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At high accelerator energies, where collision cross sections
are dominated by high-multiplicity events, one cannot hope'to com-
prehend interactions in terms of épecific exclusive processes as has
been widely and successfully attempted at lower e~1‘iergie$. The sug-
gestions of Feymnan(i) and Yang(z) that these processes be studied
through their inclusive characteristics then become appealing. By
summing over many exclusive processers, one loses specific details
about each individual process; but the compensating hope is that one
(3)

may thus observe aggregate features which arise irom underlying

dynamics, and which may not be apparent in specific channels.

This paper applies this approach to a high-energy photoproduc-
tion experiment performed using the SLAC 2-meter streamer cham-
; . , (4) : 1 ; .
ber with hydrogen target. An 18-GeV bremsstrahlung beam 1s usec
-and at these energies a majority of events (about 5/6) have neutral pa:
ticles. Thus the photon energy EY is unknown for most events. For
each event we therefore calculate a surrogate ''visible' photon energy

— 3 ; e
Evis = ]ZP.J , where the index i refers to charged tracks. For the

: : - . >
- comparison described here we accept events having Ev~'" = 9.0 GeV.
1o

The events retained for this study are produced by photons in the rang
E\/: 9-18 GeV (3075, 5205, 1451, and 160 of 3,5,7, and 9-prong
events, respectively). The events are weighted to account for differ-
ent film samples and individual geometrical configuration. We have
arbitrarily normalized the data presented here such that 5-prong

events have unit average weight.

The multi-Regge model we use is similar to that used earlier ic

. . + ; . 5) -
compare to high-energy K p and pp experlmen’cs.( ) However, the

coupling of the photon to the multi-Regge chain requires particular
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tention. The "elastic' process yp — p? + p makes an important con-
ibution to the cross section. It has been extensively studied and
scribed in terms of the vector-dominance model represented by the ‘

(6) This suggests that the coupling of the y to a |

agram of Fig. la.
ulti-Regge chain might take the form of Fig. 1b. Here a p° is dif-
actively excited, in accordance with the vector~dominance picture,

id the exchanged Pomeron then ties onto the multi-Regge chain. This

- . . . - . . . . L
1ain is characterized by an ''effective meson'' m which propagates to

« .
-~ oy

e target proton sequentially emitting produced-pions,‘;in the

(7) “

épirit of
e multi-Regge model of Chew and Pignoftti.
Finally, we include a ''‘background' term to the p%,wch'aracterize'd
r Fig. 1c. We do not expect this diagram to accuratei“y describe all
spects of the coupling of the vy other than through the ;;0, but, within
e multi-Regge framework, to dualistically represent the many other
pes of processes that can occur at the "'photon end" of this chain.
To keep the model as simple as possible, we have not included
. the present comparison a diagram involving baryon exchange (Fig.
i). We have found that the net effect of such diagrams is to increase
e cross section for high-multiplicity events relative to those oflower
aultiplicity, and also to increase the contribution of backward charged
zcondvaries. In the present analysis, these effects are relatively

nall.

The matrix-element squared for the diagram of Fig. 1c is given

2 2 N-2 N-1
Flg=g) T Plspn) (W)

-“x\2=(g) I

i=14

———

, N-2 N4 [s.+b]2“(ti)
1
b
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ere s, ‘ci are the invariant sub-energy and momentum transfer

Aared for the i-th link, «(t) and B(t) are the trajectory and residue of
: exchanged Reggeon, gz is the coupling constant and b is a constant
osen to be equal to one so that the matrix-element approaches phase

LA

ace at low subenergies. The matrix-element squared for Diagram

is given by

/ n(t) 5 it
BW(M,T) - sin®6., - M] et (s +1) @pit) (2)

H M(WW)J;

ere BW is a mass-dependent Breit-Wigner factor, GH is the p-decay
licity angle, n(t) pertains to the p-mass shift, and the last two fac-
:s are related to the exchanged Pofneron. Detailed formulae and
lues of parameters used can be found in the work of Moffeit(6>. The
itrix-element -squared for the diagram of Fig. 1b is obtained by re-
icing the first two propagators P1 and PZ of Eq. 1 by the appropriate
rm of Eq. (2).

The parameters of the trajectory «(t}, residue B(t), and m-m-w
upling constant gz are all fixed in advance by previous multi-Regge

(5\ (Sce Table i)

T . ; Y
alyses of K p and pp reactions. Hence we have only three free

rameters: the overall normalizations of Diagrams 1(a, b, cj. All
ner features of the model predictions are then fixed. To evaluate
2ir predictions, we sum incoherebtly over the diagrams of Fig. 1,

rforming the n-body phase space integrals with the LLBL program

8 :
1GE. () Monte Carlo events in the energy range E\/: 9.0 - 18.0 GeV

*

Tad

e generated in this manner. An event weight is calculated, based on
e matrix element corresponding to a diagram of Fig. 1, maulfiplied
- the bremsstrahlung shape. For each such simulated event, charges

7)

e assigned by the Chew-Pignotti charge algori‘thrn.k



-5-

An iméortan‘c advantage of this procedure is that we incorporat
in the model the identical instrumental and programmed selections
that the data contain. Specifically, the simulated events are treated
as if neutral secondaries are unobserved and a selection on Evis is
imposed, as it is for the real events. The simulated events are ger
erated with correct masses; in the comparison with data all charged
particles are later assigned the mass of the charged pion, p, both i

. . . N
real and simulated events. 5.

'
.
. .
-

In an attempt to more sensitiv.ely-e;;amine';the 'cééracteristics ¢
secondaries presumed to emerge from various:por:tion's of the multi-
Regge chain, we have ordered the charged secgr:déi'ies according to
P Thus, we define: 1 = particle with smalifést 'PL(lab), 2 = par-
ticle with next smallest iDL’ etc. Figure Z(aif) ‘shows the invariant
mass distributions of neighboring tracks which have been ordered in
this fashion. Separate plots are shown for neighbors with equal and
uneqﬁal charges. For three-prong events, invariant-mass distribu-
tions for the pair of "slowest' particles (1 and 2) are shown in Fig.
and for the two fastest particles (2 and 3) in Fig. 2b. Most striking
the peak near the p° mass in the M(2, 3) distribution for unlike charg
As found elsewhere, the mass is shifted towards a value lower than
the accepted p® mass. This is conveniently achieved in the model
through the mass-dependent factor suggested by Ross and Stodolsky,
included in Eq. (2). (%

Note that the average values of the masses in Fig. 2a are larg
a reflection of the small M(2, 3) mass and the presumed Pomeron li
of Fig. 41a and 1b. The model underestimates the mass distributio:

for unlike charges in M(2, 3) at high mass and in M(i, 2) at low mass
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These events could come from specific quasi-two processes that are
not reproduced by our multi-Regge background.

In Fig. 2 (c-f), the corresponding ma"ss plots for five-prong
events are made. Here, the noticeable experimental fcature is the pea
in the M(4,5) mass distribution near the p° mass. The theory over-
estimates the distribution for unlike charges and underestimates tha:

for like charges. These discrepancies could be reduced by allowing

A

charged mesons to be produced at the y-end of Fig. ic, a possibility

arising naturally within the framework of the ABFST version of

(12) (see Fig. 1e). The net effect is to in:

the multiperipheral model
crease the probability that the first two charged tracks emerging ha
charges of the same sign. This detailed end-effect is perhaps the
major ihadequacy of the Chew-Pignotti modelin our comparison.

In Fig. 2e, a small peak appears in the M(3, 4) data at the p0
mass. To within the statistics of the Monte Carlo, this peak does no
appear to arise from the "'end" po of Fig. 1b emerging slowly, but is

. 1 _ 1 . . R
instead produced internally . Its source could be a coupling of the

(10)

+ -
formy -~ A, , (plus pions) > ¢’ (plus pions) or y=p’—> p%7 ' w .

For each event, both in experiment and theory, we also plot th
separation in rapidity between neighboring tracks (Fig. 2g). (We de-
. 1 - = 2 2 NPT :
fine rapidity as w = (P, - &) P’I‘ + p .) The distributions seen may

“ A
be regarded as a reflection of the mass distributions of Fig. 2 (a-i).
- The noticeable features for three-prong events are the large separa-
tion between 2 and 3 when they are of opposite charge. For five-pro:
events, the low subenergies result in small separations in rapidity.

common feature of Fig. (2g) is that like-charged neighbors are alway

further separated than unlike-charged neighbors.
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In Fig. 3 we show the longitudinal momentum distribution for
positive and negative tracks for 3,5, and 7 prong events, (Figs.
)y, c) as well as summea over all events (Fig. 3d). We note that
jistributions of positive and negative tracks are very similar in
high-momentum range. This is a consequence of the photon frag-
ting into positive and negative secondaries with substantially the
e probability. On the other hand, we note an essential difference

N

veen the two distributions near PL: O.d, in that_ the pc{s'itive:?:,é‘acks
> a large peak. This effect is due to the high 'elasticit;f of the pro-
i, which leads to the proton emerging at P; near zero-‘.iyn f_he lab-

tory. (We remark that even at large PL the positive :c;list’ribution :

o

s to remain somewhat larger than that for the négati‘ve secon-
ies.) )

As the multiplicity increases, (see Fig. 3b, 3c), the range of
contracts as the energy is shared among an increasing number of

ticles. Moreover, the difference to be seen between the positive

negative distributions becomes smaller as the effect of the

ident-proton charge is reduced by the presence of additional charged -

ondaries.

The model description of the data both in magnitude and shape
juite good. In the multi-Regge model, the t- cut off in the prop-
tors leads to a Poisson-type of multiplicity dependance, with the
1stant gz fixing the average. From Ref. 5, we have gz = 7 in ad-
1ce, and see from Fig. 3 that relative magnitudes of the various
ologies is adequately described. (12) In addition, the shapes of the
= distributions are accounted for except at PL S 0. Inthe 3-prong

i

tribution (Fig. 3a), the model underestimates the slow = distribu-

ot

ti

. i1

t¢
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gs. 2a,b. Inthe 7-prong distribution (Fig. 3¢), the low predic-

at PL ~0 could be improved by including baryon exchange.

In Table 2, we present the relative topological cross sections.

.P‘ )

three-prong cross section is underestimated, a reflection of the

of background in Fig. 2b. The 7-prong cross section is some-

- 1
nwne

underestimated also, although this could be improved wit
1sion of baryon exchange; the effect of baryon exchange wouid be

iise the higher-multiplicity cross sections through the inclusion

w- rescnances.

As still a further way of investigating the correlations among the
‘ged secondaries, we have evaluated the probability for various

igurations of the charged particles in the three-prong events.

se data and the theoretical predictions are given in Table

Lo
g0
[¢]
2
o

seen that the configuration having the negative track as number 1
west) is greatly depressed, compared to the other possible con-
rations. This of course reflects the y-coupling to a neutral sys-
and the proton's elasticity. The theory tends to exaggerate this
ct, which is a reflection of our underestimation of the high-mass
cground in Fig. 2a and our underestimation of the PL distribution
negative secondaries at small PL (Fig. 3a).
The contributions of Diagrams of Fig. 1 to the total cross sec-

( (omitting strange-particle production) required are about 42 ub,
«b and 45 ub, respectively. These amounts refer to the sample

Jre the Evis selection is made. Thus it would seem that Diagrams
and 1c are of roughly comparable magnitude and that y-{p—~ 27) cou-
1g does not dominate higher multiplicity processes to the degree

t it dominates the three-prong events.
A significant result of this study is that, using parameters «{t),
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pi‘ovisic_m for photon coupling, multibody photoproduction is reasonal
.described by the multi-Regge model. Thus the model suggests a cos
‘nection between these different experiments through their common
parameters. This observation provides evidence that the ‘underlying
dynamics in yp, K+p and pp multibody production may be fundamen-
tally similar, except for the particular manner in which the beam
particle couples onto the production mechanism.

b

The novel approach we have taken to comp’are thl,s type of data

-

with theory (namely, the ordering of tracks by':longitp.dina] momenti
and the event-by-event generation and handling j?f Mon‘&e—Carlo event
exactly like the data)is a method that may be og.gféat use in the anal
ysis of similar experiments.

In conclusion, we e;nphasize that the g“er;erally adeqﬁate descr:
tion of the data by this model arises from the model incorporating se
eral characteristics of photoproduction—(1) elasticity of incident par

ticles (as reflected in the P._ distributions of Fig. 3), (2)t cut-off

L
(as reflected in the prong cross sections), (3) y-p°® coupling (as seen :
Fig. 2 and Fig. 3), (4) correct evaluation of n-body phase spa*cé (a
prerequisite for any detailed comparison of a model to data), (5) and
the bremsstrahlung spectrum and neutral pion production (which are

features of this experiment). Quite likely, these characteristics-car
be built into other types of models, such as the thermodynamic and

(1:3)

diffractive models. While the present comparison does offer a
theoretical framework for the nature of the underlying production
mechanism, tests must be formuléted that can distinguish between th

features unique to multiperipheralism and those unique to the other

models, Work on this will be reported elsewhere.



-40-

ACKNOWLEDGMENTS

We are indebted to R. F. Mozley and members of the SLAC
treamer-Chamber Group, M. Davier, I. Derado, D. C. Fries,
F. F. Liu, A. C. Odian, J. Park, F. Villa, and D. E. Yount, for
the use of the photoproduction data. We have had helpﬁﬂ.&iscdssions
with K. C. Moifeit of SLAC. One of us (C.R.) is grateful to R. F..
Mozley and SLAC for financial support through which part of the

present research was performed.



b).

-41-

REFERENCES

R. P. Feynman, in Proceedings of the Third International Con-
ference--High Energy Collisions, Stony Brook, 1969, edited by
C. N. Yang et al., (Gordon and Breach, New York, 1969); Phys.
Rev. Letters 23, 14-15 (1969).

J. Benecke, T. T. Chou and C. N. Yang, Phys. Rev. Letters

25, 1072 (1970). \
-}“ B A

Well-known exampleys of such aggregate features gre ‘che\_.;I'imited

transverse momenta, and high-energy behavior of:total cross
sections. ‘ ‘-

.
Related material based on these data may be found in: W. P.

Swanson, M. Davier, I. Derado, D. C. Fries, E. F. Liu, l‘{ F.

"Mozley, A. C. Odian, J. Park, F. Villa, and D. E. Yount,

Phys. Rev. Letters 27, 1472 (1974); W. P. Swanson, W. Ko,

R. L. Lander, C. Risk, R. R. Ross and D. B. Smith, Compar-

ison of the Inclusive m Distributions from yp‘, K+p and pp Colli-

sions, SLAC-PUB-979 (October, 1971), submitted to Phys. Rev.

Letters. The experimental arrangement is similar to that de-

scribed in M. Davier, I. Derado, D. Drickey, D. Fries, R.

Mozley, A. Odian, F. Villa and D. Yount, Phys. Rev. D1, 690 ‘ f
(1970).

J. H. Friedman and C. Risk, UCRL-20278 (1971), submitted to

Physical Review; ‘ ‘
C. Risk and J. H. Friedman, Phys. Rev. Letters 27, 353 (4971).

See for example (a) Cambridge Bubble Chamber Group, Phys.

Rev. 146, 994 (1966); (b) Aachen- Berlin- Bonn-Hamburg-Heidel-

berg-Milnchen Collaboration, Phys. Rev. 175, 1669 (1968);



-42-

(c) SLAC-Berkeley-Tufts Collaboration, J. Ballam, H. H. Bing-
ham, G. B. Chadwick, W. B. Fretter, ‘R. Gearhart, Z. G. T.
Guiragossién, M. Menke, R. H. Milburn, X. C. Moffeit, J. J.

‘Murray, W. J. Podolsky, M. S. Rabin, A. H. Rosenfeld, P.

T Qiwmmtolae T N Qi : ‘ -
H O. OK1L41COoTrn, . #wina-

molders and G. Wolf, Phys. Rev. Letters 24, 955 (1970;; X. C.
Moffeit, Ph.D. Thesis, UCRL-19890 (1970), unpublisheg’i. {(d)
J. Park, M. Davier, I, Derado, D. C. Fries, F. F. Liu, R. ¥,
Mozley, A. C. Odian, W. P. Swanson, F. Villa and D. Youﬁt,
SLAC-PUB-972 (1971), submitted to Nuclear Physics.

G. F. Chew and A. Pignotti, Phys. Rev. 176, 21412 (1968).

J. H. Friedman, Group A Programming Note P-189, Lawrence
Berkeley Laboratory (1965), unpublished.

M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (4966). We
use the t-dependent formulation derived from the analysis of

K. C. Mofifeit (Ref. 6¢). This mass-shift is usually interpreted
physically as due to an interference effect between p—productioh
amplitudes; P. 58ding, Phys. Letters 19, 702 (1965); A. S.
Krass, Phys. Rev. 159, 1946 (1967).

‘Evidence for other photon couplings, possibly of this type, is
presented in M. Davier, 1. Derado, D. C. Fries, ¥. . Liuy,

R. F. Mozley, A. C. Odian, J. Park, W. P. Swanson, I. Villa,

!

4 . iy - + - e -
and D. Yount, '"The Reaction yp— w 7 m w p at High Energy



14.

12.

13,

-13-

and Photon Dissociation into 4 Pions!", submitted to the Inter-

national Symposium on Electron and Photon Interactions at Hig

- Energies, ‘Cornell University, Ithaca, New York, August 23-2

1971. Indirect evidence may be found in a study of pp annihila
tions at rest (pp — po'n'+'rr-) J. Diaz, Ph. Gavillet, G. Labrosse
L. Montanet, W. P. Swanson, P. Villemoes, M. Bloch,

P. Frenkiel, C. Ghesquiere, E. Lillestdl and A. Volte, Nu-
- \‘ A}
clear Physics B16, 329 (1970). b .

L. Bertocchi, S. Fubini, and M. Tonin, Nuoxfé Cimento 25,

-7

626 (1962); D. Amati, A. Stanghellini, and S. Fubini, ibid 26

896 (1962). : -
In the present comparison, we have the ﬁﬂagnitude of Fig. 1a ¢
adjust in reproducilllg the three prong cross-section. -

For single particle distributions, the t-cut off of multiperiph-

alism is equivalent to a PT cut-off in these models.
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Table 1. Parameters in the model

Meson Baryon
B(t) ez'ilc t> -0.3 e1'5t £ > 0.2
eO.3t t < -0.3 c! eO'ZL t¢ 0.2
al(t) t+ 0.5 t> -0.6 t+_ao £t> 0

0.5t + 0.3 -2< t< -0.6 0.5t+ao -0.5< t< 0
0.25t - 0.2 t < -2. O.2t+ao—.15 t < 0.5

a, = -1 if s > 6

@y = -2 if s < b

The value of a gives an adequate fit to a parametrization of the back-
- . : 2ap6-2 2
ward m p elastic cross section, do"/du~ (s/so) 0 for s < 8 G&V'™.
: A . e : R .
It is not the intercept of the canonical A~ trajectory, which governs
do/du for s 2 8 GeV~. The constants ¢, c¢' simple ensure continuity

In Eq. (1), we used gz =70

’
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able 2, Relative topological cross sections for Evis >9 GeV,

Copology Experiment Theory
}-prong 7570 6008
y-prong 5205 5482
/-prong 2803 2254

le 3.

Relative charge ordering of 3-prong events (E\;is >9 GeV).

Track ordering Experiment Theory
1.2 3
-+ o+ 10% 3%
+ -+ 48% 47%
+ + - 42%

50%

ir

i1

ti

t
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FIGURE CAPTIONS

4. Multi-peripheral diagrams for photoproduction: (a}-(¢) Multi-

e diagrams used in this report; (d) baryon exchange; (e} A BFST
5 ’

‘am.
2. (a)-{f) Invariant-mass distributions of two-particle combina-
All particles are assumed to be pions and are ordered accord-
> la‘oofatory longitudinal momentum (1 = smallest PL’ etc. ).
>inations of adjacent tracks are shown. Possible neutral particles
gnored. In each panel (a)-(f) the upper distribution contains x'aeu-
dipions, and the lower (shaded) doubly charged (++ or ~-). Curves
he multi-Regge model described in the text. Panels (a) and (b)
’3—prong even&s; (c) - (f) show 5-prongs. (g) Average spacing

pidity ow, of adjacent charged particles. See text for dei-

, i+
»n of rapidity used. The error bar in Fig. (e) shows a typical

r in the Monte Carlo calculation. Normalization discussedin text.

3. Longitudinal momentum distributions in 3-, 5-, a 7-prong
ts and in all events for positive tracks (solid lines) and negative
<s (dashed lines). Histograms—~experimental data; curves-

retical predictions. Normalization discussed in text.
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