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The nature of the impulse approximation in local field theory is clarified by dividing the interaction
Hamiltonian into two parts ¥ and W, where V contains only those interactions causing large energy
transfers. Partons are introduced as eigenstates of JCy 4+ V¥, where 3¢, is the free Hamiltonian. Their time
development is governed by the soft operator W, thus making it possible to use the impulse approximation in
deep-inelastic processes. Application is made to deep-inelastic electron scattering and to the Drell-Yan
process. The variation of parton density functions with Q2 is expressed in terms of a set of
integrodifferential equations, which reduce to the known results when restricted to the longitudinal
distributions. Explicit solutions of the scaling-violation equations are obtained in some simple cases.

I. INTRODUCTION

The parton model! has been a very useful guide
in analyzing deep-inelastic experiments involving
a large momentum transfer @. In this model
the structure functions of the deep-inelastic lepton
scattering processes are identified with the lon-
gitudinal-momentum distributions of partons in-
side the hadronic targets. The partons are assumed
to be free at large @, giving Bjorken scaling, in
rough agreement with experiment. In local field
theories, however, the partons cannot be free
and there is no reason to expect Bjorken scaling
to occur. This dilemma was solved by the dis-
covery of asymptotic freedom in non-Abelian
gauge theories,? in which the scaling is violated
only logarithmically. Furthermore, explicit
calculations® based on quantum chromodynamics
(QCD) give results which agree well with recent
experimental data.

However, the reconciliation of the simple parton
model with field theory does not seem to be com-
pletely satisfactory. First, the usual analysis*

'of scaling violations involves sophisticated
mathematical techniques such as the operator-
product expansion and the renormalization-group
equations, whose physical meaning is not as
transparent as the intuitive parton model. Second,
the method has been successful only for the cal-
culation of the longitudinal-momentum distributions
of partons, but not successful for the transverse-
momentum distributions. Finally, the usual treat-
ment cannot be generalized in a straightforward
manner to other deep-inelastic processes such

as the Drell-Yan process.® This is because the
Drell-Yan process is not light-cone-dominated®

so the operator-product expansion does not -
apply.” In contrast, all deep-inelastic processes
are more or less on the same footing in the frame-
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work of the parton model.

The purpose of this paper is to provide a more
satisfactory field-theoretic foundation of the par-
ton model in the context of QCD.® The starting
point of the present approach is to recall that the
concept of the parton is useful and natural only
in connection with the impulse approximation.®
Now the validity of the impulse approximation
depends essentially on our choice of the basis
states which are thought to interact with the ex-
ternal hard currents. Thus the impulse approxi-
mation may be applicable for scattering of a fast
electron off a nucleus, but it will not in general
work if one chooses the nucleons themselves as
the basis states. In atomic physics the choices of
the basis states is obvious because the length
scales change discontinuously. In field theories,
however, the change in the length scales is con-
tinuous and the identification of the basis states
is not so straightforward. To identify the correct
basis states in field theory, it is necessary to for-
mulate quantum-mechanically the classical notion
that a system remains essentially the same during
a short time interval Af. In quantum mechanics,
the time evolution of a system is described by the
U matrix. Therefore, it is natural to define the
basis states to be such states in which U(¢+ At, )
can be approximated by 1 for a small time in-
terval Af. In this paper, this will be achieved by
defining the basis states (i.e., the partons) to be
dressed quanta whose internal energy transfers
are restricted to be larger than some given value
which depends on Q. With this definition of the
parton states, it is then possible to give a physical
derivation of the parton-model expressions of

- cross sections for deep-inelastic lepton scattering

and the Drell-Yan process. The scaling violations
arise in the present approach simply because the
parton states change as @ varies.
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The physical basis of the scaling violation was
originally treated on an intuitive level by Kogut
and Susskind.!?»!' They argued that the partons

" probed in a deep-inelastic process with momentum
transfer @ are the dressed quanta whose internal
transverse momenta are larger than Q. However,
in their approach it is difficult to formulate the
transverse-momentum cutoff in a precise way.
The cutoff in the energy transfer employed here
is precise and its relation to the impulse approxi-
mation is straightforward.

The paper is organized as follows:

In Sec. II a precise definition of the parton
states is given by dividing the interaction Hamil-
tonian into two parts, one containing the large
energy transfers while the other contains the rest
of the interactions. The matrix element between
the parton states so defined is governed by an
effective coupling constant. This is to be expected
in view of the usual renormalization-group analysis
in the Green’s-function theory. Section III dis-
cusses some properties of the parton states which
play an important role later on. In particular,
it is shown that hadrons have finite wave functions
if expressed in terms of the parton states defined
in Sec. II. In Sec. IV, the physics of the impulse
approximation is clarified in terms of the present
definition of the parton states. Although the im-
pulse approximation fails in general for a local
field theory, the approximation is justified in the
so-called A picture. In Sec. V, the concepts de-
veloped so far are applied to deep-inelastic elec-
tron scattering and to the Drell-Yan process. For
the former process, one obtains the usual parton-
model result, the only modification being the re-
placement of the naive parton distribution func-
tions by the Q2-dependent distribution functions.
For the latter process, one obtains a formula
identical to the one recently conjectured by
Kogut'! and Hinchliffe and Lleweylin Smith.'? How-
ever, some more assumptions are necessary in
arriving at this result. Section VI is devoted to
the subject of scaling-violation effects. An in-
tegrodifferential equation is derived which de-
scribes the change of a general distribution func-
tion of partons as Q2 varies. If restricted to the
longitudinal distribution, the equation is identical
to the one derived using the method of the operator-
product expansions and the renormalization-group
equations. This formalism is applied in Sec. VII
to discuss the parton transverse-momentum dis-
tributions. Explicit solutions are obtained for the
parton’s transverse-momentum squared averaged
over the longitudinal fraction x. Section VIII con-
tains some concluding remarks. Finally in the
Appendix, the explicit form of the QCD Hamil-
tonian used throughout this paper is derived.

II. DEFINITION OF THE PARTON STATES

In order to discuss wave functions of hadrons
in terms of partons, it is necessary to employ
time-ordered perturbation theory. The rules
of time-ordered perturbation theory are simplest
in the infinite-momentum frame (IMF) because
vacuum effects are absent there. Therefore I
will be working with time-ordered perturbation
theory quantized in the IMF*2 throughout this paper.
Thus the momentum p and the coordinate variable
x have the following IMF decompositions:

Pu = (po,pj_,ps) = ("?,Pn 8) ’

(2.1)
xt=(x0 %, x%) =(7,%,,3),
where
- L g+p), 6= (®-p)
n—ﬁ 2 3 2
(2.2)

1 1

T=——(+2), and 3 =—(t - 2).
N ’ V2

Here E, P,, and p, are the components in the

ordinary reference frame. For the particle on

the mass shell, one has

= 2+M?)/2n, (2.3)
where M is the mass. One also has
px=81+ng ~p, x,. (2.4)

In the IMF, one identifies 7 as the time variable,
Then its conjugate variable is &, which is identified
as the energy variable. Finally, the vector
=(n,p,) will be used to specify the momentum of a
state.

The discussions in this section are applicable
to any theory, but I will work with QCD defined
from the following Lagrangian density:

L= Py - GG, (2.5)
where '
D,=0,-1gTA‘,
L=0,A0 =8 A% +gf " ALAL.

In the above, 3 and A%’s are the field variables
for the quarks and the gluons, respectively, and
f2%’s are the structure constants of the guage
group and T%’s are the group generators in the
fermion representation. Notice that the quark
masses are set to zero in the above Lagrangian.
Although the follwing discussion can be generalized
to incorporate the mass of quarks, it will be
neglected for simplicity. To obtain the Hamil-
tonian it is necessary to impose a gauge condition.
In the IMF, it is convenient to choose the in-
finite-momentum (IM) gauge'® defined as follows:

(2.6)
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A’(x)=0. (2.7)

In this gauge, no ghosts appear and the indepen-
dent variables are the transverse components

Af of the gluon fields and the two component Pauli
spinor x of the quarks. The derivation of the
Hamiltonian 3C is well known'? and the result is
given in the Appendix. For the present purpose,
it is sufficient to write the Hamiltonian 3 in terms
of the free part 3¢, and the interacting part 3¢, as
follows:

50=3C, +3C; . (2.8)

3, in the above is a sum over virtual processes
such as those shown in Fig. 1. Each of these
processes conserves the total momenta p=(n,p,)
but causes the total energy to change from &, to
8,. It should then be possible to divide 3¢, into

two parts so that the first part V contains only
those interactions involving large energy transfers
while the second part W contains only small energy
transfers. If one defines the parton states as the
eigenstates of the operator 3¢, + V, their time de-
velopment will be governed by the soft interaction
W only.

In lowest order, it is trivial to carry out the de-
sired decomposition of 3C;. In higher order, how-
ever, the operators V and W cannot be expressed
in a closed form because of the occurence of
divergences. One would like to have the wave func-
tions of a hadron in terms of the dressed partons
free of ultraviolet divergences. To meet these
requirements, the operator V (or W) and the cor-
responding parton states will be defined in the
following steps: First let there be operators V,

(a)

(¢)

FIG. 1. Examples of virtual processes contained in
¥;. a, b, and ¢ are the group indices and ¢, j, and &
are the polarization indices of gluons.
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and W, so that
W,=Vy+W,, (2.9)

where A is an arbitrary parameter. Next in-
troduce the parton Hamiltonian j¢, as follows:

Hp =8+ Vy .« (2.10)

Let |n,A) be the eigenstates of 3¢, with energy
§,.'* The operator W, will now be specified in
terms of its matrix elements (2, A|W, |m,A) as

follows:

. ia
G, M| Wy |m, Ay =(n, A |3c;|m, A), for |8,-8,] sﬁ
0o

A2
=0, for |§,~ &, > (2.11)
7, in the above is the 7 of the parent hadron whose
partons are under study.

The definition of the operators W, and V, in-
troduced ahove is not a simple one because they
are defined in terms of the states |#,A), which
in turn are defined in terms of W,. Therefore
V, and W, can only be determined perturbatively.
Nevertheless, it is clear from the above definition
that W, is the operator which contains only small
energy transfers. Since V, =3, -W,, it follows
that V, contains only large energy transfers. Since
every particle appearing in the intermediate states
is on the mass shell in time-ordered perturba-
tion theory, it follows from the mass shell con-
dition Eq. (2.3) that large energy transfers cor-
respond roughly to large transverse momenta if
the longitudinal variable 7 is not too small. It
is in this sense that the present definition of the
parton states is qualitatively the same as the
one introduced by Kogut and Susskind!® in their
intuitive analysis of the scaling-violation effects.

Explicit construction of operators V, and W,,
and the parton states |n,A) is equivalent to
carrying out a renormalization-group analysis in
the Hamiltonian approach. An exact analysis of
the Hamiltonain renormalization group involves
complicated calculations and has not been carried
out yet. However, the analysis becomes simpler
if one truncates the momentum space to the fol-
lowing set of the well-separated intervals:

'é'gnAoz <pls £&'0?, n=0,1,2,...,
-1— <I < 1,

X0 Mo

where A, is a dimensionful parameter. The
dimensionless numbers £ and x, satisfy the
following inequalities:

(2.12)

E>»>1and 1 «<x, <&, (2.13)

The second inequality in (2.13) was introduced so
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that the energy variable E=p,%/2n also lies on a
set of the well-separated intervals. Notice that
the variations in the longitudinal variables 71/7,
are negligible compared to the variations in the
transverse variable p, in the truncated momentum
space defined by (12).

Wilson!® was the first who carried out the Hamil-
tonian renormalization-group analysis in the
truncated momentum space. He considered a fixed-
source Hamiltonian. He used momentum cutoffs
and his analysis could not be generalized straight-
forwardly to the case of a general field-theoretic
Hamiltonian. The use of the cutoffs in the energy
transfer, however, makes it possible to discuss
the Hamiltonian renormalization group for a
general field theory. In the particular case of
the fixed-source Hamiltonian, the two cutoffs
become equivalent.

A detailed discussion of the Hamiltonian re -
normalization group in the truncated momentum
space defined by (12) will be published in a forth-
coming paper. Here I will simply state one of the
results useful for the purpose of this paper. To
do this, consider the following sequence of A :

Mgy Ay=EAg, ... A=EA, ..., (2.14)

where £ is the same number that appears in (2.12).
Then for an adjacent pair of A,=A and A, =A’,
k>1,

<n,A'l(WA,— A)‘M,A>
\2
= <nlgcllm>g‘g(1\2)’ _é—n— < ‘gn_é,ml $A'2/27’]0,
o

=0, otherwise. (2.15)

In the above, |n)’s are the bare states, i.e., the
eigenstates of the free Hamiltonian 3C,, and g
—g(A?) implies that the bare coupling constant g
should be replaced by the effective coupling con-
stant g(A?). The restriction of the energy transfer
appearing in Eq. (2.15) follows from Eq. (2.11).

In the present case, g(A?) is given by

1
g(n?) =g / (1 + ngfln(z\ﬁ//\f)) , (2.16)
where!”
b=WCg-2T,. (2.17)

g, in Eq. (2.16) is the coupling constant at A=A;

g,=8(A%). Throughout this paper, b will be taken
to be positive so that the theory is asymptotically
free.

A crude argument can be given which renders
the statement made in Eq. (2.15) plausible. Con-
sider a parton state |n,A). As A approaches in-
finity, |n,A) should approach the bare state |n).
This is because the operator W, must approach

the entire interaction J¢; so that V=3, - W, ap-
proaches zero in some sense. Consider Eq. (2.15)
in the limit A —, keeping A’>>A. Then it is
reasonable that the matrix element will be governed
by the bare coupling constant g in this limit. The
behavior specified by Eq. (2.15) is reasonable

since the effective coupling g(A?) approaches the
bare coupling constant g as A —co,

How will Eq. (2.15) be modified in a nontruncated
theory? The answer to this question is only
possible after one has carried out the renormali-
zation-group analysis in the full momentum space.
However, one may guess the following for A’?
~ A%< A% and A2 —co;

, A | Wy = W,) | m,A)
AZ

Alz
=<nlscllm>g~g(1—x‘2) ’ 2—7)0' s |g" - é’ml <"2'ﬁ;

=0, otherwise, (2.18)

where A? is a quantity of order A%, To determine
A%, note that A® enters into W, only in the com-
bination A%/27,. Therefore, the most general
structure that A% can have is

2

A= 11\7—0 N +
Here 7 is the 0 component of the total momentum
of state n. §, , is a dimensionless quantity de-
pending on momenta and quantum number of the
states #» and m. It must be invariant under longi-
tudinal boosts as well as Galilean boosts. For
the discussions in this paper, it is only necessary
to consider the three-point coupling shown in
Fig. 5, in which case it is easy to see that gn’m
can only depend on the ratio x/y [in the notation
of Fig. 5], being independent of P, or p’. As-
suming that £, , is independent of the quantum num-
ber of the states » and m, one has

Ep m=E/Y) . (2.20)

However, it should be emphasized that Eq. (2.18)
is only a rough guess. In fact, there will be
O(g?(A?)) corrections to (2.18). Further discus-
sions of these points are beyond the scope of the
present paper.

(2.19)

III. PROPERTIES OF PARTON STATES

There are several important remarks con-
cerning the nature of the parton states defined in
the preceeding section. First, a parton state
‘n,A) depends on the property of the parent hadron
through the appearance of the quantity 7, in Eq.
(2.12). Therefore, to completely specify a parton
state, one should label the state in terms of the
quantity A as well as 7,, i.e., |#,A,n,). This
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dependence on 7, means that the states are not
invariant under longitudinal boosts!® which trans-
form a momentum (,p,) into (An,p,). This is
also clear from the fact that the quantity &,

- &, transforms into (§,-&,)/x under a longi-
tudinal boost. More precisely, there exists no
unitary operator which connects a state l(n, b)),
A,mg) to the state |(An,p,),A,n,). This property
is desirable because one should expect that the
nature of parton states changes under longitudinal
boosts. The Lorentz invariance is not lost, how-
ever, because there exists a unitary operator
which connects the state |(n,p,),A,n,) to |(\n,p,),
A,ang). In the following, the level 7, will be sup-
pressed when no confusion will occur.

It is possible to define parton states which are
invariant under longitudinal boosts. This can be
achieved if one replaces the inequality in Eq. (2.11)
by |8, - &,| < A%/2n, where 7 is the total longi-
tudinal momentum entering the vertex. Then both
sides of this inequality transform the same way
under longitudinal boosts. Recently, Lam and
Yan'® have investigated the transverse-momentum
distribution of partons by generalizing the scaling-
violation equations to incorporate the transverse-

—J

=75 (In,2)+ 5, 1) LA LTA )
=VZ, <[n,A)+ > |m,A)——L—<m’§|W% A
m R~ %m

m 1

Here |n,A) is any state whose quantum numbers
and energy are the same as those of the parent
hadron, and the prime in the summation symbols
implies that states which have the same energy
as the parent hadron are to be excluded from the
sum. The constant Z, is the renormalization con-
stant which can be computed by comparing the
normalization of both sides of Eq. (3.1). Now the
usual ultraviolet divergences arise from the in-
termediate state sums in Eq. (3.1b). However,
the sums cannot give rise to divergences in the
present case because the matrix elements
appearing in Eq. (3.1b) vanish outside the finite
regions of phase space specified by Eq. (2.11).
Notice that as A approaches infinity, the region
of the relevant phase space extends to the whole
space and the terms in Eq. (3.1b) will in general
blow up. This is precisely the usual ultraviolet
divergence appearing in field theories. In the
present approach, things are arranged so that
all the divergences are contained in the definition
of the states |#,A), so that the rest of the dynamics
evolve in a finite way. It is perhaps worthwhile
to emphasize the importance of the finiteness of

momentum distributions. Their analysis essential-
ly amounts to introducing an energy cutoff which

is invariant under longitudinal boosts as discussed
above. However, it will be shown later in this
paper that the impulse approximation cannot be
established if one uses parton states which are
invariant under longitudinal boosts. In contrast,
the parton states introduced in this paper are

quite well suited for the impulse approximation

in deep-inelastic processes.

On the other hand, the parton states defined
above arve invariant under Galilean boosts!® which
transform a momentum (n,p,) into (n,p,+nv,).
This is because the quantity §, - &,, is invariant
under such transformations. Therefore, there
exists a unitary operator which connects a state
|m,p),A,m,) to |(m,p,+nv,),A,mp). This in-
variance of the parton states under Galilean boosts
will play an important role in deriving the Drell-
Yan formula in Sec. V.

The definition in the preceeding section implies
that the wave function of a hadronic state |%) ex-
pressed in terms of the states |m,A)’s is well
defined and free of ultraviolet divergences. This
follows from the formula

(3.1a)

R e e L ALT )

(3.1b)

h m

r

the wave functions in connection with the parton
interpretation of deep-inelastic processes. If the
hadronic wave functions in terms of partons con-
tained divergences, then it would be meaningless
to talk about the probability of finding the partons,
etc. In fact, the elaborate definition of the parton
state |n,A) introduced in the preceeding section
is tailored to satisfy the requirement that the
hadronic wave functions should be finite. [Notice
that the above argument also implies that the
expansion (3.1b) is free of divergences in the n
integration because 1 cannot be zero. |

Finally, it should be remarked that only those
states with energy &, < A%/25, appear in the ex-
pansion of Eq. (3.1). This follows from Eq. (2.12),
and will be relevant in the derivation of the
scaling-violation equations later in this paper.

IV. IMPULSE APPROXIMATION

In this section the states |n,A) introduced in
Sec. II will be used to clarify the impulse approxi-
mation in deep-inelastic processes. For this
purpose, one must first define the meaning of the
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impulse approximation. Qualitatively, the im-
pulse approximation is applicable if nothing much
happens during a short time interval. Quantum
mechanically, the evolution of a physical system
in time is described by the U matrix. This sug-
gests that the impulse approximation should be
identified with the approximation U(7/, 7) ~1 when 7/
- 7is small. Throughout this paper, the impulse
approximation will be understood in this sense.
In this regard, recall that approximating U(7’, 1)
by 1 was one of the most crucial steps in the
original derivation of the parton model from cut-
off field theory by Drell et al.*®

Now the U matrix will be constructed in the
representation introduced in Sec. II. To do this,
consider a Heisenberg operator O, which de-
velops in time as follows:

0 ,(7) =0 g% | , (4.1)

where O,=0,(0) is the corresponding operator

in the Schrddinger picture. Introduce the operator
J

JE KIM 18

O, which may be called the operator in the A
picture as follows:

0, (1) = ™70 g™, (4.2)

Here 3C, is the parton Hamiltonian defined by
Eq. (2.10). The Heisenberg picture and the A pic-
ture are connected by the formula

0,(1)=U}7,0)0,(T)U,(7,0). (4.3)

Here U, is the time evolution matrix in the A
picture, and given by

Up(Ty, 7y) = € %aT1e™ 800112 ) g™ A T

(4.3)
T2
=T exp <—zf W;\(T)dT> .
T
Here T is the 7-ordering symbol and
Wi (1) =e™n™W, e M, (4.5)

Consider now the matrix element of U, between
the states |n,A). It has the expansion

.
(n, AU, (7,0)|m, A)=5, , - f dt,etEn 8 iin, A| W, |m, A)
(]

T T
+(=7)2 Z _[ dr,ei@aérm 1dee“‘:1“9""(n,A | W, |2, M), A | W, |m,A)
1 0 0

+higher orders. (4.6)
Suppose now 7 < 2n,/A% Then since the matrix element of W, is limited by Eq. (2.11), it follows that
[(8,-8,)7| <1. Therefore one has
(n, M| UL (1,0) | m, A)~5, . —iTGr, AWy | my A+ (=i Y, M| W,y |1, M), A| Wy |[m, Ay e (4.7)
1

In view of Eq. (2.15), one has
2
700, & | Wy | m,8) s SR e (AT, (4.8)

where I' is some finite quantity independent of A
as A—w, From Eqgs. (4.7) and (4.8), it is then
clear that U(7,0) can be approximated by 1 if 7

<« 2n,/A? and if g(A?%) does not blow up like A? as
A —o, The latter condition is certainly satisfied
in QCD where g(A?) vanishes logarithmically.
Therefore, if the kinematics of the system are
such that only small 7 is relevant, one can always
make the impulse approximation by suitably
choosing the quantity A.

Notice that the above arguments do not go through
if one introduces parton states which are invariant
under longitudinal boosts as described in the
second paragraph of the preceding section. In
this case, the energy differences appearing in
Eq. (4.6) are restricted as follows:

|&,-8,| <a%/2n. (4.9)

r

The variable n appearing in the above can be made
as small as possible so that the quantity |(§,

- 8,)+ 7| can always be made larger than one,
however small 7 may be.

V. APPLICATION TO DEEP-INELASTIC PROCESSES

In this section, the ideas developed so far will
be applied to deep-inelastic electron scattering and
the Drell-Yan process,® and obtain the parton-mo-
del expressions with scaling-violation effects in-
corporated.

A. Deep-inelastic electron scattering

The kinematics of this process are shown in Fig.
2. The cross section can be computed from the
following well known tensor:

W=v(q, P,) ocf dx e X p|JH (WP 0) By,  (5.1)

where |h> is the physical hadronic state with mo-
mentum P;, and J" is the electromagnetic current
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——

FIG. 2. Deep-inelastic electron scattering.

in the Heisenberg picture. Choose the coordinate
frame so that

q = (01 Ql.a V/no) 3
Piz (7707 0, no) 3

where 7,=M,/V2, v=q+P,, and ¢*=-Q,*=-@% In
this frame, one has

(5.2)

g x=vT/N,~-Q,°x, . (5.3)

In the Bjorken limit v -~ and %~ with @*/2v
= held fixed, the 7 integration in Eq. (5.1) is ap-
preciable only in the range

|7|< no/v=22/Q%. (5.4)

In view of the discussions in the previous sections,
it follows that if one uses the parton states |n, A)
with the restriction

A< Q%x, (5.5)

then the impulse approximation becomes valid.

Can A? be arbitrarily small? To answer this ques-
tion, let us undress the Heisenberg operator J* in-
to the A picture as follows:

J#(x)=U (T, 0§ (x)U4 (7, 0), (5.6)

where J is the current in the A picture, whose
time development is given by

JK(T’xJ.N, a)___eﬂcATJx(O, x].a 3)6-‘3‘“7. (5.7)

From Eq. (5.4) and the discussions in Sec. IV, the
matrix U, (7, 0) appearing in Eq. (5.6) can be ap-
proximated by 1, the correction terms being of or-
der m?/A? where m is some finite, dimensionful
parameter. Eq. (5.1) can then be approximated as
follows:

W o [ e | E I K0 B) +OGm*/A%) . (5.8)

Now, J% approaches the free current as A -,
Hence A should be chosen as large as possible in
order that Eq. (5.8) may be useful. Inview of the
inequality (5.5), the optimum choice of A? for the
electron-scattering (ES) case is

A2=Ag=Q%/x. (5.9)

However, the analysis of the Hamiltonian renor-
malization group has only been carried out in the
truncated momentum space defined by (2.12), in
which the variation of the longitudinal variable x

is negligible. Therefore, to the accuracy that Eq.
(2.15) was obtained, it is consistent to approximate
(5.9) by

Aps®~ Q7. (5.10)

It thus follows that the relevant partons measured
in the deep-inelastic scattering with given @ are
the @ partons.

At this point, the reader must have noticed that
the present derivation parallels closely the deriv-
ation of Drell et al.”® The only difference is that
they have used the interaction picture in a cutoff
field theory, while the present derivation uses the
@ picture in a full theory. The ideas of undressing
the HeiSenberg current and of approximating the
U matrix by 1 originated in their papers. The rest
of the steps are then clear: One sandwiches the
identity

S |n,Q)n, Q=1

n
between the hadronic state |k) and the operator J 4
in Eq. (5.8), and uses the constraint of momentum
conservation. The resulting expression is espec-
ially simple if one considers the quantity W be-
cause the charge density J°(x) is simply given by
Eq. (Al14a). In this way, one finds that vW,(x, Q%)
=F(x, Q%) is the probability of finding a @ parton of
longitudinal fraction x: In equations, this means

Fx,Q%) =2 | (k| ox, P,),n, @

ny, Py

(5.11)

This function changes as @ changes because the
state |n, @) changes, giving rise to the scaling vio-
lations. The effects of scaling violation will be
studied in detail in Sec. VI. Notice that the func-
tion F depends only on the ratio 1/7,=x because

of invariance under longitudinal boosts. Of course,
the parton states change as remarked in Sec. III,
but the existence of the unitary operator which con-
nects the state |(n,P,), A,ny) to | (A1, P,), A, A1)

is sufficient for the boost invariance of F.

B. Drell-Yan process

Now consider the process hadron a + hadron b
- " + u*+anything as shown in Fig. 3(a). In the
parton model,*® this process goes via the annihi-
lation of parton-antiparton pair into massive pho-
tons, as shown in Fig. 3(b). Perturbative calcu-
lations® show that bremsstrahlung gives a correc-
tion of order [ g(Q?)]* to the annihilation term. In
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\ L <
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FIG. 3. Drell-Yan process.

this paper, only the annihilation diagrams as shown
in Fig. 3(b) will be considered. The main purpose
here is to investigate the modification of the naive
parton-model result coming from the scaling-vio-
lation effect.

Fig. 3(a) also specified the coordinate system
adopted in the present derivation. Notice that the
longitudinal direction, the z direction, is chosen
to be perpendicular to the collision axis. This is
necessary if one would like to treat the two incom-
ing hadrons on the same footing. If one chooses the
collision axis to be the z direction, then it is nec-
essary to consider two IMF’s, one associated with
the hadron moving along the +z direction, the other
associated with the hadron moving along the -z
direction. The coordinate system shown in Fig.
3(a) was proposed by Drell and Yan® in their orig-
inal derivation of the cross section in the cutoff
field theory.

The production cross section is proportional to
the quantity

W:fdxe"""‘(P,P’|Ju(x)J“(x)lP,P’), (5.12)

where ]P,P’) is the physical state of two incom-
ing hadrons. In the present coordinate system, the
vectors P, P’, and g have the following IMF compo-
nents:

P-= (710, \/7770, Oy 770) )
P = (770’ —\/7770, 0, no) ’

(5.13a)
(5.13Db)

J

Q%+q,® _ Q%+2m’(x, —%,)° + PP + 2V2 M Py(x, — x,)

27, 21, (%, +x,)

and

q=M,, qu, @ +q.%)/2n,), (5.13c)
where

Mo=3 V572, S=(P+P'). (5.14)
From (5.13c) one obtains

g x=T@Q+q%)/2M +7,* 3 —q,* %, . (5.15)

Now it will be shown that the partons measured
in the the process described by Fig. 3 are the @
partons. For this purpose, let

B,=(n,,Py,) and B,=(n,, P,,) (5.16)

be the momenta of the annihilating partons. One
can write

M=MeXy 0SS 1. (5.17)

It is convenient to express .1;1.1 (-13,_2) in terms of P{,
(P%;), which is the transverse momentum of the
parton 1 (parton 2) in the frame where the momen-
tum of the hadron a (hadron b) is purely longitud-
inal. This can be achieved by performing a Gali-
lean boost'® with the boost parameter V, = (V2 , 0).
The results are as follows:

P, =P}, +V2Z nyx &,
and (5.18)
P-LZ =P12 - ﬁnOxZEx ’

where €, is the unit vector along x direction. From
these, one obtains

"Iq= Wo(x1 +x2)

and

@ =P VT, = 13, (5.19)
where I have defined

P{=P] +P],. (5.20)

The coefficient of 7 in Eq. (5.15) can now be com-
puted. It is

Following exactly analogous steps leading to Eq. (5.9), one sees that the optimum choice for A? in the pres-

ent case is

A= Apy®=

Q%+ 21,2 (%, = %,)? + P% + 2V 2 Ny Phix, — x,)

(x, +x,)

(5.21)

For applications, the P{-dependent terms in (5.21) are cumbersome to deal with. Fortunately, however,
such terms can be neglected without causing a large error. This is because the average transverse mo-
mentum of the A partons inside a purely longitudinal hadron is of the order g(A%?)A < A for an asymptotic-
ally free theory under the consideration. This follows from the discussion in Sec. VILI. In the following,
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Eq. (5.21) will therefore be approximated by
Apy?=[Q2 +2n.2(x, = x,)%]/(x, +x,) .

(5.22)

To the accuracy that Eq. (2.15) was obtained, (5.22) can further be approximated by

Apy® ~Q%=Q%+ 212 (x, - x,F .

(5.23)

From (5.23), one sees that if x, =x,, i.e., =0, the Drell-Yan process at a given Q% measures again the @

partons.

There is one complication to be dealt with in obtaining the cross section. In the case of vW,, it was only
necessary to consider the charge density J° which is simple. In the present case, one is dealing with the

product
I J =203 = d, .

(5.24)

From Eq. (Al14), one sees that the currents J3 and J, involve the covariant derivative D, =9, + igA,. In the
present derivation, the terms involving the gluon fields A,’s will be dropped without a detailed justification.

They could contribute correction terms of order g2(Q?).

With these remarks, it is now straightforward to compute the cross section. One obtains

do
? dqdQ*

-

2 =~ e - -
oy s = s T [ e (BB, T (B, B,
i

1
Q3% o 8(Q% = S,,)w,0%(q = P, — P,)dx,dx,d*P, ,d°P,, .

(5.25)

Here w, and '(i are the energy and momentum components of g, respectively, in the ordinary reference
frame, S,,=(P, +P,)’. 6'® appearing in the above is the & function in the ordinary reference frame, i.e.,

5(3)(61"'P1"P2)=5(q5_Pu -P2')6(qx;Plx—sz)ﬁ(qv_PU_P2v)'

Finally F (P, P,,@?) is the probability of finding a

@ parton of quantum _rlumber ¢ inside the hadron a

whose momentum is P, i.e.,

F(a(.f’) -P.ly Qz)zz |<a7—f,l(n1’Pu.)',n’Q>I2- (5-27)
n

By a simple Galilean boost, this quantity can be

related to the probability F,(x, p,%, @°) of finding a

@ parton of momentum (x7,, P,) in the hadron of

momentum (7, 0) as follows: '

Fo(® B,0%)=F,(x, P28, (5.28)

where P/ is related to P, by Eq. (5.18). Similarly
one has

F-i'b(—f)"Pzi QZ)IF"a(xzyPJ’.zz; Qz) .

Notice that the functions F,, depend only on the
longitudinal fraction x as discussed in the last
paragraph of Sec. VA. Also, the function depends
on P, only through P,? by rotational invariance.

In obtaining Eq. (5.25), I have assumed the ab-
sence of initial-state interactions of the two incom-
ing hadrons a and b. This is plausible since a
“hard” parton inside the hadron a () cannot inter-
act with any partons inside the other hadron b (a).
The reason for this is that such interactions have
to involve large energy transfers, which is not pos-
sible since the partons interact via the soft oper-
ator W,. This argument does not rule out the in-
teractions between the soft partons in the hadrons

(5.29)

(5.26)

r
a and b. At present, however, nothing much is
known about these soft interactions, which are be-
lieved to be responsible for the Regge behavior,
confinement, etc. Here, I have simply assumed
that the soft interactions somehow factorize so
that Eq. (5.25) follows.

Now consider the 6 functions appearing in the in-
tegrand of (5.25). From (5.17), taking into account
the fact that the P{/’s are small, one has

1
5(Q*=S,,)~ 3 5(Q%/S — x,x,) (5.30)
and
2 2q
8(gy =Py —Pyy)~ E 6(:—/—3_—”—— - x, +x2)) . (5.31)
Next, consider the z component. One has
1 ( Pix2+P!2)
P,= ——ﬁ ;- o, . (5.32)
From (5.32), (5.18), it follows
pP,,~-P! and P,,~ P}, . (5.33)
Therefore '
G(qt‘Plt—P21)~6(qx+P;x—P;x)' (5'34)

Putting these results back into Eq. (5.25), one ob-
tains
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do 47o? .
wq?qTQz = _3 ;feizF{a(xpPu.z; Qa)F'b(xzypzj.zy Qz)(l/Qz)é(Qz/s—xlxz)ﬁ(q, ‘*'Pu "'sz)

X 6(qy = P,y = Py, )(20,/V5 )8(2¢x/VS = x, +x,)dx,dx,d*P ,d*P,, . (5.35)

The above formula is somewhat peculiar in that the z direction and the x direction appear mixed in the &
function. This can be cured by the following observation: First notice that P,, and P, appear as integration
variables, so one may call them —-P,, and P,,, respectively. Under this substitution, the quantity

F, (x,,P,* Q%) becomes F ,(x,, P, >+ P * @°), which can be interpreted as the probability of finding a § par-
ton of longitudinal fraction x, and the transverse momentum (P, P, ,) inside the hadron @ moving along the

x direction. The same can be repeated for Fy,(x,, P,?,@%). Finally, one obtains

d 4ra?
oo s = 2 T [ 0 ey P, Bl Pu, )L/QIO@S - 5,58 = Pry - P
i

X (2w,/V2)0(2q,/VS — %, +x,)dx,dx,d*P,,d*P,, . (5.36)
Eq. (5.36) is the same as the one conjectured by Kogut'»*? and also by Hinchliffe and Llewellyn Smith,'? if

one replaces @%=@Q%+ 21,%(x, — x,)? by Q2.

VI. SCALING VIOLATIONS

In this section, the variation of the quantities F;
appearing in the cross sections of the deep-inelas-
tic electron scattering and the Drell-Yan processes
will be discussed. They are defined by

Foi(8,@)=3 (| (B, 0,1, 6.1)
where
P =, P,). (6.2)

As is clear from Eq. (6.1), F, ,(-15, Q?) is the prob-
ability of finding a @ parton of momentum P and
quantum number { inside the hadron with momen-
tum (7,, 0) and the quantum number a. Given
F“('f‘, Q?), let us compute F“(-f’, Q’?) where

Q1P=E"1Q2 Q2=£*Q7 Ek>1. (6.3)

For this purpose, it is necessary to compute the
quantity |<a[-13,n,Q’) |2 for arbitrary n. By sand-
wiching the complete set of states |m,Q), one ob-
tains

F,(®,9%=2

2 (alm, Qm, Q| B,n, @2

(6.4)

Therefore the problem reduces to computing the
matrix element (mQ|P,n,Q’). To do this, consid-
er the following expansion:

IB,n, Q'>={<z,ez:)”2|f’,n, Q

+Z'|1;Q> <Z’QIAA“;lP’n’Q >} ’
1 1

(6.5)

where
AW=Wgq, - Wq and A8,=8,-8,-8,.

The sum over ! in (6.5) excludes the states which
have the same energy with the state |'15, n,Q").
Z%’s in the above are the wave-function-renormal-
ization constants which can be computed from the
normalization condition

(m,Q|n,Q)={m,Q"|n,Q"). (6.8)
From Eq. (6.5), one obtains
(m,Q|B,n,Q")
AW|D ’
= (Zﬁzﬁ)l/z[ém.hn'*‘ <le Ag,’lnp, Z Q ) ]' (6-7)

The matrix element (m,Q|AW|P,n,Q’) can be
computed from Eq. (2.15). To order g(Q2), only
the one-particle processes das shown in Fig. 4 need
to be considered. As discussed in Eq. (2.12), the
matrix element is nonvanishing only in the region

Q*/2m,< | A8, |<Q"?/2m,. (6.8)

From Eq. (6.8) and from the discussions in the
last paragraph of Sec. III, it follows that the dia-
gram shown in Fig. 4(b) does not contribute, since
the state |m,Q) does not have enough energy. For
a given configuration n, the configurations m that
contribute to Fig. 4(a) and the one contributing to
Fig. 4(c) are distinct. For Fig. 4(a), one has

(m,Q|AW|B,n, Q") =(P",Q|AW|P,q,Q")
+0(g2@Q%). (6.9)
And for Fig. 4(c), one has
(m,Q|AW|B,n, Q") =(m’,Q| AW |n) + 0(g(Q?)).
(6.10)
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. ~ o
m m'{ W}n (c)

FIG. 4. Lowest-order diagrams contributing to the
matrix element (m,Q|AW|p,n,Q’). A indicates the
action of AW vertex.

Now substitute the results (6.7), (6.9), and (6.10)
into Eq. (6.4). Considering the incoherence, one
obtains

F(P,Q?) =) 2222 (a|P,n, @)
(P',Q1aWlp,q,Q@") |?
A8

(n, QAW Q") lz
A8

+ 2 Ka| P, @)

+Z I(alpr n, Q)I2

+0(g*@?). (6.11)
Now up to order g2(Q?), one has
75— 1=1-Z3+0(g*@")
'3 ’ 2
=Z: (naQIAAg,In ,Q) +O(g4(Q2)).
(6.12)

By means of Eq. (6.12), it is easy to show that the
last and the first terms to Eq. (6.11) combine to
yield the final result

F(D,Q2)=Z5F (P, Q2

P’ . Qlawip, q,Q") |?
+§ |(aiP',n,Q>|2< 9 A8 2.9

(6.13)

Equation (6.13) is the desired relation describing
the scaling-violation effects. Restoring the quan-
tum-number indices and writing

F(P,Q%=F,,(x,P2 Q%, (6.14)

Eq. (6.13) can be written in the following form:

SCALING VIOLATION IN... 4295

Sy (yx), pi-p,)
\ﬁ——~<——

- (MoXs p*)L// (mo¥» )

e

FIG. 5. A diagram contributing to f;;. The dotted
line can either be a gluon or a quark.

Fui(x,Plz,Q2+AQz):Z%Fai(x’Plz’Qz)
1 dy - -
+f D [ azprazp, f,,(®,P)
S aragy

XF,,(y,P?Q%,
(6.15)

where f“(-ls,-ls’ ) is the probability of a @ parton of
momenta P’ = (m,y,P) going into a @’ parton of mo-
menta P= (myx, P,) via the action of the AW vertex,
as shown in Fig. 5. Notice that, by longitudinal
and Galilean boost invariance, the function

fu(-f), P’) depends only on the combination x/y and

P, where
B,=P, - (x/y)P). (6.16)

It is convenient to rewrite Eq. (6.15) in terms of
the following quantities:

25-1-28 7% 3, (6.17)
where

AQ?=Q"* -Q%, (6.18)
and

- - 2 1 -

f{j(Py P)= (12((132) D2 fu(x/y) . (6.19)
Here

a(@?)= ﬁ-g—)— ) (6.20)

The factorization implied by Eq. (6.19) holds in
lowest order. Eq. (6.15) now becomes

Fi(x)PLZ) Q2+AQ2)'—F{(x,P.|.2) Qz)

2 -~ AQ?2
@) [_Z‘._QQZ_

27
1 g dzp! - [x
S5 enEi )
XF,(y,PLZ,Qz)]. (6.21)

Here and in the following, the hadronic quantum
number a will be suppressed. Let us now work
out the restriction of phase space implied by Eq.
(2.15). For this purpose it is only necessary to
compute the energy difference A§ between the in-

Fx, P.* Q%)
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itial and the final states of the diagram shown in

Fig. 5. It is
aA8- L p2l . (6.22)
21, x (y=-x)
From this and Eq. (2.15), one finds
x 2 2 X 2 2
3 (y —=x)Q*< P, <3 (y-x)@°+4Q%,  (6.23)

where P, is defined by Eq, (6.16). The inequality
(6.23) must be imposed in the second term in the
right-hand side of Eq. (6.21). The restriction of
the phase-space integral on the wave function re-
normalization constant Z4 is already taken into ac-
count by Eq. (6.17). .

It remains to compute the quantities Z, and f,,’s.
In the lowest order, they can be computed from
the knowledge of the bare vertices shown in Fig,
1(a) and Fig. 1(b), the corresponding matrix ele-
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ments being specified by Eqs. (A12) and (A13) in
the Appendix. The calculation is straightforward
and already reported elsewhere,?? and need not be
repeated here. To write down the result, let us
first discuss the indexing of the quantum numbers,
In QCD, there appear color and flavor indices.
Since the color group is an exact symmetry, the
probabilities of finding a given parton and the prob-
ability of finding another parton which differs from
the first one only in its color index must be iden-
tical. This implies that one need only consider the
transition probabilities f which are averaged over
the initial colors and summed over the final colors.
It is not hard to see that these quantities then be-
come independent of the flavor indices. The dis-
tribution functions F, however, still depend on the
flavor indices. Let F,; and F, be the color summed
probability distributions of finding a quark of flavor
¢ and a gluon, respectively. Equation (6.21) can
then be rewritten as follows:

a(Q? =~ AQ?
Foi(x, P\%, Q%+ 8Q7) —Fq,(x,Plz, Q%)= ;—?T')' {— z, ’6Qz_" «%, P2, Q%)
d d?pP |- [x
S L L LB 7u(2) Pt 0
1 - 12 2
+on e F,(y,P; , @[ ¢ (6.242)
and
o 2 ~ A 2
Fl(x’PLZ’ Q2+AQ2)_Ft(x)P129 Qz);: ;?T ) { 4 QQ‘Z (x)PLZ, Qz)
‘dy [d®Pd°Pl
S8 [ (5) 5 o P @
~ X .
+Fee (;,) F(y, P2, Qﬂ} } ,  (6.24p)
where However, the infinities in Z’s are canceled by the
integral terms in Eq. (6.24), which diverge be-
-x)-Q1 2
f,,q(x =CJ2/(1-x)-(1+x)], cause the functions f are singular at x=1. Equa-
@) =F (1=%), (6.25) tions (6.24)—(6.26), together with the inequality
j-‘ SoT[(1-xP+?], ) (6.23), constitute the main results of this section.
Equations of the same general structure were
Fee= C‘,[Z/ (1-x)+2/x-4+2x(1-%)], first proposed by Kogut and Susskind,'® and Kogut.'!
and If one integrates both sides of Eq. (6.24) with re-
. . spect to the transverse variable P,, then one ob-
Z,=C,(A,-%)and Z,=2I,C,-b. (6.26) tains a simpler set of equations which we will call

N appearing in Eq. (6.25) is the number of the
quark fields. The flavor index 7 runs from 1 to
2N to include antiflavors. The quantity I, appear-
ing in Eq. (6.26) is an infinite constant defined by

I =f1dx/(1—x). (6.27)

the longitudinal equations. The longitudinal equa-
tions were first written down by Parisi.?®* He ob-
tained them by taking the inverse Mellin transform
of results obtained from the operator-product ex-
pansion and the renormalization-group equations.
A derivation of the longitudinal eqliations in a
spirit closer to the present paper was given by
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Altarelli and Parisi,?* and also independently by Also, let b be the set (g;,g,), and define
Kim and Schilcher,?

For actual calculation, it is convenient to ex- Fo=F,-F,,. : (8.29)
press Eq.(6.24) in a slightly different form. Define

2N Equation (6.24) can then be reduced to the following
Fy= ’7‘1 Foy- (6.28) set of equations:
—
a d d2P,d*P}

Fylx, P\?, Q%+ AQ%) — Fo(x, P\%, Q%) = ——ég—) { . QZ  Folr, P399+ f yf e f a0®/9)F (9, P2, Q )}

(6.30a)
Fq(xrp.l.zy Q2+AQ2) _Fq(x’ PLZ’ Qz)

- %‘j’:l{_éq%%iz?q(x,az,fgznf dyf d 513 :P,_[ “( )F (y, P, Q )+f“< )F‘(y’mz,Qz)]},
(6.30b)

and
F (x,P,*,Q%*+AQ%) - F(x, sz, Q%

_ a(;;?:) { g Q2 F (%, P2, Q7 /‘ dyf dzif’ :p' [ ﬂ( )F (v, P2, Q> )+f“ ({) F'(y’Piz,QZ)]}.
(6.30c)

VII. SOLUTION OF SCALING-VIOLATION EQUATIONS AND PARTON TRANSVERSE-MOMENTUM DISTRIBUTIONS
A. General introduction

Let us first consider the general form of the equation given by Eq. (6.21). In order to impose the phase-
space cut given by the inequality (6.23), it is convenient to consider the transverse moments F{™ defined

as follows:
F(x,Q9)= [ (PAF(x,P2,@)dP,. (1.1)

Multiplying both sides of Eq. (6.21) by (P,%)" and integrating over P, keeping the inequality (6.23) in mind,
one obtains the following differential equation:

@ 8F{"(x, @) Ol(Q ) [_Zian)(x,Qz)_,_Zn:er;’l_(:_X__m[;‘%l (257)2*'(1 _%)’fij@_)yrf‘;n-r)(y,QZ)]. (7.2)

0Q* 7%

The quantities Z ;,’s diverge as shown in Eq. (6.26). However, it is easy to see from the explicit forms of
the f’s given in Eq. (6.25) that these divergences cancel the divergences arising from the »=0 term in
the integrals appearing in the above equation. Therefore the function F (x,Q?)’s must be finite if they
were finite for some given value of Q% One expects also that the large-x behavior of the F")(x, Q%)
dictates the large-P,? behavior of F,(x, P,%,@%. This point should be investigated further. For any given
n, Eq. (7.2) can be solved numerically. This is presently under investigation.

Equation (7.2) can be simplified further in terms of the following Melhn-transformed quantity:

1
ME@) = [ dxx*F(x, Q). | (1.3)
One obtains
Qz Q(Q ) [_Z,Mn)(QZ)_,_Z Q2" m (n 7) M(n—r)} (7.4)
3Q2 2 i 7! (n i =11 aswr

where



4298 KWANG JE KIM 18

mor,7)y= ) "’—yy—ywwa —NF ).

(7.5)

Eq. (7.4) is considerably simpler than Eq. (7.2). Still it is sufficiently complicated so that an analytical

solution does not seem feasible at the present time.

B. Average transverse-momentum squared of partons

To give an explicit example of the solution of
equations derived in Sec. VIIA, let us now com-
pute the partons average momentum squared
(P.?,=T,(@. Interms of the M’s defined in Eq.
(7.3), it is

T,(@%) =M )(Q). (7.6)

It is also necessary to know the partons’ average
longitudinal momentum (x), =N,(Q?), which is

N, @) =M@ . (1.7)

The N’s and T’s satisfy the following coupled set
of equations:

2
;’gggz = % ba,N,, (7.8)
2
:1:52 =°‘(2?T ) b(=b T, +Q*C,N,), (7.9)
o (N,\_ a@ <N>
«)\=- Al Ve, (7.10)
81nQ? (N) 27 N,
and
8 [T,\_2(@ <T> 2Q>
«\= b|-B( "¢\ +qxc( e )|.
81nQ2<T> 21 | T

4 L4 £

(7.11)

In the above b is given by Eq. (2.14), and a,, b,,
and c, are the (1,1) elements of the matrices 4,
B, and C, respectively. These matrices are
given as follows:

(4 -2
A=<“1 “2)=%<3C' ZT’>, (7.12)
as Q4 -%Cr ETr
25 -
B=<b1 b2> =%(12 Cr 15Tr \ ), (7-13)
bs by "’ivi'cr %Cg+§Tr
and
Cc=B-A=( ‘), (7.14)
C3 C4

It is straightforward to solve Eqgs. (7.8)—(7.11).
One writes

a®=a(Qy?), Ny(Q,")=Ni, and T,(Q,) =T%.
(7.15)

Also, it is convenient to define the function

@) =a@)/a*=1/ (1+E m(@Y/@?) . (1.16)
The solutions of (7.8) and (7.9) are

Ny (@%) =N3[»(@%) ] (7.17)
and

T,(Q%) = [y(@*) ]

C,a° o? / .
X{T‘g+-—2l;—bNgf ) AuB[y(u?) cl} .

Qo
(7.18)
Eq. (7.10) has the following solutions:
N =K - [y@) MK ~1+N}) (7.19)
and
N,=1-K+[y@) MK -1+N9J). (7.20)

Here A is the nonvanishing eigenvalue of the matrix
A and is given by

1
=%{zc,+ T, +[(2C,~-T,?+8C,T,}'?}, (1.21)

and
K=T,/(T,+2C,). (1.22)

Equations (7.17), (7.19), and (7.20) describe
the @? variation of the average longitudinal mo-
mentum of the partons, and are well known from
the usual method employing the operator-product
expansion and the renormalization-group equa-
tions. Their explicit form is necessary to solve
Eq. (7.11). To solve the latter equation, let us
introduce the following eigenmodes of the matrix
B:
T,(Q%) = £.T (@) +T,(Q%, (7.23)

where
1
g;m {B,-0,) £[(b, =) +4b,b,]'?}.  (7.24)

The corresponding eigenvalues are
M=§{(b1+b4)i[(b1 "b4)2+4b2b3]1/2}" (7.25)
The solutions are
T,(Q%) = [v(@") ]+
2
0 ﬁo_ @ 2 2) -2z
x {Tﬁznf%z [y ()]

XU, = v*[v(uz)]*}} ,  (7.26)
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where
u,=b{E.C,+ C,+K[£,(C, = C))+ C, - CYT}  (1.27)

and

v,=b[£,(C; =C,)+C;-C,J[K-1+N3]. (7.28)
From T,, one recovers

T,@%=[T,@) -T.(@)V(,-¢£) (7.29)
and

T(Q%)=[£T.(Q%) -ET, (@) (E,-£). (7.30)

Equations (7.19), (7.29), and (7.30) describe the
Q? variation of the parton’s average transverse-
momentum squared. To analyze these results nu-
merically, consider QCD with color SU(3) ® flavor
SU(4) in which case

C,=3, C,=%, and T,=2. (1.31)

Also, it will be assumed that the parton distri-
butions inside the nucleon can be divided into a
valence contribution, an SU(3)-symmetric sea of
quarks and antiquarks, and a charmed sea. For
an isospin zero target, one has

Fe=3F ,+F  Fy=3F +F, F,=F, F,=F_,

7.32
F(f,:Fs, Fﬁ=Fs, FX=Fs: andF@,=Fc. ( )

The notations in the above are self-explanatory:
®, M, \, and @’ denote the proton-type, the
neutron-type, the strange, and the charmed quarks,
respectively, while the barred ones denote the
antiquarks. From Eq. (7.32), it is clear that the
quantities T =T ,-T, and T _ =T, ~T,=T, - Tp
belong to T;. Thus their @2 development can be
determined if the initial values 79, T2, N9,

and N?_; are known. Also the @ development of
T,and T, are determined if the inital values T‘q’,
T9, and N9=1-N? are known. Furthermore, it
follows from (7.32) that

2N
T,= Z T,=T,+2T,+6T,,
+L

(7.33)

and
2N
N,= 9 N;=N,+2N +6N,.

=1

(7.34)

Therefore, if one knows the Q% development of
T, T.s and T, then one can determine the
behavior of T, and T, separately.

Before going into a detailed numerical analysis,
let us first discuss some general properties of the
function T,(Q%). Schematically it can be written as
follows:

Ti(Qz) = Ci(T0)4 ,'(Qz) +Di(NO)B i(Qz) .

The first (second) term in the above corresponds

(7.35)

to the first (second) term of Eq. (7.18) or (7.26).
At @* near @2, one has the behavior

A;@%) = [¥(@*)]"
and _
B (@) = (@*-Q,),

where q; is a positive constant. As Q% becomes
large, one has

A (@%) ~1/(InQ?)%
and
B (@%) ~Q%/ (1InQ?)%, (7.37b)

where b, is another positive constant. From
Egs. (7.35)-(7.37), one sees that the function
T,(Q?) behaves roughly as follows: At @2 near
Q.%, it is mainly governed by A,(Q*) which de-
creases as @® increases. At large @2, on the other
hand, it is mainly governed by the function B(Q?)
whose behavior is given by (7.37b). Furthermore,
the coefficient of B(Q?) involves only the initial
values N? as shown in Eq. (7.35). Therefore, the
behavior of the partons’ transverse momentum
at large @? is determined if the initial values of
the partons’ average longitudinal momentum are
known. . '

Consider now Eq. (7.26) in the ultrahigh-Q?
region. Integrating by parts, one obtains

2

Q
S ant )

Q2
Q? 2)]e
=@ -iv@) - f  aw® el

(7.36a)

(7.36b)

(7.37a)

dp*®
=Q%*/(Q%) + 0(Q*V(Q%)/In(Q*/Q,%)). (7.38)
If In(Q%/Q,?) > 1, one may retain only the first
term in Eq. (7.38). In the same limit, the term

involving v, in the integral in (7.26) may also be
neglected, one gets

T,(Q%) €= % U.Q*. (7.39)
From (7.39), (7.29), and (7.30), one obtains
7(@%) =T (Q%)/T,Q
| @T7.=23T,/(56C,+15T,). (1.40)

However, the approach to 7, should be very slow,
the correction terms being logarithmic.

For numerical evaluation, it is necessary to
specify the initial values a°, N°’s, and T°’s at
@*=Q,2=1 GeV? Iuse

a®=0.5; (7.41)
N°=0.46, N°=0, N°=0.01, N°=0.48,  (7.42)
T9=0.75 GeV?, T9=0, T°=0.25 GeV?,  (1.43)
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TABLE I. @? dependence of T;(@?) =(P,%; (all units in
GeV?),

Q. Py (PP (PhHs (P
1.1 0.738 0 0.245 0.272
1.4 0.712 0.002 0.235 0.329
2.6 0.667 0.005 0.214 0.504
4.6 0.653 0.010 0.202 0.735
7.4 0.662 0.017 0.197 1.023

15.4 0.727 0.032 0.200 1.763

26.6 0.832 0.052 0.213 2.715

41.0 0.968 0.076 0.235 3.867

70.0 1.230 0.122 0.279 6.065

120.0 1.657 0.196 0.357 9.640
and

79=0.25 GeV?.

In the above, (7.41) and (7.42) are the standard
results that follow from the analysis?® of deep-
inelastic lepton scattering data. They are thus
presumably reliable. In writing (7.43), it was
assumed that the average transverse momentum
per quark in the nucleon is 0.5 GeV at Q%=1 GeV?2.
Since there are three valence quarks, one obtains
T9=3(0.5)>=0.75 GeV?. T is set to zero since no
charm should be present at low Q2. The choice
T9=0.25 GeV? was made by naively assuming that
the quarks and the gluons have the same transverse
momenta. The T%’s given by (7.43) are at most
speculative, and it is conceivable that the present
estimate could be wrong by a factor of two. Ac-
cording to the discussion in the preceding para-
graph, however, the behavior of the function
T,(Q?) at large @ is insensitive to the precise
value of the 79s.2¢

Table I presents the result of the calculation
in the @2 range from 1 GeV? to 120 GeV?, which
covers most of the present experiments. The
gluonic contribution rises rapidly, while the quark
contribution changes very slowly in the @ range
investigated. The general trend of the 7;(@%)’s
agree with the qualitative analysis carried out
above. At @2=120 GeV?, 7(Q?) ~2 which should
approach 7, =0.232 according to Eq. (7.38). At
Q%=10° and 107 GeV?, 7(Q?) =0.276 and 0.265,
respectively. Such a slow approach to 7., is to
be expected.

In interpreting the result shown in Table I, it
should be kept in mind that T ,(Q?) is the average
transverse-momentum squared summed over
the three valence quarks. Thus the average
transverse-momentum squared of a valence quark
is ~0.56 GeV? at @2=120 GeV2. By the same
token, the rapid rise. of the gluonic transverse
momentum squared may simply mean that the

average number of gluons increases rapidly. The
average transverse momentum of quarks obtained
in this section seems reasonable in view of the
recent experiments. However, more assumptions
are necessary in order to compare the result of
Table I with experiment. This is beyond the scope
of the present paper.

VIII. CONCLUDING REMARKS

In this paper, it was shown how to reconcile
the apparently contradictory concepts of field-
theoretic local interactions and the impulse ap-
proximation. It was observed that the impulse
approximation requires the time-development
matrix U to be close to unity during a short time
interval. To accomplish this, the interacting
part of the Hamiltonian was separated into two
parts, one containing only those terms involving
large energy transfer, the other containing the
remaining small-energy-transfer pieces. The
parton states were introduced to be eigenstates
of the large-energy-transfer Hamiltonian. The
evolution of such a state is then governed by the
soft operators with small energy transfer, thus
enabling one to make the impulse approximation.
It was then possible to give a physically trans-
parent derivation of the usual formula for the
cross section of the deep-inelastic electron scat
tering. With some additional assumptions, it
was also possible to confirm the conjecture that
the cross section for the Drell-Yan process can
be obtained from the naive parton-model result
by replacing the naive parton density functions
with @®-dependent density functions. The variation
of the density functions with @2 was determined in
terms of coupled integrodifferential equations.

The equations reduce to the usual ones when restric-
ted to the longitudinal distributions only. As for
the transverse distributions, explicit solutions
were obtained for the simple case of the average
transverse-momentum squared.

There are still many questions left unanswered.
The most important of these is the fact that Eq.
(2.15) was based on the analysis of a crude Ham-
iltonian renormalization-group analysis in the
truncated momentum space defined by Eq. (2.12).
This means, among others, that one is neglecting
the variation of the longitudinal variables com-
pared to that of the transverse variables. For
consistency, therefore, Eq. (5.9) and Eq. (5.22)
were then approximated by Eq. (5.10) and Eq. (5.23),
respectively. If one assumes, without detailed
justification, that an exact analysis yields Eq.
(2.18) without corrections of O(g?(1)), then the
effect of the variation in the longitudinal variables
can be computed as follows: First, it is not
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difficult to show that the scaling-violation equation (6.21) becomes

A 1 = ANZ
Fi(x’Pu A%+ AN3) —Fi(x’P.Lz,Az) :-Z;T-{_ Zi(x)—Az— —Fi(x,PLZ:Az)

x

where
Z (%) =f ' 3 ,(2)a(A2xE(2))dz
with

2 2C
3,2) =Cr<1—_z‘)-%

:——‘—-.—
and 3,(2) 1os b.

td
+f y—ya(Azyi(x/y))f;, ;ﬁ fdzPlWFj(y,Plz,Az)}-

P, 8.1)

(8.2)

(8.3)

The P/ integral in (8.1) is limited, of course, by the inequality (6‘,23)._' In the limit AA®2—0, Eq. (8.1) can

be written in the following differential form:

6F-XP2 AZ - ld x 21 2r - x
2rs 2O EL ) 2 (9 (x, 22, 00+ f 2 oyt (3) 57 f adf, ()P0, 22500, 6.0
where
2 . 1/2
P,? =<§> [Plz +A2§(y - x) —2cosf |pT|A(-’yf(y —x)) ] . (8.5)

It now makes sense to use the exact formula ‘(5;,9)
and (5.22). Therefore deep-inelastic electron
scattering measures the quantity

Gi(x,P.LZ,Qz) =Fi(x,P12, Qz/x) b (8°6)
while the Drell-Yan process measures
Q%+ (x, —x,)%s/4
2 1 2
Fi(x,Pl ,———-————————xl+x2 . (8.7)

The equations (8.4), (8.6), and (8.7) then determine
completely deep-inelastic electron scattering and
the Drell-Yan process. In a recent paper,?’ some
phenomenological consequences of these equations
were studied. Agreement with recent data on
R=¢ L/ o in deep-inelastic electron scattering and
the average transverse momentum of the Drell-
Yan pairs is found to be very good.

Next, the discussion of the Drell-Yan process
in Sec. V is still incomplete, because the co-
variant derivatives occurring in the electromag-
netic currents were replaced by the usual derivative
without any justification. These are indications
that the results in Sec. V are correct from the
explicit calculations in lowest-order perturbation
theory?® and from the calculation®® in one-time
one-space dimensions. However, the problem
should be investigated further.

Finally, the scaling-violation equations were
only solved for the simplest case. Extending
the solutions to a more general case is presently
under study. At any rate, the problem here is a
technical one and not one of physics.

r
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APPENDIX

In this Appendix, the explicit form of the Ham-
iltonian 3C corresponding to the Lagrangian den-
sity (2.5) will be derived. Since the procedure
is well known, '* it is not necessary to go into the
details of the derivation. For the present purpose,
it is convenient to represent the Dirac matrices
in the ordinary reference frame, yu, as follows?®:

77,=<0 —i>, ?3=<0 i>,
io0 i 0
;i=<—icr, 0>_

0 io;

The IMF components corresponding to the above
representation are

pet(0 ), woa(® ),
i 0 00

and (A2)

(A1)
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In the IM gauge specified by Eq. (2.7), the inde-
dependent degrees of freedom are the transverse
components A%’s of the gluon fields and the two-
component Pauli spinor x. The latter is related
to the four-component quark field ¢ as follows:

¢<x>=<" > (A3)
&
where

g= 3By (a4

Here 1/8° is the inverse of the differential operator
8°=9,=9/53 and D is the covariant derivative

given by
D=8+igheTe, (A5)

In this appendix, the superscript — is used to
denote two dimensional transverse vectors. The
fundamental equal-7 commutation relations are

X, x(x)}g, =

and

3-3")0(EFX-%) (A6)

4400, 410 =2 0,8,,8(3 — 36X -%)..

These commutation relations can be realized by
introducing the Fourier decomposition

X0=[ G [ o W) D@, 9)+ W-s)e ', o) | )

and

A= f(z )f%

{e; (Ve %a(B, N) + e *ex (N)a (B, M} . (A8)

The Hamiltonian can be obtained by the standard procedure, and is given as follows:

- i 1
I}Co=fdz dx, (—%A,N'"Aﬁg_- XTVZ'B'HX)

and

2 2
- [ dendS (L) s ()9,

N [ e
—_— T F—FV - .V
+v_2_x[ igT A, 035 g0

@
Al

+gf bca ‘AaAHAj'*' ‘ngfabcfadeAbA c‘AdAe

where J9 is the color-charge density given by
J1: = \/EX*TGX +fabc~A’b * aO_A.c s

The matrix element (n |3¢,|n) in the momentum space can be obtained from (A.11), (A.7), and (A.8).

(A9)

T .- ¢1 -
TA, G-2°T, 4'0’5-0- TbAb‘O']x

(A10)

(A11)

For the purpose of the present paper, it is only necessary to consider the matrix elements shown in Fig.
1(a) and 1(b) and those which can be obtained from them by the substitution rule. The matrix element

corresponding to Fig. 1(a) is

. 00D -plo;
=oT |+ e A _____.._L A12
£ (nq 2n 2n’ ) ’ (A12)
and the one corresponding to Fig. 1(b) is
2 =5 ape [<_WL7’& P, )] (B, - p3) 0, + cyclic permutations] . (A13)
1
Finally the electromagnetic current J“(x) =Jy*yp will be expressed in terms of the independent field

variables x and A,’s. From (A2), (A3), and (A4), it follows,
JO=V2 xtx, (Al4a)
(Al4b)

ovg el (La s\ =
=2§§='ﬁ a—oo'Dx a_o("DX,
and ’

J= ETGLX + XTO'.LE .

(Al4c)
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