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Extenging previous speculations originating from the idea that a hadron is a spatially ex-
tended object with many internal degrees of freedom, we argue that in ep collisions in the
deeply inelastic region, the proton partially fragments and partially pulverizes. The use-
fulness of studying experimentally the single-hadron spectrum for fixed and large q~ and ~
is discussed.

I. INTRODUCHON

This paper describes some speculations concern-
ing the momentum distribution of the hadrons in the
reaction

e+p- e+ hadrons.

We concentrate especially on the distribution in the
Bjorken limit, "X= q /2M v fixed, q -~. These
speculations are made as extensions of the idea
that a hadron is a spatially extended object with
many internal degrees of freedom. In this sense,

these speculations represent a continuation of pre-
viously discussed ideas about elastic scattering, '
about processes' ab- cd, and about the hypothesis
of limiting fragmentation. '

In Sec. II, we shall describe the details of the
speculation, leaving the arguments in support of
such speculations for Sec. IO. The rest of the
paper consists of additional remarks and possible
experimental tests.

It will be evident that our arguments are based
on imprecise extrapolations of known physical
concepts. This is contrary to a contemporary
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II. LIMITING PARTIAL FRAGMENTATION

AND PULVERIZATION

We shall assume that in hadron-hadron collisions
at very high energies limiting fragmentation re-
sults. ' We shall also assume that for y-hadron
collisions at very high energies there is similar
limiting fragmentation. In other words, the pho-
ton would fragment very much like a hadron does.
(In this case, of course, one cannot go into the
rest system of the photon. The limiting fragmen-
tation is best viewed then in the center-of-mass
system" in terms of the variables x and p, .)

We shall only discuss the one-photon-exchange
part of reaction (1). In other words, we shall only
be discussing the reaction

y„+p ~ hadrons2

with

energy of y„= v,
momentum of y„=(v'+ q')' ',
(mass of y„)'=-q',

(2)

(8)

where y„ is the virtual photon.
For the case q' =0, the virtual photon is on the

mass shell and the hadron distribution in (2) should
be that of a double limiting fragmentation as in yp
collisions. It has been argued' that for

fashion in our field to pursue at great lengths ex-
trapolations of a mathematical nature. Preference
for the one approach or the other is, at our present
stage of understanding of hadronic collisions, a
matter of taste. While both types of extrapolations
are basically no more than guesses, the fruitful-
ness of which will have to be decided by experi-
mental facts, we believe that extrapolations of
physical concepts have a greater chance of provid-
ing a useful orientation to approach the very com-
plex topic of many-body final states.

small, we speculate that in the laboratory system
for (2}, "part" of the target proton fragments in

the Bjorken limit (i.e., v-~ at fixed X). The re-
sulting limiting fragments from this proton part
will give, in the laboratory system, a total of

(5)

n=O(v '«'),

where n(0)=0. E.g. , a possible model is

a(X}=aX, a &-,', and n =-A(v/M)'»,

(6)

where a and A are numerical constants. The con-
dition a $ —,

' is necessary since the multiplicity is
limited for given v and q' [for which the invariant
mass of all hadrons together is (Mz+2Mv —q*)'a].

Viewed in the center-of-mass system of (2), the
final hadrons consist of

(a} limiting fragments satisfying"

Qx=l-X; (8)

(b) pufuerizaiion products which in the coordi-
nate z would appear to occupy the position x=0,
giving rise to a 5(x)dx distribution. According to
our terminology, ' the pulverization products ex-
hibit the phenomena of pionization. (We introduce
the word pulverization rather than use the word
pionization because of the possible connotation
that pionization is a radiative process. The pul-
verization products are incoherent products re-
sulting from a violent momentum transfer. } The
average value of g for each pulverization pion is
perhaps approximately

Q (e - P„)= M(1- X).
frag

The rest of the proton bears the brunt of the im-
pact of the virtual photon and "pulverizes" into n
hadronic pieces, each carrying a large longitudinal
momentum in the original direction of the virtual
photon T.he pulverization multiplicity n is of the
order

q'/2v&(radius) ', (1 —X)/n =(1—X)A '(M/v)' (8)

l.e.y

X —=q /2 M v & a~, (4)

process (2}exhibits double limiting fragmentation.
We believe this view is correct, since the reason-
ing was geometrical and expresses the fact that
when (4} is satisfied the virtual photon can maintain
coherence in its traversal through the target pro-
ton. [Actually, of course, since y„ is not on the
mass shell, the double limiting fragmentabon
process has to be a little bit changed from that of
a real yp collision. The necessary change will be-
come clearer when we discuss the general case
where (4) is not necessarily satisfied. ]

For the general case where X is not necessarily

The same selection rule for quantum numbers
applies to the fragments in (5) or (8}as that which

applies in the usual fragmentation process. In
other words, the fragmentation pieces of the re-
sulting hadrons in reaction (2) carry a total N= 1,
charge= 1, and )I~=-,'. The total charge of the pul-
verization product is thus zero, and they are
mostly pions.

III. ARGUMENTS IN SUPPORT OF THE
ABOVE SPECULATIONS

(1) In a limiting fragmentation process, the
fragmentation of a fast Projectile is a gentle Pro-
cess requiring only an infinitesimal energy trans-
fer, an infinitesimal Iongifudinaf momentum trans-
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x=1-y . (8')

That this is equivalent to the formula in the labo-
ratory system,

g (e - p, ) = i)f(I —y),
frag

(5')

follows reasoning already discussed' in the litera-
ture. Notice that (8'} and (5') can be read as saying
explicitly that a fraction I —y of the proton frag-
ments. ]

One may ask why does one envisage the division
of the proton four-momentum into parts (A) and
(B) in Fig. 1(b) where each part is, to leading
order, a null four-vectors The reasons are pro-
vided by the discussion above in Sec. III, para-
graph 1. Notice that in the limiting fragmentation
of a projectile, any subgroup of the fragments
would have a total four-momentum which is, to
the leading order, a null four-vector.

Part (B) absorbs the four-momentum of ) „, with
a possible additional finite transverse three-mo-
mentum transfer from part (A) [cf. Fig. 1(b)).

For part (B) after the absorption of y„ to be capa-

fer, and only a finite transverse momentum trans-
fer. (This is easily checked, for example, in the
process of an incoming m fragmenting into three
outgoing tr's. } Notice that these four-momentum
transfers are also those required for an elastic
scattering. Thus, the limiting fragmentation pro-
cess is a generalization of elastic scattering, as
emphasized in Sec. 8.7 of Ref. 5.

(2) The virtual photon in process (2) cannot frag-
ment by the gentle process described above be-
cause it has an energy deficiency, compared with

its momentum, given by

(v'+ q')'t' —v-= q'/2 v .

(In other words, its four-momentum is spacelike. )
It is probably best to discuss the absorption of

y„by the proton in the "brick-wall system" in
which y„has no energy, as illustrated in Fig. 1(a).

In the Bjorken limit we are considering, the pro-
ton is fast in the brick-wall system, and it has a
tendency to fragment in even a gentle collision.
We speculate that upon the absorption of y„, which
is a violent process, a part of it would still frag-
ment in the usual way. In other words, the four-
momentum of the proton in Figs. 1(a) and l(b) di-
vides into two parts" (A) and (B) in the proportion
of 1 —y and y. Part (A) fragments in the usual
limiting way, resulting in fragments that satisfy
(5}and (8) with X replaced by y. [To show this, let
p (j

be the brick -wall -system longitudinal momen-
tum of a fragment. Define x'=p'„(mv/q) '. Then
Qx'=I -y. Transformation into the c.m. system
of (2) yields

/ proton/

Mv/q

Mv/q

= energy

= momentum

[proton/

part(B) part(A)

energy =

morrentum =

Mvy/q Mv(l-y)/q

Mvy/q Mv(l-y)/q

(b)

~

y„+part(B)
~

part(A)

energy =

momentum =

q/2

q/2

pulverization

frag. pulv.

Mv(l-I)/q

Mv(I-X)/q

fragmentation

lpo«4)l

(c)

(a)

FIG. 1. The brick-wall system of eP collisions. [The
proton energy is M(1+ v /q ) i =Mv/q in the Bjorken
limit. ] Notice that in this frame of reference the virtual
photon delivers a pure three-momentum impact without
any energy transfer. A11 quantities are accurate only to
0(q). (a) Four-momenta of virtual photon and proton
before collision. (b) Divison of proton four-momentum
into parts {A) and (B). (c) Four-momenta after the ab-
sorption of virtual photon by proton leading to pulveriza-
tion and partial fragmentation of the proton. (d) Division
of part (B) after the absorption of y„ into parts (8&) and
(B2). This division is unlikely. See text.

ble of materializing physically into hadrons, the
final four-momentum must be timelike, i.e. [cf.
Fig. 1(b)],

q-Mvq 'y ~Mvq 'y .

Thus

1-X&1—y .

(3} What value does 1 —y take in the Bjorken
limit? (Or should it have a probability distribu-
tion?) We speculate that there is the rule that
1-y takes its maximum value, i.e., y=X. In other
words, as much of the hadron would fragment as
is kinematically possible [cf. Fig. 1(c}].

This rule is in the same spirit as the sugges-
tion" that in hadron-hadron collisions, there is
100% fragmentation of each hadron, so that instead
of (5) and (8) one hasp(e pg) Mandgx=l. [If
it were not for this rule, in a hadron-hadron colli-
sion both hadrons could, kinematically, fragment
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only partially (i.e., Qx & 1), leaving the rest of
their energies for pionization. ]

(4) What happens to part (B) of the proton after
it absorbs y„V It has reversed the direction of its
three-momentum [Fig. 1(c)], without having ab-
sorbed any energy [to the order O(q)]. We thus
speculate that it is pulverized by the shock of this
violent absorPtiom of y„. In contrast to fragmenta-
tion, which is coherent, pulverization is an inco-
herent process.

It seems that the multiplicity of the pulverized
pieces, n, should be an increasing function of v

and of X. Proposals (6) and (7) join on smoothly
to the region X& +~ where the multiplicity n is more
like the multiplicity of the fragmentation of a real
photon which is -O(lnv)-O(v'), where rz =0+. The
increase of the multiplicity in the deeply inelastic
region is in agreement with the view that a system
with many degrees of freedom breaks up into more
pieces for such collisions, as emphasized in Ref.
5.

(5} Why is it not the case that after the absorp-
tion of y„part (B) of the proton breaks off into a
part (B,) that fragments, leaving only the rest,
part (B,), to pulverize [cf. Fig. 1(d}]'P It seems to
us that that is highly unlikely. The fragments
from (B,) would have to move in the direction of

y„ in the brick-wall system, as if they had origi-
nated from a real photon. There simply is not the
coherence in y„ to manage such a concerted effort.
[y„ is very much different from a stable hadronic
system such as a proton or pion. These latter
systems in their rest frames of reference can be
excited into collective modes of excitation, result-
ing in fragmentation (which is coherent). y„does
not even possess such a rest frame of reference. ]

(6) The fragmentation-pulverization of the pro-
ton by y„can be viewed in the proton rest system,
as described in Sec. II and illustrated in Fig. 2.
Notice that in the Bjorken limit the pulverization

7Q

proton

before collision

=-) pulverization
:= J product

~~ ),fra9lnentaton~J product

after collision

FIG. 2. Fragmentation and pulverization of the proton
by a virtual photon as viewed in the lab system. This
drawing is schematic. See Sec. VI.

part is greatly accelerated by the absorption of

y„. The rule proposed above in Sec. III, paragraph
3 is thus equivalent to the rule that the accelerated
"stuff" shouId be minimized. This last rule seems
to be in agreement with the general facts of high-
ener gy phenomena.

Consistent with the selection rule that inhibits
the acceleration of quantum numbers N and I, one
arrives at the seIection rule that the pulverization
products are mostly pions with a total charge of
zero.

IV. THE DISTRIBUTION FUNCTIONS P„

p„(pI ~ ~ .p„) = li m r„ (14)

In this section we consider, for fixed q' and

fixed v, the case of infinite incoming electron en-
ergy. As discussed in Ref. 5, the hadronic matter
in the laboratory system approaches a limiting
distribution. Consider now the exclusive part of
this distribution. It is a restricted distribution
and we shall denote it by (o„(q', v) to explicitly
emphasize its dependence on q' and v. The argu-
ments of (o„(q', v} are the three-momenta

p,p, p„. For (a„~q, v) not to vanish, these argu-
ments must satisfy the conditions

Pe=M+ v,

Qpll v y

(Zp. }'=q' .
Thus any (a„jq', v} or (p„~ q', v} is restricted to a
finite region of momentum space p, P„. [The
integral of (a„~q', v) over all q' and v gives o„, the
unrestricted limiting exclusive distribution. ]

We now normalize and define r„by
do do"~ ""'"'=dq'd. dq*d.dy, "dp„

(»)
where r„ is the normalized n-particle distribution
(exclusive and inclusive) when the proton absorbs
a y„of energy v, longitudinal momentum v, and
transverse momentum vqe (longitudinal is here
defined relative to the incoming electron). r„ is
normalized so that

r

J rId'p =average multiplicity of the particle
specified in r, for the collision de-
scribed above, (13)

etc.
Like (o„lq, v) and (p„lq', v} above, r„ is nonzero

only in a finite region of momentum space
px ' 'pn.

The postulate of limiting partial fragmentation
of Sec. II states that
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exists in Bjorken limit. This limit represents the
n-particle distribution in the limiting partial frag-
mentation of the proton. The pulverizing part has
infinite momentum in the laboratory system. Thus
it plays no part in p„.

The region where p„ is nonvanishing consists of
the region

its own limiting fragmentation:

p
" (hadrons)' . (22)

No charge transfer takes place between the two
fragmentation processes (21) and (22).

Figure 3(b), on the other hand, leads to a charge
transfer, and results in, for the case q' =0,

R„where Q(e —p,~) &M(1 —X),
and its boundary

S„where Q (e —
p~~)

= M(1 —X) .

(15) v~ p (no hadrons)

p " (hadrons)" .

(23)

(24)

The function p„has two parts,

Pn =&n+ ~n 3

where

~„= function in R„,
and

(1) For

V. REMARKS

v+ p- p. + hadrons

o„= 6 function on S„.
All of these are straightforward generalizations
of the corresponding ideas in Ref. 5. We shall
come back to these ideas in Sec. VI.

In the same way that one derives the sum rule
Eq. (2) of Ref. 8, we now have

p, d'p(e —
p~~) + [same],

proton

+ [same]A+ ~ ~ ~ =M(1 —X) .
(18)

The laboratory momentum of p,
- divided by the in-

coming neutrino momentum is approximately unity.
Notice that (24) is kinematically the same as a
limiting fragmentation process, but there is a net
char ge transfer. Neglecting electromagnetic in-
teractions and taking the weak interactions only to
the lowest order we speculate that the unusual
fragmentation process (23), (24) has a finite cross
section at infinite energy. The questions of the
validity of these approximations at very high en-
ergies and whether experimentally (23) and {24)
would have a finite cross section at such energies
are deep and difficult and are beyond the scope of
this paper.

(2) There have been many discussions"" in the
literature on topics in ep collisions related to our
speculations. We shall not discuss these here ex-
cept for the parton" model. The ideas that we
have pursued (Ref. 3-5) and that we extended in the
present paper follow the general concept that there

}vl
the speculations are identical to the above except
for the following:

(a) The pulverization pions will have a total
charge of +1.

(b) For the case q' =0, there are two possible
processes originating from Figs. 3(a) and 3(b).

Figure 3(a} leads to a double (limiting) fragmen-
tation process entirely similar to the correspond-
ing one in ep collisions. For this latter case it is
convenient to describe the outgoing electron to-
gether with the fragments from the virtual photon
as fragmentation products from the projectile
electron. We write in the notation of Ref. 8

w' :(hadrons)+

:—{hadrons)

e ~e+ hadrons .P
(20)

::—{hadrons)

p + (hadrons)', (21)

with the total charge of the hadrons equal to +1.
In the same process the target proton undergoes

Similarly for a vp collision at q' =0 we expect the
limiting fragmentation of the neutrino:

FIG. 3. (a) Double fragmentation process in vp colli-
sions: v- p + (hadrons)+ and p-" (hadrons)+. Q) vp
collision at q2~ 0 with charge transfer: v p, and
p —"{hadrons)++.
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is "stuff" in the hadron. If "partons" are "stuff"
then the present paper is also in the spirit of the
parton model. One would identify part (B) of the
proton in Sec. III, paragraph 2 as the recoiling
parton. It has a "mass" equal to MX. However,
it has been repeatedly emphasized that the spirit
of the parton model resides in the concept that
partons are pointlike unbreakable particles. " If
that is the essential spirit of the parton model,
then the present speculation about pulverization
seems to be contradictory to the spirit of the par-
ton model. If one argues that the pointlike unbreak-
able feature of the parton is meant only in the sense
of the impulse approximation, one is perhaps ar-
guing for a description of' hadronic matter comple-
mentary to our speculations with different empha-
sis for different physical questions. To sharpen
up such complementary views it would then seem
useful to us to raise in the context of the parton
model the following questions: (i) Is there limiting
partial fragmentation? (ii) Is there a "parton
quark number" selection rule for parts (A} and
(B)? (iii) What is the hadron multiplicity for
parts (A) and (B)?

VI. EXPERIMENTAL TESTS

How does one test these speculations'P To dis-
cuss this question let us first emphasize that Fig.
2 is only schematic. The separation of the pul-
verization and fragmentation products is clear as
illustrated only in the limit of very large v. [The
momenta of fragments are of the order O(1}, and
that of the pulverization products O(u' ).]

Perhaps a more feasible test is to study the
single-particle distribution which was designated
r, (q', v; p) in Sec. IV above. One would be study-
ing "the single-hadron inclusive distribution for
fixed and large q' and v. To be more specific,
one measures experimentally the quantity

(12 ')

where p is the laboratory three-momentum of a
hadron fragment, say a pion or a proton. Notice
that r, satisfies (13). In the following we shall
concentrate on the case where p is the laboratory
three-momentum of a proton. One asks whether
r, approaches a limit p, (p) in the 81orken limit as
stated in (14). This limit, if it exists, represents
a limiting partial fragmentation of the proton. In
particular, it has two parts,

Pj. O'i+ ~i y

where o, is a 5 function on the surface S,:
e —p, (

= M(1 —X)

and Ty is a function defined in the region

(17')

(25)

e- p, &m(I-X) . (26)

Physically, c, represents a process in which" (1}
is described by

y„+p- p+ pulverization products, (27)

and v, represents a process in which (1) becomes

y„+P- P+ other fragments+ pulverization products .

The paper was written when one of us (T. T. C.)
was visiting the State University of New York at
Stony Brook. He wishes to thank the members of
the Institute for Theoretical Physics for the hos-
pitality he enjoyed.

Two remarks are perhaps appropriate here:
(a) In hadron-hadron collisions it is much easier

to study whether the one-particle momentum dis-
tribution approaches a limit than to study whether
pionization exists, or to study correlations be-
tween particles. Similarly, we believe it is easier
for the present problem to study the existence of
the limit p, rather than to study the validity of
Fig. 2.

(b) How much do such kinematic regions (25) and
(26) depend on the concepts of partial fragmenta-
tion and pulverization'P The answer is very much.
Formula (25) of course explicitly states a partial
limiting fragmentation. But it also depends on
our speculations about pulverization. For exam-
ple, if pulverization products have a multiplicity
that is given by (7) but with a =

~ [which is higher
than given by (7)], then the sum of the laboratory-
system contributions to e- p„ from the pulveriza-
tion products would contribute finitely to and there-
fore would vitiate (25). The existence of the 5
function c, on the paraboloid (25} is an especially
sensitive test of the idea of partial fragmentation
plus pulverization, since it is a nontrivial state-
ment that the o„defined over (11) should yield,
when v- ~ in the Bjorken limit, a limiting single-
particle distribution p, with a 5-function part o~.
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