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Partons and Deep Inelastic Processes at High Energies

Deep inelastic electron scattering is a process that is theoretically
attractive. The electron is a Lnown and weak probe. Moreover, if we
choose the kinematics in the appropriate way, we can make direct use
of the impulse approximation. In studying those other composite
systems—the atom and the nucleus—the natural starting poing is to
analyze the bound state in terms of its constituents, viz electrons and
nucleons, respectively. Then, if we consider a scattering process in
which we specify the kinematics, so that these constituents can be
treated as instantancously free during the sudden pulse earrving a large
encrgy transfer from the projectile, we can neclect the effects of their
binding during the interaction and we can treut the kinematies of the
collision as between two free particles—the constituent and the pro-
jectile. With these conditions the impulse approximation applies—and
we learn from a nuclear target, for example, the momentum distribution
of its nucleons and hence one important key to the structure of its
ground state. ;

Turning to a nuelcon, whose constituents or, as named by Fevnman,
“partons” have not vet been deciphered, whatever and however
numerous they may be, it is in the Bjorken limiting region of deep
inelastic scattering with large momentum transfer that we satisfy this
condition for applying the impulse approximation. In contrast to the
nucleus the “partons” are very strongly bound together by an energy
at least comparable to and probably greater than their rest energies as
viewed in the proton’s rest frame. However. as suggested by Feynman,
we may help our intuition and view them as long lived, ulmost real
states, if we take advantage of the time dilation by viewing the proton
from an infinite momentwn frame. Then, if this bound state deseribing
a proton in the rest system can be formed by momentum components
that are limited in magnitude below some fixed maximum—i.e. if there
exists a finite by ,.~—then, as viewed in an infinite momentum frame
P - «, the partons will each share a finite fraction 0 <z, < 1 of P
and move closely parallel to it as illustrated in IFig. 1. The lifetime of
these parton stules is chaucterized by '
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F10. 1. Proton viewed in the rest frame.and in an infinite momentum frame in
: terms of partons.
i
‘i 1
Tiife ™~ 21—1’? ~_P/M§,-(, (1)
. .
; where for finite kmax and for a finite fraction 2 not too close to its
end-point values of zero or unity, My, is measured typically in GeV !

units. Equation (1) exhibits the time-dilation effect.

In the deep inelastic-scattering region 7y, is long compared with
the duration of the pulse, 714, from the inclastically scattered electron. :
In the electron-proton collision center-of-mass system and in the high-
energy limit, so that in this system P = }./s = o, 7y is given by

4P
Tint ~ 37 "2 - (2)

2My — Q2

where @% > 0 is the negativé of the invariant squared mass transferred
to the proton and v = (1/M)P - q is the frequency transferred in the
proton rest system, as illustrated in Fig. 2. We see then that

-

Tint < Tiite s (3)
2My - @2 > M. 4)

provided

i Equation (4) is the condition for applying the impulse approximation.
i The current interaction is sudden relative to the lifetime of the partons,
which are essentially free, and the energy introduced across the current
vertex in Fig. 2 is large enough so that energy conservation for the
overall process can be approximated by energy conservation across the
vertex, .

In order to satisfy condition (4) for applying the impulse approxi-
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Fiq. 2. Inelastic electron—proton scattering viewed in the P —> oo frame.

mation we require not only high energy (v i> 3) and inclasticity
(23 - @* > J?), but also we must fix the fraction z of longitudinal
momentum on the parton which seatters the electron, so that it
approaches neither extremity a2 ~ 1 or x ~ 0. Otherwise, as indicated
in Fig. 3, M2y ~ M%x(1 — ) and violates condition (4) for the impulse
approximation. We are also assuming that there are no huge masses
coupling to the physical proton state.

(l - :I’)P -+ k;- IS

-

. r.M ) L S

AE = JFPT T hE 5+ M+ S = 2Pt 4 k2 4 gt ~ VPR ¥ AL

1 (k.2 4+ M1 - )2 + pi
NP 2x(l ~ x)

~P if x2>1 or z<0

=PM§fr if oI<ze<l

FI1cukr 3.

~ As first discussed by Feynman, the fraction x of longitudinal momen-
tum on the parton in the P — o frame, from which the electron scatters
is given by

z = @Q¥2Mv. ‘ (8)
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Thus, the condition for applying the impulse approximation is satisfied
if we work in the Bjorken region of finite x and at high inelasticities
v > M. Equation (3) is just the condition for elastic scattering from
the bare parton in a P ~ w frame.

To show this we refer to Fig. 2 and observe that the kinematics of the

collision as viewed in the center-of-mass system, _ .

p=(P,00, -P), m, ~ 0,

Mz

P =(p+§.ﬁ,o,o,1’),
and the relations (p - q)2 = 0, (P +q)? = 2Mv — @2, lead to the
momentum components

. 2My - 0 __, 2Mv + @
gt (““;‘p‘“ i~ Jﬂuf *--47,—-——) . (6)

We have thus satisfied the condition for applying an impulse approxi-
mation and determining the longitudinal momentum distribution of a
parton which, in terms of the structure functions of e-p inelastic
scattering as usually defined, is given by

1 1 '
G(z) = -DWole = - Fofx). M

The scaling behavior observed for the structure functions is experi-
mental support for this simple deseription. .

As we have emphasized, the ratio » must be definite for this simple
result, Otherwise we will be forced to deal with very slow partons in the
P - o system, or, as scen in the rest system of the proton, with the
high-momentum extremities of the bound-state structure, and for these
the impulse approximation breaks down. The beauty of the electron
scattering is that it allows us to tune the mass of the virtual photon line
as we choose—either space-like for the scattering or time-like for the
deep inelastic annihilation process

e+d - H oo

and in this way probe the structure by an impulse treatment and with
the aid of concrete models purporting to represent gross features of the

‘proton’s structure.

However, when we return to the world of only real external hadrons,

- we have no large mass since Q% — M2 while 2Mv — s, the total collision
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energy, and thus the fraction of momentum on a parton becomes very
small—or “wee”’. Our condition for applying the impulse approximation
also fails and the value of the parton concept is less certain. Neverthe-
less, as suggested by Feynman, we may hope for clues to the behavior
here by studying F,(z) in (7) as z decreases to very small values, and
thus be led to insights into what is going on here in the ‘“‘wee” region.
To see how these purely hadronic processes can be described in parton
language, let us view a p-p collision from the center-of-mass system
in which there will be an assemblage of right-moving partons colliding
with left-moving ones. How do they interact ? In field theory the inter-
actions are due to the exchange of “‘partons”. or the constituents
forming the physical state; for QED these are the bare photons and
clectrons. Without specifying what the partons are for hadrons, in order
for there to exist an interaction between A and B in Fig. 4 there must
be some “‘confused” partons that do not know right from left. These
are the “wee” ones with @ ~ (1 QeV)/IV, for which relations (1) and

A
o e
= |
S . .
\4 ‘ wee fraction
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Fia. 4. Hadron-hadron interaction in the center-of-mass system at high energy
via ‘‘wee’’ parton exchange. '

(2) are replaced by mite ~ Px/M? ~ 1/GeV ~ ri5. A normal parton in
A with finite fraction x to the right cannot be inserted into the left-
running state B without paying the penalty of a factor 1/s, as computed
directly from the energy denominators. This is the price to introduce a
relative momentum of magnitude 2P into the wave function of a ground
state built predominantly from finite momentum components, which
we take to be a working hypothesis (sce Fig. 3). We must therefore turn
to these “wee” partons with 2 ~ (1 GeV)/I as being responsible for the
hadronic cross sections. In order to account for constant total cross
sections (to within logarithmic factors) at very high energies, Feynman
has suggested a dafx or bremsstrahlung spectrum for slow partons with
z much less than one. In this case we see, by squaring the amplitade to
emit and absorb ‘“wee’ partons between two colliding hadrons, that
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b
which for « =='1 is a constant up to logs.

Whether or not the parton idea proves to be successful, both quanti-
tatively and conceptually for high-energy hadronic processes, it should
not be forgotten that we are here dealing with “wee’ partons as in (8).
In contrast, it is the hard partons that satisfy the criteria for the impulse
approximation that are important in the application to deep inelastic
electron scattering in the Bjorken limit. The parton ideas may mect
with different successes or failures in these separate regions,

If we want to find other processes which satisfy the same kinematical
constraints as in (4) and (3) and allow application of the impulse picture
of partons in an infinite momentum frame, we need look for interactions
at high encrgies s which absorb'or produce a lepton system of high mass
Q? such that the ratio (/s is finite. We confine our attention here to
massive lepton systems which can be treated safely by perturbation
theory in the electromagnetic or weak couplings. although by further
extending the assumptions for the theoretical framework, massive
hadron systems could be included in the same kinematical framework
just as well. Two examples meeting these constraints are the deep
inelastic neutrino processes and electron-positron annihilation cross
sections: '

v+ p e oo and e 4+ ¢ — hadron + -+-.

In particular, the hard-parton region and scaling hehavior will also
stand critical challenge from electron clashing rings now under con-
struction through the study of

e+i > H £ 9)

in the deep ineclastic region. This reaction is related by ecrossing to the
deep inelastic-scattering region and predictions of the magnitude of its
cross scction, as well as of its scaling behavior and of its ratios for
different hadrons according to the unitary-symmetry scheme, have
been derived for experimental test. One general result.is that the cross
section has a dependence on the colliding-ring energy that is the same
as for point particles for fixed momentum fraction z, i.e.

do _ dma?

Ft —:gjéa‘f(x). (10)

where @2 is the square of the total colliding-ring energy and f(z) is a
dimensionless function of the scale variable z = @%/2Mv > 1 for
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colliding rings, where v denotes the total energy of all the hadrons as
measured in the rest system of the one detected in (9). This is the
colliding-ring analogue of v in (2) for scattering. Values for f(2) near
= 1% have been inferred from scattering data near & = 1~ and the
magnitude of (10) is characteristically 4 orders of magnitude larger
than predicted two-body “elastic” events. such as e — pp, at total
colliding-ring encrgies of 6 BeV as presently in construction and/or
planmn«
" Finally, there is another measurable cross section that meets the
conditions for applying an impulse analysis, and that is

p+p :

PP ()£ or = (w) 4 o
7T+ P

y+p

.w}iexe dots denote all other hadron channels open so that this is an
“inclusive” process and Q% the mass of the lepton pmr is large so that
@%/s is finite. We will discuss this class of processes in a later Comment.
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