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Study of 7t' Inclusive Production in yd Interactions
with a 7.5-GeV Linearly Polarized Photon Beam
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The reaction pd r + anything at 7.5 GeV with a linearly polarized photon beam has been
studied. The yn average charge multiplicity was found to be a unit charge less than the yP
average charge multiplicity. We have extracted information on the inclusive ~ production in
yn reactions using the yp inclusive data. The ratio of n+ to 7t inclusive production in the
target fragmentation region was found to be independent of the beam. Two-particle correla-
tions in both x and y variables are presented.

I. INTRODUCTION

Single-particle inclusive spectra have been stud-
ied extensively with different hadronic incoming
and outgoing particles. ' Photoproduction inclu-
sive reactions producing w (Ref. 2), n', K', and
K (Ref. 3) have also been studied using a hydro-
gen target. There has been some effort to extract
inclusive data from exclusive channels using a
deuteron target and hadronic beams, ' but so far
no yd inclusive data have been reported.

In this paper we present the results of a study on
the reaction

yd- v + anything

using a linearly polarized photon beam at 7.5 GeV.
Reaction (1), (yd, n ), is composed of three main
components: (a) the res.ction (yp, v ) with a neu-
tron spectator, (b) (yn, m ) with a proton specta-
tor, and (c) (yd„w ), where d, denotes a deuteron
coherent reaction, i.e., there is a deuteron in the
final state. The coherent sample (c) is expected
to be small in compa, rison with reactions (a) and
(b), ' and consequently we have analyzed our data
assuming

(yd, ~ ) = (yp, n ) + (yn, w ) .
Experimental procedure and cross-section in-

formation are given in Sec. II. In Sec. III, the (yd,
w ) inclusive data are presented. Using the exist-
ing (yP, w ) data' at nearby energies and our (yd, n )
data, we compare in Sec. IV the two reactions
and extract information on (yn, w ), using Eq. (2).
In Sec. V we present the results of a study of two-
particle correlations, which recently became of
theoretical interest. ' Conclusions are given in
Sec. VI.

II. EXPERIMENTAL DATA

Approximately 170 000 photographs were taken
in an exposure of the deuterium-filled SLAC 82-in.

bubble chamber to a nearly monochromatic polar-
ized photon beam' at 7.5 GeV. Figure 1 shows the
photon spectrum from the measurements of about
5000 e+e pairs, showing the momentum resolution
to be AP/P = +49o.

The film was scanned twice for all topologies,
and disagreements between the scans were re-
solved on the scanning table. Scanning efficiency
for topologies with ~ 3 outgoing charged particles
was close to 100/~, independent of the momenta and
angles of the secondary particles. Since two-prong
events with a small angle between them are in this
experiment mostly e+e pairs, they were measured
only in part of the film. Thus, only 70% of the
two-prong events were included in the data, as
estimated in a Monte Carlo calculation. The
events were then measured on conventional digitiz-
ing machines, and geometrical reconstruction of
the tracks was obtained using the program TVGp.
In this way a total of about 8000 events were ac-
cepted for physics analysis.

The hadronic cross section can be expressed by
the following relation:

N~
0'g =—0'p, (3)

P

where N~ and 0~ are respectively the number of
hadronic events and the corresponding cross sec-
tion. N~ and o~ are the number of pairs and the
corresponding pair cross section, which was taken
as' 20.2+ 0.1 mb. In this way the yd total hadronic
cross section in this experiment was found to be

or (yd) = 234+17 p, b.

The error in the cross section includes both sta-
tistical and systematic errors. Since the zero-
prong events could not be detected in this experi-
ment, their cross section was estimated to be less
than 5 pb using the value of the one-prong cross
section. This value of the total yd cross section is
in good agreement with the values measured pre-
viously in counter experiments. ' In Table I we give
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TABLE I. yd multiplicity and topological cross sec-
tions.

yd multiplicity 0~ ( p.b) Topology ~

m k

125.3+9.3

59.7 +4.4

2 prongs b

3 prongs

4 prongs
5 prongs

44.1+ 3.5
81.2 + 6.0

21.0 + 1.6
38.7 + 2.9

12.4+ 1.1 6 prongs
7 prongs

1.0 + 0.2 8 prongs
9 prongs

5.1+ 0.5
7.3 + 0.7

0.35+ 0.10
0.65+ 0.15

~ Strange particles with visible decay are not included
in this table.

Corrected for small-opening-angle events.

( ) gmo„,
(4)

gives a value of 3.6+0.2 at 7.5 GeV. Under the
assumption of Eq. (2) we obtain the following re-
lation between the average deuteron charge mul-
tiplicity (m)~ and the proton ((m)~) and neutron
((m)„) average charge multiplicities:

the charge multiplicity m, the cross sections a
and the topological cross sections o„where k is
the visible charge multiplicity. Note that the
charge multiplicity and the visible charge multi-
plicity are not identical because of invisible proton
spectators and invisible deuterons.

The average charge multiplicity of the reaction
(yd, n' ), defined as

Qmcr„=-o~(m)~

=o~(rn)~ + v„((m)„+1).

The total hadronic photoproduction cross section
for deuteron, proton, and neutron targets are
denoted by o„, a~, and o'„, respectively. Note that
the last term in Eq. (5), which represents the neu-
tron-induced reactions, has an additional unit
charge added to (m)„ to account for the presence
of a proton spectator in each neutron reaction.

From the SLAC-Berkeley-Tufts (SBT) data' we
find the interpolated value for (m)~ to be 3.5 at
V.5 GeV. Using Eq. (5) and the fact' that at this
energy o„=o~=v~/2 we find (m)„= 2.7+0.2. This
value lower than (m)~ by one unit of charge
This is due to the fact that the "net" charge multi-
plicity, ' i.e., the difference between the final and
the initial charge multiplicity, is the same for yP
and p8.

III. DATA PRESENTATION

We analyzed our inclusive data in terms of the
following variables:

(a) the Feynman variable" x, defined in the over-
all center-of-mass system as

pg/pg (5)

where P* is the longitudinal momentum of the ob-
served outgoing particle and p*,„is the maximum
kinematically allowed momentum for that particle, "

(b) the longitudinal momentum p~, in the labora-
tory system

(c) the perpendicular momentum p~ in the c.m.
system; and

2 4 10

E, (Gev)

FIG. 1. Photon energy spectra from e+e pair measurements.
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(d) the rapidity variable y, defined in the labora-
tory system as

1000

500—

y=a ln

In the following analysis the over-all c.m. system
was defined as the y-nucleon c.m. system, in

accordance with the assumption expressed in

Eq. (2).
In Fig. 2 we show the quantity E(x), defined as

E* d'v
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as a function of x. The region x= -1 (x=+1) cor-
responds to backward- (forward-) going pion, i.e. ,
target (beam) fragmentation region. From the data
it is apparent that E(x) reaches a maximum at x=0
(pionization region') and falls off on both sides at
different rates, attaining for the ratio E(+1)/F(-1)
a value of -10. For comparison we also show in
the same figure the yp data at 9.3 GeV given by the
SBT collaboration. ' (The dashed curve is an ap-
proximation to the yp data. )

In Fig. 3 we show the longitudinal-momentum
structure function distribution F(Pg) vel sus Pt~ 111

the laboratory system, where

(9)

The structure function rises rapidly from P~~ 0 5

GeV/c, reaching a maximum in the region of p~~

------ YP

5 Yd This experiment

-0.5-1.0 GeV/c followed by a slow decrease to
zero at the kinematically allowed limit. In Fig. 4
we show the transverse-momentum structure func-
tion distribution E(p1') versus p1', where

I l I

3 5

p, (LAB) (Gev/c)

FIG. 3. The structure function E(p~) ) versus p~~ . The
dashed line is an approximation of &(P~~) from the (pP, & )
data at 9.3 GeU.
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FIG. 2. The structure function I'(x) versus x. The
dashed line is an approximation of S'(x) from the (yp, x )
data at 9.3 GeV.
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FIG. 4. The structure function +(P~~) versus P~~.
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The distribution shows exponential decrease at
small P~', and at higher p, ' values the slope of
the distribution changes continually.

In Fig. 5 the rapidity distribution integrated over
all p~' is shown. The predicted flat top, "which is
expected at high incident momentum, is not ob-
served here. The absence of a flat top in a yp ex-
periment' at 9.3 GeV was pointed out earlier.

IV. COMPARISON WITH THE (yp, m ) REACTION

Assuming Eq. (2) to be valid, one may extract the

(yn, n ) inclusive spectra from(yd, v )and(yp, v )
data at the same energy. There is no (yP, v ) experi-
ment at our energy, and since bothp11 andy vari-
ables exhibit significant variations with energy it is
difficult to make a detailed comparison in these
variables. Thex variable, on the other hand, is
seen to be almost energy-independent, and there-
fore we can use the results from the 9.3-GeV
(yp, m ) experiment. '

For a comparison between the yd and yp data we
have studied the following ratio:

g, =[F, „-(x)—F -(x)j/F p -(x). (11)

Under the assumption of Eq. (2), this ratio is equal
to F „„-(x)/F ~ „-(x). As seen from Fig. 6, g, is
large for the region g & -0.5 and approaches the
value of 10 at x= -1. For x&-0.5, the ratio R,
falls off rapidly and is close to unity in the pioniz-

ation region. It is worthwhile to note that at g
close to 1, R, falls even somewhat below unity
(~,&+0.10 in this region).

Assuming factorization, it has been suggested
that the relation (yn, v ) = (yP, v') holds for x
(-0.5,"since we are in the target fragmentation
region. The feature that R, drops off sharply at
x= -0.5 has been explained by Horn" to arise
because this is the edge of the "pure" target frag-
mentation region. By "pure" we mean that a par-
ticle with 1x1 &0.5 is the leading particle in either
beam or target direction. Note that the relation
(y n, w ) =(yp, m') holds even if the isoscalar-iso-
vector interference term of the photon exists.
Thus the ratio R, in this region is equal to
Fz~ „+(x)/F», -(x). In fact, the ratio F,~ „+(x)/
F, ~ „-(x), where a is any incoming particle,
should be independent of the beam particle in the
region x & -0.5 under the assumption of factoriza-
tion. The data. available at present for a =P (Ref.
14) and a= v' (Ref. 15) seem to support this result.
Both data give a ratio of approximately 10 near
x= -1. Our calculation of the ratio for a=y gives
a similar value at x= -1, which confirms the
above results.

In the region x= 1, i.e. , the beam fragmentation
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FIG. 5. The ~ cross section do/dy versus y. FIG. 6. The ratio R, =E&+ ff (x)/Eyp + (x).
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region, we expect E&„, (x)/E ~, (x)-to be identi-
cal to unity. The deviation of the ratio from unity
might be due to the fact that in this region the con-
tribution from the coherent (yd„w ) events is not
negligible, and thus the assumption of Eg. (2) is
less justified.

In order to compare our m spectrum with those
spectra obtained in hadronic reactions, following
Chan Hong-Mo ef, al. ' we have normalized the dis-
tributions by dividing them by their respective
asymptotic total cross sections. In Fig. 7 we pre-
sent a comparison of normalized E(x) distributions
between our data using or&~(~) = 2a&r~(~) and data on
m production in w'P, v P (Ref. 17) and yP (Ref. 2)
reactions. As can be seen, at negative x our data
points lie considerably higher than those of the
other experiments, a phenomenon observed in the
previous figure. At positive x our data follow the
nonexotic channels. If the coherent (yd„m ) be-
haved like an exotic channel, and had a non-negli-
gible contribution, we would have expected the
curve to approach the (m'P, m ) data points.

In Fig. 8 we compare the normalized [I/or(~)]
xdo/dp~~ with our data for the rea.ctions (ap, w ),
where a=P, K", m', m (Ref. 18), and y (Ref.2).
The same effect manifested in the previous figure
can also be noted here, i.e. , at low P ii

our data
points are consistently higher than the other data,
and at higher p, i

our points are essentially follow-
ing the nonexotic channels.

Chang Hong-Mo et a/. ."predicted E» „+(P„)to be
similar in magnitude to E~~, -(P „) at small and
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FIG. 9. The longitudinal-momentum distribution p ~)

calculated at different values of R=P „„„/P„„.(a) R =0;
(b)R= 1 (c)R = 2.6.
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ed .-rv-+ anything, 7.5 GeV
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FIG. 10. Correlation terms in y. The solid-line histogram is the coincidence d 0 /dy& dy2 distribution. The dotted
histogram is the normalized product of the inclusive one-T( distribution (1/4') (do/dy&) do/dy&.

negative P~~. Our result that the normalized
E ~, -(p~~) is greater than the normalized
F ~, -(p~~) by a factor of approximately 5 implies,
under the assumption of Eq. (2), that E „,-(P ~~) is
greater than F ~,-( ~p) by an order of magnitude.
Since Ez„„(p~~) Fy p +(pq) at pg small and nega-
tive, our results contradict the prediction of
Chang Hong-Mo et al.

The asymmetry of the longitudinal momentum P~~

distribution is a function of the reference frame

where it is calculated. Elbert et al."have studied
the p~~ distribution in (w p, m') reactions and found
that the longitudinal momentum distribution is
symmetric in a reference frame where the ratio
8 of the target and beam momenta equals 1.5. This
result has been interpreted" as arising from the
symmetry in the quark-quark c.m. system for the
quark-quark collision that takes place. In the

(yP, w ) experiment, ' this ratio was found to be
close to R-3, and, in the spirit of quark-quark

ed =rr-+ anything, 7.5 GeV
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FIG. 11. Correlation terms in x. The solid-line histogram is the coincidence d 0/dx&dx2 distribution. The dotted
histogram is the normalized product of inclusive one-& distribution (1/N) (do/dxg ) da/dx2.
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interactions, it suggested that the photon interacts
as a single quarklike object. In Fig. 9 we show the
do/dp~~ distribution, where p~~ is calculated for
three values of R in the y-nucleon system, namely
R =0 (laboratory system), R =1 (c.m. system), and
8=2.6, where the data were found to exhibit a
symmetric distribution. This value of R =2.6 is in
good agreement with the result found in (yP, m ).'
We have also calculated the P~~ distributions for
different values of R in the yd system and found
them to be symmetric at R=4. Assuming the pho-
ton to interact as a single quark with the deuteron
nucleus as a whole, one would expect R to be =6.

V. CORRELATIONS

Additional information on the outgoing w parti-
cles may be obtained by studying correlations be-
tween the particles in different variables. In gen-
eral, two-particle correlations in any variable are
defined by the function

d 0 1 tR do

dv, dv, N dv, dv, ' (12)

where v, and v, are the variables under investiga-
tion for the first and second m, respectively; N
is a renormalization factor such that when v, and

v, are uncorrelated the integral of g(v„v,) is equal
to zero. In the evaluation of the function g(v„n, )
we calculated in the first term the coincidence of
the particles from the same event. The second
term is the product of the vy and v2 distributions
of all m produced. In these distributions events
with single-m production were included as mell.

In Fig. 10 we show the two terms of the correla-
tion function (12) for the rapidity variable. The
solid-line histogram shows the coincidence of the
two m when their rapidities are Ay apart. The
dotted histogram is the second term in the expres-
sion (12). The difference between the two histo-
grams measures the amount of correlation in this
variable. In Fig. 11 similar distributions in the x
variable are shown. Here too the solid and dotted

histograms represent the first and second terms
of Eq. (12). As seen in both figures, one finds cor-
relations in both variables, where the correlation
in the x variable is more significant. In both cases
positive correlations near Ax, Ay=0 is seen, which
turn negative at larger values of ~Ax~, )by~. A
similar behavior of the rapidity variable has been
observed by Ko in his study of the m inclusive
production in K'P interactions at 12 GeV/c. "

VI. CONCLUSIONS

In summary, we have found the assumption that
(yd, w ) behaves as the sum of (yP, m ) and (yn, w )
to yield resonable results.

The yn average charge multiplicity was found to
be 2.7+0.2, which is one unit of charge less than
the yP average charge multiplicity.

The ratio F „,+(x)/F ~,-( )xin the target frag-
mentation region is equal to both E», (+)x/ »E, -( )x
and F,+~ „+(x)/E,+~,-(x). This equality is expect-
ed if one assumes factorization to hold.

We found that the P~~ distribution is symmetric
in a frame where R = 2.6, suggesting that the pho-
ton interacts like a single quark.

Both the x and y variables exhibit positive cor-
relation near hx, Ay =0, and the x variable seems
to be a more sensitive variable for such a study.
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New Determination of the Dalitz-Plot Distribution for 7 Decays*
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We have measured the X and Y projections of the Dalitz plot of 81000 ~ decays. The
decays were observed in a beam of 400-MeV/c K 's in the BNL 30-in. liquid-hydrogen
bubble chamber. For the X distribution we find no deviation from phase space. For Y we
find a distribution of (phase space) x (1+AY) and have determined for A the values 0.252
+ 0.011 with Coulomb corrections to the distribution, 0.219+0.011 without Coulomb correc-
tions. The results have been obtained using a method which involves measured rather than
fitted quantities.

I. INTRODUCTION

The distribution of the Dalitz plot for charged K
mesons decaying via the v mode,

rent experiments, has been difficult and has given
inconsistent results previously. It was in an at-
tempt to resolve this inconsistency that the exper-
iment reported here was performed.

should be a property of the weak interaction mea-
surable with a minimum of experimental difficulty.
The decay can be observed in a bubble chamber or
in a counter system, with all tracks, both incoming
and outgoing, charged and observable. For E'
the decays can be observed for particles at rest,
while for K they must be observed in flight to
avoid nuclear absorption. The distribution is ex-
perimentally well represented by three-body phase
space (flat Dalitz plot) multiplied by a term linear
in the kinetic energy of the odd pion. There is
some evidence stated for more involved struc-
ture, ' but none has been convincingly proved.

Despite the apparent simplicity of the problem,
the precise measurement of the slope of the linear
term, the only measured quantity needed to de-
scribe the distribution within the accuracy of cur-

II. DALITZ PLOT

We have chosen to parametrize the Dalitz plot in
terms of the variables X and 7 defined by

X= ir, —T, i, Y= —(ST, —Q),
vs

where T, and T, are the kinetic energies in the K
center-of-mass system of the two m, T, is the ki-
netic energy of the w', and Q is the energy release
of the decay, given by

@=M~ -3M„
= 75.09 +0.12 MeV.

In terms of these variables the Dalitz plot is
bounded by the closed curve formed by the Y axis
and the curve

2M»Q Y ~ + (4M ~ —2QM» + Q )Y —(2M» —Q)
Q Y +2Q(SM —Q)Y —4M +2QM„—Q


