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Scaling and Factorization in E++ p ~ n + Anything*

Winston Ko and Richard L. Lander
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(Heceived 22 February 1971)

%'e report, with good statistics, the ~ momentum distributions from the reaction K+

+p m + anything at 11,8 GeV/e. W'e compare the shape of the distribution in longitudi-
nal momentum of the ~ with that of x mesons produced in the reaction vr +p —7t. + any-
thing at 25 GeV/c and II"+p —~ + anything at 18.5 GeV/c in terms of the scaling vari-
able x=2pl. /Es. The backward distributions are found to be independent of the nature of
the projectile. The forward distributions are different in shape from the backward, but
are remarkably similar for E+p and m+p interactions. The distribution in longitudinal
momentum in the center-of-mass system is not independent of the value of the trans-
verse momentum.

We report on the momentum distributions of
the negative pions from the "inclusive*' reaction'

at 11.8 GeV/c. We know of no published data re-
porting on an inclusive reaction with incident ka-
ons and having good statistics at both small and

large values of the longitudinal momentum of the
negative pion. We report here on 30000 pions
from Reaction (1), a 9.5 /o subsample of the data
available.

The events discussed here were produced in
the Lawrence Radiation I aboratory-Stanford Li.n-
ear Accelerator Center 82-in. hydrogen bubble
chamber. They correspond to 2.8+ 0.2 events/iib.
We examined all four-, sax-, and eight-prong
events. Two-prong events cannot produce a neg-
ative particle, and events with ten or more prongs
constitute only -0.5 /p of the total cross section.
Thex efore we do not feel that these omissions in-
troduce a significant bias. No kinematic fitting
was done on any events, and events both with and
without associated "vees" were used. The mea-
sured momentum of each negative track was
used, and every negative track was assumed to
be a pion. The K and p contamination introduced
by this procedure is probably about 1 /o.

'
The K'P reaction is particularly suitable to a

study of produced particles, such as the II in
Reaction (1), since the production of negative
particles (K,p) other than pions is small, mak-
ing the purity of the sample good; and neither of
the incident particles (K', p) can be mistaken for
produced pions, so all, distributions are free of
"leading-particle" effects. '

We should like, with these data, to examine
"scaling" behavior and also factorization, by
which we mean here the independence of the lon-
gitudinal and transverse momentum distributions.

Factorization can be examined with the present
data alone, but scaling requires data at a second
energy. No suitable K'P data exist in published
form, and we shall have to resort to comparison
with IIp data.

The c.m. system cross section for Reaction (1)
may be written

«= (d'p/&)f(pr, p„s), (2)

(2E/IIV s)(d'a/dxdP z') = f(P r, x)

and compare the left-hand side at two or more
values of s, with pr fixed. As we have said, no
published K'P data suitable for comparison exist.
We may, however, be able to compare in a mean-
ingful way the bachtvard II mesons from this re-
action with the backward negative pions from II P
collisions. If the backward pions are in some way
associated mostly with the proton, then the shapes
of their momentum distributions may not depend
upon the nature of the incident particle, although
the total backward cross sections may.

With this possibility i.n mind, we have com-
pared the K'P data with a, II momentum distribu-

where do is the differential cross section for pro-
duction of a negative pion of momentum p and en-
ergy E in the c.m. system. The total energy in
the c.m. system is Vs, Pr and P~ are the trans-
verse and longitudinal momenta of the pion, re-
spectively, and f is some unspecified function of

pr, pl, , aIld s.
Various authors have suggested' that f(pz, ,p~,

s) in one reference frame or another scales with
s or becomes independent of s. In particular,
Feynman suggests' that the form f(p~, 2pz, /v's)

may hold, where 2P1/fs is Feynman's x variable.
To test this posslblllty, we may I'ewl'lte (1) 1I1

the form
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FIG. 1, The dashed lines represent the 26-GeU/c
Ir p data of Ref. 6. The crosses are the 11.8-GeU/c
K p data and the solid line is a fit to those data. The
parameter x is defined by x =2pz, /v"s.

tion observed in the reaction

II +p-II +anything

at 25 GeV/c, studied by Elbert, Erwin, and
Walker. ' These authors presented the longitudi-
nal momentum spectx'um in the c.m. system in
the form dII/dP~, without the multiplicative fac-
tor E and after integrating over Pr. Their distri-
bution was exponential, and they obtained a good
fit using do/dp~ ~ exp[(3.2+ 0.2)pl ] for the back-
ward part of the spectrum. Therefore we com-
pare this result with our K'P data. For conve-
nience, we first make the trivial conversion of
their dII/dpi, distribution to do/dx by using da/dx
= as' 'do/dPl, . Figure 1 then shows, as a dashed
line, the fit obtained by Elbert, Erwin, andWalk™
er fox' the longitudinal momentum distribution of
the produced pions in the 25-GeV/c II P reaction.
The data points shown in Fig. 1 are those ob-
tained in the K+ experiment reported here. We
see that the slope of the K'P data at 11.8 GeV/c
1s Quite corlslstent with the slope obta1ned from
the 25-GeV/c II p data, considering only back-
ward pions. The absolute values of the backward
cross sections from the m -induced reactions are
about three times as large as those from the K'-
induced reactions. This ratio is even larger than
that of the total II P and K'P cross sections. We
note that the n selection necessaxily excludes
some part of the total cross section; In the K'
data, for example, charge conservation com-
pletely eliminates the two-prong final states when
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FIG. 2. The double differential cross section in the
center of mass is plotted versus x for various intervals
in p& after having been multiplied by the energy of the

and other constants so that it represents f(x, pz, ).

a m j.s selected. These states account for al-
most one half the total cross section. The m se-
lection in the 25-GeV/c II P data excludes a
smaller fraction of that total cross section. The
values of V"s are 4.8 and 6.9 GeV for the K'P and
Il p reactions, respectively. It is remarkable
that the shapes are so similar even down to
SIIIRLL (IlegRtlve) VRlues Df x, Rlld tllls slIIlllRI lty
may mean that p~/vs scaling is indeed operating
at these energies, at least with respect to dv/dx,
if not f(p r, x) alone.

The forward m distribution from our data may
not safely be compared with that from the 25-
GeV/c II p data because of the possibility of con-
fusion with leading w mesons in the latter. ' We
may, however, use data from the reaction II'+P

+ anything at 18.5 GeV/c. ' The slope of the
distribution in x for m mesons from this reaction
is quoted in Ref. 8 to be 7.0 and 10.25 in the for-
ward and backward directions, respectively.
Here, not only do we have a similar distxibution
in the backward direction, but also the slope of
the forrnal'd II -production distribution is remark-
ably similar to that from the K'P data. The for-
ward-produced particles might be expected to de-
pend on the nature of the projectile; yet we see
that they have very similar shapes. Thus the for-
ward w production appears to be the same for
these two pseudoscalar-meson projectiles.
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of P ~ are rounded near x = 0, the distributions
with small values of Pr show sharp peaking near
x = 0. Thus, although the distributions in x have
the same gross behavior for any value of pr,
namely, a rapid decrease as ixi increases, they
do not exhibit true independence of Pr and x.
Therefore f(Pr, Pi, s) does not factor into F(Pr)
x G (p~, s). The distributions in p r for fixed in-
tervals in x are shown in Fig. 3.

The picture that emerges from these data is
one of a very sharply peaked distribution in x
when P r - 0, becoming "rounded" near x = 0 when

the value of Pr deviates much from zero. We
note that within the accuracy of the present data,
the peak in Fig. 2 occurs at x = 0, and this x = 0
value of Fd'a/dxd(pr') is the same whether ap-
proached from the left or the right. That is,
there is no discontinuity in the value of Fd'v/
dxd(Pr') at x=0. The derivative, however, more
nearly becomes discontinuous as pr decreases.
Within our statistical accuracy, we have not been
able to observe any "flat top" in the distribution
in x when P~ is small. Any such flat portion
must be confined to ~xi& 0.03.

We are indebted to the following members of
Group A at the Lawrence Radiation Laboratory
for generously allowing us to participate in the
ana1ysis of the K'0 exposure: A. Barbaro-Gal-
tieri, P. J. Davis, S. M. Flatte, J. H. Friedrnan,
M. A. Garnjost, G. R. Lynch, M. J. Matison,
J. J. Murray, M. S. Robin, F. T. Solmitz, N. M.
Uyeda, V. Waluch, and R. Windmolders. We
would also like to thank Or. C. Risk, Dr. L.
Brown, Or. R. Peccei, and Or. A. Pignotti for
fruitful discussions.)
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FIG, 8. The same quantity as Fig. 2 plotted here ver-
sus Pz, for various intervals in x, as labeled in the fig-
ure.

Even apart from scaling, knowledge of the func-
tion f(Pr, Pi, s) is of interest. We have therefore
examined, at our fixed s, the quantity given by
the left-hand side of Eq. (3). (At fixed s, it mat-
ters not whether P~ or x is used. ) We display in

Fig. 2 the values of this double differential cross
section as a function of x for various fixed inter-
vals in Pr. We see in Fig. 2 that these distribu-
tions in Fd'o/dxd(Pz, ') are not very well repre-
sented by a simple exponential in x, nor even by
a sum of two or three exponentials. In particu-
lar, although the distributions at larger values

*Work supported in part by the U. S. Atomic Energy
Commission under Contract No. AT(04-8)-S4PA191.
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Particle Data Group, Report No. UCRL 20000 A' N,
1969 (unpublished) .

By "leading particle" we are referring to the follow-
ing effect generally found in high-energy collisions: If
one examines, in the c.m. system, the longitudinal-
momentum distribution of a secondary particle that is
identical to one of the incident particles, one observes
that there are many more such particles moving in the
same direction as their incident counterpart than there
are moving in the opposite direction. The distribution
in longitudinal momentum is (very roughly) constant in
the forward direction for larger values, while in the
backward direction it falls off rapidly. For those sec-
ondary particles that are distinct from the incident par-
ticles, the forward distribution generally falls off more



Vox.UMz 26, NUMszR 17 26 APRII. 1971

rapidly. The production mechanisms ax'e presumably
different in the two cases.

See, for example, B. Hagedorn, Relgtieistic Eine-
metics (Benjamin, New York, 1964), p. 92.
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(1969); J. Benecke, T. T. Chou, C. N. Yang, and
E. Yen, Phys. Hev. 188, 2159 (1969}.
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published. Strange particles have been eliminated from
their data, but not from the K p data at 11.8 GeV/c.

The leading particle contribution to the ~ momentum
spectrum in the 25-GeV/c z p data, as estimated from
the value of do/dpi. in the flat portion of the distribu-
tion~ is about 10% of the value at the peak (pL = 0). If
we therefore ignore this contribution and obtain the
slope for the region pz & 1.0 GeV/c, we estimate it to
be 6.6 when converted to a distribution in x. This value
is rather close to the value 7.0 that we obtain for the
forward x mesons in oux' K p data.
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Quantum Numbers of Nonstrange, Neutral Bosons*
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It is shown that the trilinear (or Yukawa-type) vertex of a nonstrange, neutral boson
vrith a spin-2 baryon vanishes unless the boson has the quantum numbers of the quark-
antiquark (qq} system, as long as this vertex satisfies the usual analyticity conditions
and C and P are good quantum numbers. Thus, the quantum numbers of the observed
nonstrange bosons may be explained without the quark.

The fact that all the observed nonstrange bosons have the quantum numbers of the qq system' may
RppeRx' to Indicate thRt the qUark RctuRlly exists. The pux'pose of this note ls, however, to po1nt out
that the quark may not be needed to explain this fact. We show, in particular, that the trilinear ver-
tex of a nonstrange, neutral boson with a spin-& baryon vanishes unless the boson has the quantum
numbers of the qq system. In other words, if a boson has the quantum numbers other than those of
the qq system, such R boson must interact with the spin-& baryon only as a pair or more and, there-
fore, would be difficult to observe.

We begin by discussing the decay of a nonstrange, neutral boson in its rest system into a spin-&
baryon with momentum q and helicity p, and its antiparticle with momentum p =(-Il, iq, ) and helicity g.
This decay matrix element transfoxms under C Rnd I' as

&f lp, };q, } ) = &t IP Pl p, &; q, } ) = -(P(t) lq, -~; p, }&= &cP(-i ) Ip, -};q, -~&,

where iP(b)) and 1 CP(b)) are, respectively, the P and CP transforms of the boson state I b), and
where the first set of momentum and helicity in the baryon-antibaryon state stands for the antibaryon.
The transformations (I) imply that the decay matrix element vanishes unless the parity of the boson
is opposite to the orbital parity of the baryon-antibaryon state. They also imply that the decay matrix
element vanishes unless the CP parity of the boson is even or odd, according as this pair of baryons
assumes a spin-triplet or a spin-singlet configuration. The latter implication of (1) can be seen by
I'ewl'1'tljlg the CP 'tj'allsfol'IIlat1011 III (I) as wlleII p, = -l.,

(hip, z;q, -z&=(cP(b)lp, };q, -x),

or, when p, =A. ,

(f lp, ~;q, »~&hip, -~;q, -»=~l(cP(f)lp, };q,~)~«P(h)lp, -~;q, -~)1,
with either the upper or the lower signs taken everywhere. In other words, the transformations (I)
imply that the above decay is forbidden unless the boson has the quantum numbers of the qq system.
These transformations can also be written as

I (P, ~)&bl~(O) Iq, i & =-~(q, -z)&P(h) l~(0) lP, -(I&=U(P, -} )&CP(h) lq(O) lq, -~),
if antibaryons are reduced everywhere in (1).


