW biid 1V vt it urucicu piroudu uviic 1ULLUVV1 15

expansion holds
_X/| Slp) = _X |T ,e [A..('u\’i“(w\d‘ln exn<{ —1q [(;a(7\,;u,a(7\,]471 |} {7\
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We have written the matrix element of the action between a proton and a final
hadronic state X', but the expansion also holds at the operator level. When we expand
the QCD action in powers of g and contract the fields we obtain the perturbative
QCD corrections which are frequently used in analyses of deep inelastic scattering ©
A second contribution is obtained when we keep the QCD action intact and calculate
the creation of quark—antiquark pairs. This is a non—perturbative phenomenon, which
cannot be produced by a finite number of interactions of the quarks in j**(y) with
the gluonic field. The problem in the case of QED was solved by Schwinger 7® and
we shall develop the mechanism for the creation of pairs in QCD.

For our case the scattering in the c-m system is shown in figure 1. Since the
distance between the initial antiquark, g, and the quark, g, is very large we will ap-
proximate the volume between them by a tube of chromoelectric flux.

Fig. 1. The scattering of an electron on a proton with the development of the gluonic tube.
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We denote

(2, Q") = (2, Q%) + ¢{(, Q}) p(z, Q*) (8)
where qpe"(:c, @?) is the distribution function obtained from perturbative QCD and
p(z, @?) is the probability of creating pairs from the vacuum. The second quark dis-
tribution, ¢f(z, @?), is generated by the electroweak current without the QCD correc-
tions. We shall see, later on, that for large and intermediate values of z, p(z, Q%) ~ 0

. 2
limzop(z, Q%) — 1. 9)
Thus the new effect manifests itself at small values of z
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the tube and a chromomagnetic field ¢B perpendicular to the tube. It is an Abelian
field. The probability, per unit time and per unit volume that a pair is created by
the fields is given by !°

which in the limit n|2| < 1 reduces to the Schwinger solution "
w(y,m?) = a7 V‘ a (12)

n—.l

Modifications introduced by non-Abelian fields are discussed in ref. 10. The non-
perturbative nature of these solutions is manifested in the exponential function, which
has an essential singula,rity at &' — 0. As we show below, these terms contribute to
the function IJ\.L, q } and brmgs i new uependence on the variables Q2 and Z, which
originates from the length L(z) and the variation of the gluonic fields with @? and z.

The same problem was also solved for a finite size capacitor in order to study the
finite size effects. In this case the authors solved !! the one particle Dirac equation
and obtained a solution which over most of the volume of the capacitor coincides with
the Schwinger solution; deviations occur close to the plates.

We finally give a quantum mechanical interpretation of the result which demon-
strates its generality. We consider a uniform electric field along the tube. The poten-
tial for the problem is shown in figure 2.




V()

J 0, y <0
V(iy) =< —9Ey, 0O0<y<lL
1 —-gEL, L<uy

Consider a particle-hole pair with negative energy —|e|. The probability for tun-
neling is given by

S|
—
.
=)
-

= o WEME (13)

with yo = %Ig_l. We consider the emergence of a free quark as the creation of a pair.

4. Non-perturbative pair creation

In this section I attempt to develop a simple model for the creation of pairs in the
T naidar o i, :

P e v tiiha and ant: b me wlh e
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in figure 3. The probability of producing a pair in the time interval T at
element A?dy; and no pairs elsewhere is

he volume

o+

oo

dPy = NTow(y) dy; [] (1 = N Tw(yx) dyx) - (14)

K=1
e tube by

a pair by T'. These are two new parameters to be specified later on. The probability

T



Fig. 3. A schematic drawing of the tube, where pairs are created bv the eluonic field
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We can generalize this result for n-pairs in the tube
n
;NN 1 [-2..-. =) N3 =227 L) g PN
Pule @) = g VT ||ty TR0, (16)
n! 0
Finally, the sum over all possible pairs gives
o0
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The functional form in eq. (16) is a Poisson distribution which follows from the
property that the creation of pairs in each cell is independent of what happens in the
other cells. One consequence is the multiplicity

which also determines the quark distribution function

q:()t _ quert(x, Qz) N qi(x7 Qg) ) !:(1 _ en(z‘,Q2))] . (19)

The last equation suggests a method for analysing the data. We can start with the
distribution function at relatively low @3, then develop it through the Altarelli-Parisi




equations to obtain ¢P*(z,Q?). To this we finally add the second term with p(z, Q%)
calculated as described above and ¢;(z,@3) is the quark distribution function at a

e e ~£ M2
lllU.bJ.l J.UWCI VdIUC Ol .

5. Numerical estimates

In the previous publica’cion 12 T considered the gluoelectric field in the tube be-
ing independent of the Q? and z and determined its value from the string tension
determined in particle production 3. The field created in the tube depends on the
circumstances under which the tube was created. In the c-m system the energy

transferred to the struck quark is

1 ~ . .
Bt = —= VT | —= — /¥ ) + 54 /&%= 20
VI TV ey 20
with the inelasticity § = & and z = -2% (Note that this § is different from the
y used in the previous part of this paper). The string tension is calculated as the
energy per unit length

(21)

with L(z) defined in eq. (5).

Finally we obtain the product of coupling constant times of the chromoelectric
field as gE = 4k from

(i) the string tension k = %E2A, and
(ii) Gauss’ Law : EA = L

with A = A? the cross—section of the tube. We see that in general the field has a
complicated dependence on Q?, = and 7.

To sum up, the increase observed in Fg(:v @?) may originate from the creation of
pairs from the vacuum. Consequently the increase of Fj**(z, Qo) from perturbative
QCD can be relatively smaller. As a result a new analysis of the data is suggested in
terms of two components: an increase from perturbative QCD and a faster increase
from the creation of pairs. The limiting value of Fy"™P*"*(z) at z = 0 is in the

present theory finite. Summing the contributions from all the quarks we obtain
Fi*(z, Q%) = Ff™(2,Q%) + Fy(e, Q)(1 — &) (22

with FP""(z, Q?) the perturbative development of the structure function and Fy(z, Q2)
the structure function at a lower value of Q% ~ Q2 where perturbative corrections are
not yet dominant.
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