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Data on the multiplicity and inclusive spectra of y produced in inelastic p Ne and pN interac-
tions at 300 CxeV are presented. The y multiplicity for p Ne interactions is 11.43+0.23, and the
ratio of (n„) for p Ne and pN interactions is 1.48+0.05. From an analysis of the efFective-mass

distributions, (n 0) =4.91+0.52 and (n 0) =1.47+0.33. In fact, vP production is much higher in

p Ne interactions [R (q /mo) =0.66+0. 12 for nr )2] than in pN interactions [R {g /no)
=0.06+0.04]. No g'(958) signal is seen. Strong correlations between (nr ) and nr, the number of
secondary protons, are observed, primarily from the central and target fragmentation regions. In-
clusive y and pj spectra are analyzed and evidence for low-energy cascading and rescattering of
fast particles in the projectile fragmentation region is discussed. The data are compared to the pre-
dictions of the additive quark model, the Lund Inodel, and the dual parton model.

I. INTRODUCTION

Many of the main features of hadron-nucleus (h A ) and
hadron-nucleon (hN) inelastic interactions have been
learned from the study of the production of charged par-
ticles. However, there are only a few experiments (partic-
ularly true for nuclear targets) in which data for both
charged and neutral hadrons are available. The impor-
tance of such experiments is clear when one considers
that neutral particles constitute at least 30% of secon-
dary hadrons.

This experiment presents data on y inclusive produc-
tion in p Ne and pN (pp, pn) interactions at 300 GeV/ . c
These inclusive y come, of course, almost exclusively
from n and g decays. Hence, this experiment can make
detailed measurements of both ~ and g production
from neon and from single nucleons.

These data are compared to predictions of the additive
quark model ' (AQM), the Lund model (version FRI-
TIOF-2) (LM) and the dual parton model (DPM) accord-
ing to Ref. 4. Although these models were developed to
describe soft h 2 and hX interactions, the contribution of
low-energy cascading is taken into account only in the
AQM, in which low-energy hadrons formed from low-x
partons in a nucleus can interact. We emphasize that
these models incorporate different pictures of the nucleus.
For example, in the LM and the DPM, all nucleons in the
nucleus are distributed according to conventional param-
etrizations of nuclear density (Gaussian, Fermi, or
Woods-Saxon functions), whereas the AQM assumes, in
addition, that the projectile hadron (or secondary had-
rons) can interact with correlated pairs of nucleons in a

nucleus. Also, in the LM and the DPM, the production
of hadrons from all SU3 multiplets are taken into account
(with relevant cross sections), whereas in the AQM only
nucleons, pions, b, isobars, and vector mesons (p, co) are
considered. For each model we have generated, by a
Monte Carlo technique, more than 20000 events of each
type (p Ne, pp, pn) of interaction.

II. EXPERIMENTAL PROCEDURE

The data come from an exposure of the 30-in. Fermilab
bubble chamber to a diffractive proton beam of momen-
tum 300 GeV/c. The bubble chamber was filled with a
light neon-hydrogen mixture [(30.9+0.7)% molar Ne].
The density and the radiation length of this mixture are
0.249 g/cm and 128.1 cm, respectively.

The results presented in this paper were obtained from
triple scanning 26024 frames where approximately 9000
primary interactions were found. The events were
classified as "p Ne, " "pp" and "pn" interactions in accor-
dance with a standard procedure of event selection in
bubble-chamber experiments with heavy mixtures (see
Ref. 6). In a further analysis, the correct number of
p Ne interactions was determined statistically on the
basis of measured cross sections of p Ne and pp interac-
tions at 300 GeV and of the number of events classified in
scanning as "neonic" and "hydrogenic" (details of this
procedure are described in Ref. 6). In each primary in-
teraction the number of secondary charged particles, neg-
atively charged hadrons (=95% are vr mesons), and
protons were determined. The protons were identified by
ionization and range; after momentum measurement,
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8' = exp
p(E~ )L

Xp

p(E~)L „—exp
Xp

where L;„=2cm, I,„„is the potential length of y in the
given fiducial volume, xp=128. 1 cm is the radiation
length of the NeH2 mixture, and p(E ) is the energy-
dependent y-conversion coefficient. The average 8' is
found to be ( W ) =8.72+0. 11.

Corrections were also made for (a) the loss of low-
energy (p~ & 40 MeV/c) y due to the geometrical recon-
struction failure of low-energy e +—tracks and the conse-
quent low efficiency of detecting such a y, (b) energetic y
which convert within the narrow (8&,b & 5') forward cone
of the fast, charged hadrons and are thus unmeasurable,
and (c) the loss of y emitted nearly along the magnetic
field.

The correction for low-energy y was done using the
Peyrou plot (a plot of transverse versus longitudinal
momentum) for y having pz & 0. 1 GeV/c in the laborato-
ry system. This two-dimensional plot for y should be
symmetric relative to the p~~

=0 axis in the center of
mass of pp interactions. We observe that the y multipli-
city rises 14.7% for y tracks with p&,b &0.040 GeV/c.

The correction for unmeasured, fast y was made using
an analysis of the y angular distribution in the center-of-
mass frame for events classified as pp events. As one can
see from Fig. 1, there is a forward-backward asymmetry
for y at ~cosH*~ ~0.8 which is due mainly to the failure
of y-vertex reconstruction for those y which converted in
the narrow (8„„&5') cone of charged secondaries and to
those y which converted close ( & 15 cm) to the end of the
fiducial volume. The latter circumstance makes it
dificult to reconstruct, with a good accuracy, those e—

only protons with momenta of 0. 12+p ~1.2 GeV/c
were retained for further analysis.

A y is recorded by an e+e conversion pair in the visi-
ble volume of the bubble chamber. The identification of
fast y and neutral strange particles ( V ), which decayed
downstream in the bubble chamber, was done after
momentum measurements and kinematical analysis (see
below). All recorded events containing y and V were
measured and processed through geometrical reconstruc-
tion and kinematical analysis programs. Because of the
relatively high multiplicity of charged secondaries in
some events, it was difficult to accurately measure the
vertex of a y (or V ) which converted (decayed) within
1.5 cm of the primary vertex. As a result, only y and V
with distance l ~ 2 cm were retained for further analysis.

The fast y and V were distinguished using the trans-
verse momentum p~ of negative particles (e, n, or p )

produced from a y conversion or V decay (Ks, A, A ).
y conversions were selected to be those with p~

' (20
MeV/c. The contamination of fast V having p~

' (20
MeV/c, i.e., simulating a y, is less than 1.3%.

After the identification of y and a fiducial-volume
selection, 8153 primary events with 5964 y remained.
The geometrical weight for each measured y was deter-
mined to be
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tracks with momenta p + ~ 40 GeV/c. In order to
correct for this loss, we have introduced a weight factor
for y with cosO*) 0.8:

g Wr* (
—cosH*,„&cosH* & —cosH*;„)

k, (cosH* ) = g W'~ (cosH*;„&cosH~ & cosH*,„)

(2)

for symmetric intervals of cosO*. The corrections were
made for four symmetric intervals: i = 1 has
0.95~cosO* 1.00, i =2 has 0.90~cosO 0.95, i =3 has
0.85~cosO* 0.90 and i =4 has 0.80 cosO* ~0.85. In
this procedure we also took into account the dependence
of k;(cosH ) on the multiplicity of charged secondaries in
the event. For example, for pp events with n, h ~8, the
average value of k(cosH~) is found to be 1.07, whereas
for pp events with n, h ) 10 this value is 1.51. For p Ne
and pn events, we assumed the corrections were identical
to those for pp events.

Correction for the loss of y emitted along the magnetic
field k was made by assuming isotropy in the azimuthal
plane.

Finally, for each y the weight obtained by combining
these corrections is

W~ = W k k;(cosH* ) . (3)

The distribution of y weights 8' is shown in Fig. 2 as a
function of the y momentum. The average weight is
( 8' ) = l 2.20+0. 15.

The average error in momentum and angle measure-
ment of the y are found to be ( 5p /p ) = 14. 5%%uo,

(5tana) =0.03, and (I3) =0.004 rad, where a and P are
the dip and azimuthal angles, respectively. We have ex-
cluded from this analysis all identified bremstrahlung y's.
More details concerning this analysis can be found in
Refs. 7 and 8.

I I I I l I

-0.6 -0.2 0.2 0.6
COS ey

FIG. 1. The y angular distribution in the center-of-mass sys-
tem (c.m.s.) of pp interactions. Corrections for unmeasured fast

y are shown in the dashed area. The arrow indicates the region
(cosO*) 0.8) in which a weighting factor was introduced to
correct for missing y.
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This number is consistent with R (n )=1.47+0.03 ob-
tained by us for negative particles in p Ne and pN in-
teractions at 300 GeV.

IV. y SOURCES

In hadronic reactions with nuclei and nucleons the
main sources of secondary y are the decays of well-
known hadrons

0
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FIG. 2. The distribution of y weights 8 ~ for the entire sam-
ple of measured y.

III. AVERAGE y MULTIPLICITY

The average y multiplicity was determined from the
expression

(~, )= 8
No

(4)

(n~(p Ne) )
R (y)= =1.48+0.05 .

0.5[(n ~(pp) ) + ( n (pn ) ) ]
(5)

where 8'z is the y weight and No is the number of in-
teractions of a given type (p Ne, pp, or pn). We re-
moved coherent p Ne events and elastic pp interactions.
This was done statistically based on known cross sec-
tions.

The experimental values of (nr ) are given in Table I.
We note that our data for pp interactions are consistent
with measurements of ( nr )~~ in hydrogen bubble
chambers at 300 GeV/c. '

Also in Table I are the multiplicities expected from
Monte Carlo calculations using the various nuclear mod-
els AQM, ' LM, and DPM. Within (5 —10)%, all models
are in agreement with our experimental results. Also
shown in Table I are the results of the ( n r ) calculations
for p Ne interactions in the framework of the intranu-
clear cascading model" (ICM) which overestimates the
average multiplicity of y's.

The ratio of the average y multiplicity produced in

p Ne and pN (averaged over pp and pn events) is

m —+yy, B=98-8%,

vP(549)~yy, B =38.9%,
g'(958)~yy, B =2. 2%%uo

~p y, B =30.1%,
—&co y, B =3.0%,

aP(783)~~ y, B =8.0%

X (1193)—+A y, B = 100%

where 8 is the branching ratio of the given decay mode.
We neglect production from charm and b-fiavor hadrons
because the production cross section is much smaller
than the listed hadrons.

Experimental measurements of the production cross
sections of these hadrons are important in order to ana-
lyze the predictions of different models of h A and hN in-
teractions. For example, it is interesting to measure rela-
tive yields of ~, rj, and g'(958) mesons because of the
different quark composition of these mesons. Recent ob-
servation of an anomalously high cross section for
ri'(958) production in m p interactions at 360 GeV/c
(Ref. 13) requires a serious inspection of different mod-
els 14

Moreover, the determination of all possible sources of
y's is also important from the point of view of production
of direct photons' ' which can originate from the quan-
tum chromodynamics (QCD) gluon Compton scattering
(qg~qy), qq annihilation (qq~qy), or gluon brem-
strahlung.

In this paper we have analyzed the effective-mass spec-
tra of yy pairs and other y combinations in order to
determine possible y sources in p Ne and pN interac-
tions. Data for pp and pn interactions were combined
due to limited statistics.

In Fig. 3 the effective-mass spectra of yy pairs in

p Ne and pN events containing at least two recorded y
conversions in the final state are shown. There are clear
peaks at the m mass in both the p Ne and pN interac-
tions. For p Ne events there is also an excess of 4327

TABLE I. The average y multiplicity for incoherent p Ne and inelastic pp and pn interactions at
300 GeV/c and the Monte Carlo predictions.

Type of interaction Experiment AWM (Ref. 1) LM (Ref. 2) DPM (Ref. 4) ICM (Ref. 11)

p Ne

pp
pn

11.43+0.23
7.93+0.18
7.61+0.35

10.77 12.07
7.84
7.77

11.55
8.11
8.22

12.84
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+(p) =«0(p)+PG„O(p)+yB (p), (7)

weighted events at the vP(549) mass region.
The experimental distributions for M(yy)( =p) were

fitted to the form

For established yy peaks we have represented the back-
ground with the fit; where the peak is less clear we have
used randomly mixed backgrounds.

From the fit of data in Figs. 3(a) and 3(b) to Eq. (7), we
have obtained for the g /~ ratios:

where G 0(p) and G 0(p, ) are Gaussian distributions in

which the-known masses of ~ and q mesons are used.
The widths of these Gaussians were determined by the
experimental resolution in M(yy), which is shown in
Fig. 3(c) as a function of M(yy). The function B(p),
which parametrizes the background contribution, was
chosen to be of the form

and

R (g /m )~N, =0.29+0.07,

g /NDF =0.65 for p Ne interactions

R (vf lvr )~~ =0.05+0.04,

g /ND„=0. 51 in pN events .
B (p) p expl. (+2++3p+a4p ++5p ) 1

A second method of estimating background is to random-
ly mix y from di6'erent events. This was done for each of
the spectra presented; both methods gave similar results.

The latter result is consistent with measurements of the
vP/m. ratio in the low-p~ region (0.2~pt ~ 1.5 GeV/c)
for pp interactions at Qs =63 GeV/c . '7

In order to reduce the combinatorial background, one
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FIG. 3. The eft'ective-mass distributions of yy pairs in the (a)
p Ne and (b) pN interactions. The solid lines are the results of
a fit to Eq. (7); the dashed curves correspond to the estimated
background according to Eq. (8). In (c) the experimental yy-
mass resolution is shown as a function of M (yy ).

FIG. 4. M(yy) distributions for y pairs satisfying the condi-
tion Oy~~2arcsin(m o/Eo) for the (a) p Ne and (b) pN in-

teractions. Solid and dashed curves are fits to expected signal
[Eq. (7)] and background [Eq. (8)], respectively.
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can use the kinematical constraint for the minimum
opening angle between two y's produced from the decay
of a particle with mass mo having energy Eo.

Orr'" ~ 2 arcsin(mo/Eo) .

We have used expression (9) assuming that Eo equals
the sum of the energies of two y's and mo=m p. The

M(yy) spectra obtained under these assumptions in

p Ne and pN interactions are shown in Figs. 4(a) and
4(b). The solid lines represent the results of a fit to ex-
pression (7). For this case we find

R (g /m ) N, =0.36+0.05

in p Ne interactions

and

R (vP/vr )~~=0.06+0.04 in pN events .

The dashed curves show a contribution of fitted back-
ground.

%'e emphasize that the signal from g production can
be seen even more clearly by substituting the g mass into
expression (9) instead of m o. This reduces the back-

ground in the region of the g as seen in Fig. 5. The solid
lines in Figs. 5(a) and 5(b) represent fits to the sum of a
Gaussian function centered on I p and the background
contribution from Eq. (8).

The vP/vr ratio is clearly greater in the p Ne interac-

tions than in the pX events. This difference arises mainly
in the p Ne events with at least two identified protons
(0. 12~pz ~1.2 GeV/c) in the final state. For example,
in Fig. 6 we show the M(yy) distributions for p Ne in-
teractions with n 2; the g signal in this case is much
stronger than the corresponding r) signal in Fig. 3(a).
From a fit of the data in Fig. 6 to Eq. (7) we have ob-
tained

R (rI /~ )pN, „)~=0.66+0. 12 .

In addition, from Figs. 7(a) and 7(b) one can see that
the signal from g production is significantly larger in the
p Ne interactions with n ~2 than for n ~ 1, where the
r) /n ratio is consistent with zero (r) /n =0.04+0.06).
The latter includes mostly interactions with quasifree nu-
cleons of neon (see Ref. 6), and would be expected to be
similar to the pX interactions.

If one takes into account that the number of secondary
protons in hA interactions can serve as a Ineasure of the
average number of target nucleons (v) involved in hA
collisions, ' the r) /m ratio for the p Ne interac-
tions with n ~2 implies a strong 2 dependence in g
production because ( v) = A ' . On the other hand,
since the quark composition of the g meson

lg') =o iuu ) +
i
dd ) —2iss )

includes ss quarks, the higher ratio on a nuclear target
(compared to a nucleon) may indicate that sea quarks
play a more important role in the nucleus.

We have also looked for the g'(958) meson. In Fig. 8
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FIG. 5. M ( yy ) distributions for y pairs with

Oyy )2 arcsin( m p /Ep ) in the (a) p Ne and (b) pX interactions.

The solid curve is a fit to the sum of the background (dashed
line) and a Gaussian function for the expected mass of the g .

FIG. 6. M(yy) spectrum for p Ne interactions with n~ 2.
The solid line is a fit to Eq. (7); the dashed curve is a fitted back-
ground from Eq. (8).
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the M(yy) spectrum for p Ne interactions is shown
where we have used the kinematical constraint [Eq. (9)]
with mo =m„. The solid line represents a random back-
ground obtained by mixing y's from difT'erent events and
normalizing to the experimental area. There is no clear
signal exceeding the background at M(yy) =m„. If we
take into account the experimental resolution in M(yy),
then the upper limit for the ratio i)'(958)/i) (549) be-
comes (90%%uo C.L.):

From an analysis of ~ y spectra looking for the decay
coo~~ y, we find the co multiplicity (n, ) ~ 1.5 with

95 /o C.L. Since the branching ratio for this decay is only
(8.0+0.9)%,' we expect only a few such decays, and
thus have little sensitivity for this reaction.

From measurements of the ratio g /~ and the average
y multiplicity, one can derive the multiplicity for ~ and

mesons using the expressions

i)'(958)/i)(549) (0.58 in p Ne interactions . (n ) —(n )~
2(1+BR )

(10)

Another possible source of y conversions are decays of
hyperons. In order to search for X we have used re-

sults from the measurements of neutral strange particles
and selected events containing at least one identified A
hyperon and one y. The geometrical efficiency for
recording A decays was corrected, as were other sources
of losses. The data were fitted to a Gaussian with a poly-
nomial background. The average y multiplicity pro-
duced from X ~A y decays is (n )@=0.074+0.017,
which is (0.65+0. 16)%%u~ of all secondary y in p Ne in-
teractions at 300 GeV. A similar procedure carried out
for pX interactions leads to ( n ~ ) x =0.05+0.03, or
(0.6+0.4)% of all y.

(n( i))) =R (n (~ )),

where (n~) is the average multiplicity for all y, (n~)z
the multiplicity for X —+A y decay, R is the measured
ratio of g to ~, and B =0.39 is the branching ratio for
'g —+pp decay.

From our data we have obtained

(n (vP) ) N, =4.91+0.52,

(n(i) ))~N, =1.47+0. 33 in p Ne interactions

and
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—Fit

( n ( ~ ) ) ~ =3.82+0.41,
( n (i) ) ) & =0.23+0. 15 in pN events .

When one takes into account the probability of
g —+yy decays, we conclude that, in p Ne interactions,
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FIG. 8. The M ( yy ) spectrum for y pairs with

ayy )2 arcsin( m „ /Eo ) in the p Ne interactions. The curve is
a random background obtained by mixing y's from different
events.
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less than 0.5% of secondary recorded y's can be attribut-
ed to sources other than ~, q, and X decays.

V. MULTIPLICITY CORRELATIONS

A study of the correlations between the multiplicities
of neutral and charged hadrons can reveal some dynami-
cal aspects of multiparticle production. In this paper we
have investigated correlations between the average multi-
plicities of secondary y's and charged particles (pions and
protons) in p Ne and pK interactions.

In Fig. 9 the dependence of (n~ ) on the number n of
negative hadrons ( =95% of them are ~ mesons) in

p Ne and pN interactions is shown. In both types of in-
teraction (nz), the mean y multiplicity increases ap-
proximately linearly with n until n =10—11. Using a
linear fit ( n~ ) =a+/3n, we find (for n ~ 10)

a~N, =4.96+0.49, p„N, =1.27+0. 10

(g /HFDF=1. 15) for p Ne interactions

and

a &
=3. 12+0.28, I3 &

= 1.40+0.09

(y /ND„=1. 22) for pN events .

The curves shown in Fig. 9 are the model predictions
for the AQM, LM, and DPM for p Ne interactions.
Within -(10—20)%, all these models are in agreement
with experiment for n ~ 10—11. Since events with
n ) 10 constitute less than 9/o of the total inelastic
cross section, the bulk of the data is well described by
these models.

This correlation between ( n~ ) and n originates from
hadrons produced in both the central and the target-
fragmentation regions. This eFect is demonstrated in
Fig. 10 where we show the correlation for three di6'erent
rapidity intervals (y*( —1, ~y*~ ~ 1, and y*) 1) for
p Ne and pN interactions. The correlations are quite
weak for y* ) 1, i.e., for those y produced from decays of
vr (g ) mesons which originate primarily in the
projectile-fragmentation region. Again, the disagreement
between the data and the various model calculations
occurs mainly at large values of n

The multiplicity of secondary protons in nuclear in-
teractions can serve as a measure of the average number
of nucleons involved in the h 2 interaction. ' Hence,
the correlation of ( n ~ ) and the number of protons in the

Thus, the slope parameter P depends weakly on the type
of target, which may be a reAection of isospin and charge
conservation.
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FIG. 9. The average y multiplicity as a function of the num-
ber of negative particles ( n ) for p Ne and pN interactions.
The curves show the predictions of different models for p Ne
interactions: the additive quark model (AQM), the Lund model
(LM), and the dual parton model (DPM).

FICx. 10. The dependence of (n ) on n for y with rapidity
(a) y* & —1 (b) ~y*~ 1, and (c) y* & 1 for p Ne and pN in-
teractions. The curves correspond to the predictions of the cor-
responding models.
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final state is a critical test of the predictive power of the
various models. in Fig. 11 (p Ne interactions) we see
that, although AQM, LM, and DPM all satisfactorily de-
scribe the (n ) =f (n ) correlations, there are substan-
tial di6'erences among these models in the correlation
predictions for (nr) and n, the number of protons
identified in the final state. For example, the LM contra-
dicts the data, while the DPM agrees with data for
larger-momentum (0.4+p + 1.2 GeV/c) protons. One
reason for this discrepancy is that, in experimental spec-
tra for protons with momenta of 0. 12 ~p ~ 1.20 GeV/c,
there are contributions from three mechanisms: ' "eva-
porated" protons, knocked-out protons, and cumulative
protons. In both the LM and the DPM, all secondary
protons are assumed to be knocked-out nucleons. The
AQM, in addition to these protons, assumes that secon-
dary protons can be produced by the interaction of had-
rons with correlated pairs of nucleons in a nucleus.

(ny)

IO

8

6

0
(n&)

8

2
(n), )

l0

4 -c)

DPM
AQM

~ ~ ~ ~ ~ ~ ~ LUN 0

~ ~ ~ ~ ~

~ ~ ~ ~
~ o ~ ~

0

20
p Ne

y
& I

lysi c I

y

(n
24

20

c)

Ne

~ 4 ~ ~ ~ ~ ~

0,4&p & l. 2GeV/c

r
0.2& Pp& l. 2 GeV/c

6

0
0

FIG. 12. The dependence of (nr ) on the number of protons
with momenta 0. 12+p~ 1.20 GeV/c for p Ne interactions
for y with rapidity: (a) y ( —1, (b) ~y*~ 1, and (c) y*) 1.

(n )
l6

l2

&n )

~ e

O. l2& p &l.26eV/c
P

IO
I

0

C3 lO' &
\)

CD

C9
I I

b a
—lb (o'—

20~ p Ne emmy )f + o ~ ~ ~

QpN~++o ~ ~ o

DPM————AQM
LUND

l2
-2

IO

8
1

2
I

4

LUND
I

8
lO

20 40 60 80

FIG. 11. The average y multiplicity for p Ne interactions as
a function of the number of protons n~ with momenta: (a)
0. 12~p~ ~ 1.2 GeV/c, (b) 0.2~p~ ~ 1.2 GeV/c, and (c)
0.4 p~ 1.2 GeV/c. The curves are predictions of the dis-
cussed models.

P (GeV/c)

FIG. 13. The laboratory momentum distributions of y for
the p Ne and pX interactions. The curves are predictions of
the discussed models for p Ne events.



43 y PRODUCTION IN p Ne AND pN INTERACTIONS AT 300 GeV 2811

In Fig. 12 we display a plot of ( nr ) as a function of n

for different rapidity regions for p Ne interactions.
Once again we see that the correlation is weakest for y
with y*) 1, the projectile-fragmentation region. All the
models predict this effect rather well. However, in the
central region ( ~y*~ ( 1) and the "target"-fragmentation
region (y*) 1), the models make very different predic-
tions. In general, the DPM agrees best with the data.

Clearly the average y multiplicity (m, g mesons) is
strongly correlated with the number of secondary pions
and protons (in the p Ne interactions). The main con-
tribution to these observed correlations comes from y's
(m, vP mesons) produced in the central and the target-
fragmentation region. We also conclude that, although
the AQM, LM, and the DPM quite satisfactorily repro-
duce the average y multiplicity, these models do not
quantitatively describe all the correlations observed in
this experiment.

VI. y INCLUSIVE SPECTRA

The y momentum distributions in the laboratory frame
for p Ne and pN interactions are shown in Fig. 13.
Since most y's are produced by the decay of ~ mesons,
the maximum value of pz in the laboratory frame cannot
exceed pr'" ——80 GeV [from pp ~(pm )p] for an incom-
ing proton of momentum po=300 GeV/c. The curves

I0

correspond to predictions of the AQM, LM, and DPM
for p Ne interactions. Most models reproduce the
momentum distribution rather well, although the AQM
overestimates the yield of fast y.

A comparison of the y inclusive spectra for p Ne and
pled interactions can be seen in the rapidity distributions
shown in Figs. 14(a) and 14(b), where the ratio

(cr;„'do /dy*) ~,
R (y)=

(o;„'do/dy*) ~

is shown. There is a clear indication that R (y) ) 1 in the
target-fragmentation region. On the other hand, in the
projectile-fragmentation region (y

* ~ 2), the data indicate
R (y*)( 1, i.e., in the very forward direction the average
y multiplicity of y's (due to n, g mesons) may be less
for p Ne than for pN events. this same effect has been
observed for charged particles also. ' In general, the
models reproduce the coarse features of the y rapidity
spectra in p Ne interactions, although the detailed
agreement is far from satisfactory.

In Fig. 15 the y transverse-momentum pj distribution
for the p Ne and pX interactions is shown. The model
predictions agree well with the data, although the AQM
prediction for p Ne interactions is low for the large
(p) ~ 0.6 GeV /c ) transverse momentum.

In Figs. 16 and 17 we show the y inclusive spectra for
different numbers of secondary protons. The predictions
of both the AQM and DPM are similar, and closer to the
experimental data, than the LM. Within the framework
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of the Lund model, the Monte Carlo calculations show
that the probability for the final state to have five or more
protons within our visible range (0. 12 ~p„~ 1.2 GeV/c)
is less than 5X10

Finally, in Figs. 18 and 19 we compare inclusive rapidi-
ty and transverse momentum distributions for y, ~, and

mesons in p Ne interactions. Data for the ~ and g
mesons were obtained from the y

* and p z distributions of
yy systems with masses
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(g meson). The background y* and p~ distributions
were obtained by randomly mixing y's from different

Ne events and were normalized to the corresponding
background in the M(yy) spectrum at the m and g
mass regions, respectively.

At large values of p~, the absolute yields of m and g
mesons become closer. A similar trend is observed in pp
interactions. ' ' In addition, in the target-
fragmentation region the ~ and g yields become compa-
rable.
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VII. CORRELATIONS BETWEEN TRANSVERSE
AND LONGITUDINAL MOMENTA

OF y QUANTA

As shown in the previous section, the transverse-
momentum distributions of y quanta in the p Ne and
pN interactions have similar shapes in the interval
O~pj 83 (GeV/c) . As a result, the average p~ coincides
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p Ne interactions.
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for both types of interactions:

(pi~ )~N, =(180+4) MeV/c

in p Ne and

(pi ) ~=(178+5) MeV/c

4 E

0.4—
O
CD

I

~ np& I

oil &2
ir

~ ~

in the pN interactions.
However, it is interesting to look at the p~ distributions

in different kinematical regions. In Fig. 20 the average y
transverse momentum is shown as a function of the Feyn-
man variable x =2p~~ /&s for p Ne interactions with
the number of secondary protons n ~ 1 (i.e. , mostly in-
teractions with quasifree nucleons) and n ~ 2. The
"seagull" effect is apparent in both cases, but the (pi )
dependence on x is asymmetric for events with n ~2.
For x ~ —0.05, the (pi )„~z is smaller than (pi )„&,,

P
for x ~0.05 they are roughly equal. This difference,
which is as large as 20%, cannot be explained either by
the Lund model or the additive quark model as shown in
Fig. 20.

The (pi ) difference for y with x ~ —0. 1 can be caused
by a low-energy cascading of slow hadrons in a nucleus.
As the number of protons in the final state increases (im-
plying an increase of (v) ), the average transverse mo-
menta of hadrons should decrease with n due to conser-
vation of energy and momentum. In Fig. 21(a) we show
(pi ) as a function of n„ for y with x + —0.05. Qualita-
tively, the observed decrease of (pt ) with n is explained
by the AQM but not by the LM, which neglects the re-
scattering of slow hadrons.

This low-energy cascading in the target-fragmentation
region should cause an increase in the dispersion of the
p~ distribution as n increases. Our data agree with this:
for y's with x & —0.05, the dispersion of the p~ distribu-
tion is D(pz)=0. 06+0.01 for events with n ~ 1, and

D(p i)
=

0. 09+0. 01 for events with n ~ 2.
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0 l
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I

0,2

In the central region ( ~x
~

50.05), there are several al-
ternative processes due to a finite "formation" time of
hadrons. In this case, since hadrons are relatively fast in
the laboratory frame, one can expect the absence of no-
ticeable correlations. Data in Fig. 21(b) show that, for y
with ~x ~

~ 0.05, the (pi ) does not depend on the multi-
plicity of slow protons in the final state. This is also in
agreement with the predictions of the LM and AQM.

The most interesting dependence of (pi ) on n occurs
for fast y's (x )0.05), which originate mainly from de-
cays of fast ~ mesons produced due to projectile frag-
mentation. As one can see from Fig. 21(c), (pi) for
these y's may increase with n for n ~3 and then de-
creases as n~ increases further. Qualitatively, such be-
havior does not contradict the AQM, although a difFerent
mechanism may be responsible. For example, successive

x=2p /~s
FIG. 20. The (pi) vs Feynman x for y in p Ne interactions

with the number of protons n~ + 1 (solid circles) and n~ + 2
(open circles). The predictions of the AQM and LM are shown.
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FIG. 21. The average y transverse momentum as a function
of the number of protons for p Ne interactions with a fixed
range of Feynman x.
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rescatterings of the incoming hadron (or some excited ha-
dronic system connected with projectile) on nucleons in-
side a nucleus can cause the appearance of additional
transverse momentum for hadrons produced from projec-
tile fragmentation. In this case, one could observe an in-
crease of (pt ) up to some value of n, then a leveling off'

at higher values of n because of the finite number of nu-
cleons in a nucleus. This would also imply that an in-
crease of (pt ) with n should be observed to larger
values of n for heavier nuclei.

VIII. CONCLUSION

cles; these correlations are strongest for y produced in
the central and target-fragmentation regions. We have
analyzed the inclusive spectra of secondary y, m. , and g
mesons and found an indication of low-energy cascading
as well as rescattering of fast particles in the projectile-
fragmentation region.

The comparison of this experimental data with Monte
Carlo calculations using the additive quark model, the
Lund model, and the dual parton model shows that these
models, which reproduce many of the gross features of
the data, do not quantitatively describe all the properties
of inclusive y production.

In this paper we have presented data on the inclusive
production of y in p Ne and pN interactions at 300
QeV/c. The average multiplicities for y, ~, and g
mesons in the p Ne interactions are 11.43+0.23,
4.91+0.52, and 1.47+0.33, respectively. The ratio of
( nr ) for p Ne interactions compared to pN collisions is
1.48+0.05, very similar to the corresponding ratio for
(n ) of 1.47+0.23. r) production in the p Ne interac-
tions is measured to be 0.29+0.07 of m production, com-
pared to 0.05+0.04 for pX interactions. X production
accounts for only (0.65+0. 16)%%uo of all y. No rI'(958)
production is observed. Altogether, m, g, and X pro-
ductions account for 99.5%%uo of the observed y.

We have observed strong correlations between the
average y multiplicity and the number of charged parti-
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