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Abstract 

The reactions y p - 7?*-p and yp -. 7r’n-n+w-p in the energy range 

Ey = 6 - 18 GeV from the SLAC 2-meter streamer chamber are analyzed 

in terms of the longitudinal-phase-space (LPS) method. The 3-body LPS 

hexagonal plot shows accumulations which reflect the dominant diffrac- 

tive co production. The five-body final state is divided into sixteen LPS 

sectors. The partial cross sections, invariant-mass and momentum- 

transfer distributions of the four populous sectors are presented and 

discussed. Within this framework, we attempt to isolate and study the 

dissociations (y - r’r-), (y --* 7rf-rr-p+~-) and the double dissociations 
f- +- 

(Y+nn ,P-PTT). The proton dissociation (p - pr’r-) is found to 

be in approximate agreement with results from 7ip and pp reactions. 

Assuming that Pomeron exchange dominates, this result is consistent 

with Pomeron factorization. 

(Submitted to Nuclear Physics B) 

* Work supported by the U. S. Atomic Energy Commission. 
** Physics Department, California State College, San Bernardino, California 

92407, U. S. A. 
*** Max Planck Institut fiir Physik und Astrophysik, Munich, Germany. 

7 Institut fiir Experimentale Kernphysik, Universit& Karlsruhe, Germany. 
tf Department of Physics and Astronomy, University of Hawaii, Honolulu, 

Hawaii 96822, U. S. A. 



1. Introduction 

In an N-body final state, (3N - 4) variables are required to describe an 

event, so that simple invariant-mass and four-momentum-transfer distributions 

are not efficient in providing a brief, yet comprehensive profile of a reaction with 

more than three particles. These distributions are large in number, and their 

interpretation is complicated by the multiple combinations of final-state particles. 

Motivated by the fact that the transverse momenta of final-state particles in high- 

energy reactions are small, Van Hove has formulated a method of analysis 192) 

using the cm longitudinal momenta of the particles as variables, thus reducing 

the dimensionality of the phase space. The longitudinal momentum also serves 

as a tag to identify each of the final-state particles according to its ordering 

within an event. The reduced phase space can be further divided into sectors 

according to the signs of the longitudinal momenta. Events in a sector may 

then be interpreted intuitively by means of a simple dominant graph 3,4) . 

This method has been successfully applied to 3, 4, and 5-body final states 

in pion-induced %5,6,7) reactions . In this paper, we apply the longitudinal-phase- 

space (LPS) method to the photo-induced reactions yielding 3 and 5 particles: 

+- 
YP’T *p, 

+-+- 
yp-nrrnp. 

(1) 

(2) 

The data are from the SLAC 2-meter streamer chamber, exposed to a 

bremsstrahlung beam of 18 GeV maximum energy. The 5-prong events come 

from the entire sample of film (600,000 triads), and the 3-prong events are 

from about half of the same sample. The numbers of events in the range 

Ey = 6 - 18 GeV are 1795 and 1140 for reactions (1) and (2), respectively. The 

data are corrected for varying geometrical and triggering efficiencies by 
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assigning an individual weight to each event. These and other experimental 

details .t8 ’ ‘) and related analyses 10,11,12) based on these data are described 

elsewhere. 

2. Three-Body Final State : yp - 7r’7r-p 

In the LPS analysis for three outgoing particles, each event is plotted as a 

point whose perpendicular distances to three inclined axes define the cm longi- 

tudinal momenta of the particles 192) , as shown in fig. 1. Because of energy 

and momentum conservation, the distribution of points is bounded by a regular 

hexagon of side (s/3)‘, where s is the total cm energy squared. In this experi- 

ment, this incident beam has a bremsstrahlung energy spectrum, so that the 

side of the hexagon is different for each event. To accommodate the events in 

a large energy range, we normalize each event by dividing the longitudinal 

momenta of the final-state particles by (s/3)‘, so that all hexagons have unit 

side. Each point in the plot can be described in polar coordinates o and r as 

shown in fig. la. The projection on w preserves the correlation between the 

longitudinal momenta of the particles, and the projection on r reveals the 

peripherality of the interaction. 

Most of the events in fig. 1 are concentrated near the boundary of the plot 

and in the sextantwhere both-rr+ and 7rr- are in the forward direction and the proton 

backwards. The projections are given in figs. 2 and 3. With increasing E 
Y 

the distribution in r moves closer to the boundary, and there is progressive 

depopulation outside the w range corresponding to forward 7r’ and ?r-. This 

reaction has been analyzed in a conventional way 10,13,1%15,16,17) and found 

to be dominated by the diffraction dissociation (y - tr-). This main process 

of reaction (1) thus manifests itself clearly in a marked accumulation of events 

in one sextant of the hexagonal plot. 
t The experimental arrangement is similar to that described in ref. 8). 
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3. Five-Body Final State: yp - ~r+n-kr-p 

The longitudinal phase space for five particles is represented on a closed 

3-dimensional polyhedron in a 4-dimensional space 152) . Here it is more con- 

ventional to use the reduced longitudinal momenta defined in the cm system 

xi = qi/( 3 x5 j=1’4j I), where qi is the longitudinal momentum of particle i. These 

reduced momenta satisfy the constraints 

k 
2. IX,1 =2, 2 xi = 0 
i=l i=l 

independent of incident beam energy. The pions of the same charge are then 

ordered according to their reduced longitudinal momenta such that XF > Xz. 

Here the superscript refers to the meson charge, and the subscript rtf!f refers 

to the particle having greater X than particle rr~l’ of the same charge. Xp denotes 

the reduced longitudinal momentum of the proton. 

The reduced longitudinal-momentum distributions are shown in fig. 4. It is 

observed that the protons are sharply peaked in the backward direction near 

XC% - 1. 0. 
P 

As expected, the trfl’ pions are overwhelmingly in the forward region 

X > 0.0, although they are not pushed as sharply to the kinematical limit as in 

the case of the protons. There is no qualitative difference between the Xff and Xi. 

The ‘*s” pions are accumulated near X=0.0. Both Xi and Xi have a tail extending 

towards negative X, but the Xi distributions are noticeably broader than those of Xi. 

Figure 5 shows the corresponding transverse-momentum PT distributions. 

All five are qualitatively similar, although the average PT for ~z is somewhat 

lower than for other pions, presumably due to its connection with the A++. The 

average transverse momentum for all pions is < PT> = 0.353 f 0.004 GeV/c, and 

for protons is < PT> = 0.413 f 0.009 C&V/c. These averages are similar to 

those found in other high-energy reactions. 
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I 

The x+7r- invariant-mass distributions are shown in fig, 6, where we 

distinguish between trfl’ and %” pions. There is a prominent p” signal in three 

of the four ‘rr+r- pairings, and it is especially strong in the nf7rT- combination, f f 
suggesting the concept of a “leading p” It related to the incident photon. 

The relative lack of p” signal found in 7riri (as compared to ri~i) can be 

ascribed to the strong A* which would usually involve the slower 7ri . This 

picture is confirmed in fig. 7, which shows the p$ and p+ mass distributions. 

The A* signal is very prominent in the p+ combinations but rather weak in 

P+ 

We have made a detailed search for accumulations in different sectors of 

longitudinal phase space. In so doing, sixteen sectors of LPS are defined by 

grouping the five particles into all possible combinations of forward and backward- 

going particles. As shown in Table 1, four of these sectors contain 81% of the 

events. All four populous sectors are characterized by the selection Xp < 0 and 

X:, Xi > 0. This result suggests the picture of the photon interacting with the 

proton target and then materializing into two fast-going pions as the proton 

continues in its original direction. An analysis of reaction (2) is thus made 

manageable because of the accumulation of events in these restricted LPS 

sectors. The four sectors with significant numbers of events are differentiated 

according to whether X,’ and Xi are positive or negative 

$9 x;,x;,x; > 0; 

x;, x;, x; > 0; 

x;, x; > 0; 

x;, xi, Xi> 0; 

xp < 0 Sector I 

x;,x < 0 
P 

Sector Ii 

x;,x;,x, < 0 Sector III 

x;, $ < 0 Sector IV 
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Diagrams associated with each of the four sectors are shown in fig. 8 and 

YP’ (~~7~~a~)(~~p), respectively. As used in connection with fig. 8, one may 

regard these diagrams as only a mnemonic for an unambiguous classification 

scheme. However, to the extent that these diagrams also represent real 

physical processes, we would expect that these sectors would be rich in events 

arising from the corresponding process. The thrust of this paper is to show 

that this is plausible by further study of each sector. Pomeron exchange is 

allowed in the diagrams for sectors I and ILI, but forbidden for sectors II and IV 

because charge is exchanged. Additional processes may be present in these 

four sectors, but the steep t-dependences, the low-mass enhancements and the 

resonances found suggest that these quasi-two-body diagrams must in fact play a 

significant role 0 The invariant-mass distributions in the four sectors as 

suggested by these diagrams are given in fig. 9 for E 
Y 

= 6 - 18 C&V. Previous 

analysis”) of reaction (2) has shown a strong p” signal in 7r’n- combinations 

(see fig. 6), a strong A ++ signal in pa+ combinations (see fig. 7) and a broad 

enhancement in n+*-n+r- mass at about 1600 MeV. These resonances are clearly 

seen in the sectors III, IV, and I, respectively, in fig. 9. A natural consequence 

of this division into sectors is the suppression of backgrounds, allowing signals 

such as the p” and A++ to be more readily associated with the corresponding 

diagrams. This has been demonstrated above for the simpler case of reaction 

(1). 

The four-momentum-transfer t’ = It - tmm I distributions between y and the 

forward-going particle groups are given in fig, 10 for Ey = 6 - 18 GeV. The 

slope parameters obtained by fitting over the range t’ = 0. 0 - 0.48 (G~V/C)~ are 

5.6&0.6,4.0&1.2, 5.6*0.8,and6.3*0.7(GeV/~)-~ for the four sectors, 
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respectively. Over the fitted range, the slope parameters for sectors I and III 

are consistent with diffraction dissociation, as in reaction (1). In sectors II 

and IV pion exchange is expected to dominate, and the difference in slopes is 

probably connected with the differing NT mass distributions; the p+ mass 

spectrum is strongly dominated by A++, whereas the pn- shows a much 

broader distribution. 

The partial cross sections for these sectors are given in fig. 11 as functions 

of photon energy. We see that the partial cross sections for yp - (~~7rf)(7r~z~p) 

in sector III, yp - (T)~~T,)(T,‘~, in sector IV, yp 7 (TT~T;K+~ )(p) in sector I 

are about equal and significantly larger than that of yp - (7ri*i*i)(7r,p) in 

sector II. 

4. Sector I: Photon Dissociation 

At energies above 6 GeV, reaction (1) is dominated (to about 85%) by the pp 

final state. Analyses of reaction (1) have demonstrated 10,13,14,15,16,17) the 

importance of a diagram (fig. lab) in which a Pomeron is exchanged. Therefore 

we look in sector I for the analogous dissociation of photon into four pions (fig. 

12a). 

A low-mass enhancement (about 1600 MeV) of M(n’*-r+r-) is clearly seen 

in sector I of (fig. 9a). The t’-distribution between y and n+n-nfn- in this 

sector is given in fig. 10. The slope parameter of 5.6 f 0.6 ( G~V/C)-~ is 

consistent with the Pomeronexchange diagram (fig. 12b). It is then reasonable 

to consider events in this sector to be mainly from the dissociation y-t .rrf.rr-7rrf7r-. 

Reference (11) provides further evidence for diffraction dissociation of the photon 

into four pions in reaction (2) in a different type of analysis. There is now new 

evidence from a Frascati electron-positron colliding beam experiment for a 

broad four-pion peak at about the same mass 1600 MeV18’ lg ’ 20). 
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Referring to fig. 12, we study the dissociation of y into pions by taking the 

ratio of the partial cross sections of reaction (2) in sector I to that of the 

corresponding sextant in fig. 1 (o = 120’ - 180’). These two LPS regions are 

“corresponding” in the sense that the proton is backward and all pions are 

forward in both. We define R1 = c [yp - (n+7r-7r’r-) (p) ]/cr[yp - @+n-) @)I - 

Within the LPS framework, we do not attempt to subtract backgrounds in com- 

puting Rl, but include all the events in the indicated phase-space regions, The 

ratios Rl are 0.064 * 0.010, 0.087 f 0.014, and 0.079 f 0.013 at the mean photon 

energies of 8, 12, and 16 GeV, respectively. Within errors, these ratios are 

consistent with no energy variation. 

5. Sector III: Double Dissociation and Pomeron Factorization 

Since we know that the y dissociates into T+X- strongly through Pomeron 

exchange in reaction (1) and that the proton dissociates 21,22) into a complex of 

isobars including the N*(1470), and N*(lOOO), in np, pp, and Kp interactions, 

sector III is a natural place to look for double dissociation. The mass plots 

of rf!-ri and rzrip in sector III are given in fig. 9d,e. We see a strong p” peak 

in the 7rirF effective-mass distribution, and a broad low-mass enhancement at 

about 1400 - 2200 MeV in M(alrip), qualitatively similar to that seen in other 

experiments, although distinct peaks are not apparent with the statistics 

available. An analysis of the decay angular distribution of the *in; shows a 

strong sin2 6 R component in the helicity frame (fig. 13), similar to that found 

in reaction (1) 10,13,14,15,16,17) . The invariant-momentum-transfer t 1 

distribution for this sector is shown in fig. 10. For no selection on the effective 

masses M(r>ip) or M(~:?T;), the slope parameter is B = 5.6 f 0.8 (G~V/C)-~. 

This agrees with that found in the reaction 7r-p - 7r-(n+r-p): B =5.3*0.3, 

5.6 f 0.3 (G~V/C)-~ at incident pion momenta 11 and 16 C&V/c, respectively 334) . 
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Guided by the picture of a y materializing into a 7ri7ri pair and thus treating 

the pion pair as equivalent to the beam particle, we study the dissociation 

@ + r+~-p) in this sector, as motivated by fig. 14a. We do this by forming the 

ratio R2 = o [yp - (7ri7r;)(ri*ip)] / c [ yp - (n+r-)(p)] . The ratios R2, obtained 

with only the longitudinal-momenta selection as described and no background 

correction, are given in Table 2. When we further require these pion pairs to be 

in the p” band (66 0 - 840 MeV) and apply corrections for an estimated background 

in both reactions, we obtain smaller ratios RH also given in Table 2. 

We now compare this ratio R2 to that of other hadron-induced reactions 

(see fig 14b), in particular to RG = a[nip- (a*)( 7r+7r-p)] /a [ 7r*p - g*p] and 

R4 =~[PP -+-)( nfn-p)] /cr[pp ‘-pp] at various energies. t These ratios are 

calculated with the same forward-backward selection on the particles as we 

have used here and are given in Table 2 for comparison. The agreement between 

these ratios from four different types of reactions is reasonably good, consider- 

ing that only simple selections are made. This qualitative agreement is con- 

sistent with the hypothesis of Pomeron factorization 23,24) . 

T These results are communicated to us by Prof. L. Van Hove. Dr. W. Kittel 

of CERN computed the values for R% at 16 GeV/c from the data of the Aachen-Berlin- 

Bonn-CERN-Cracow-Heidelberg-Warsaw Collaboration. See refs. 3 and 5. 

Prof. S. Ratti of Milan0 computed the values of Rs at 11 GeV/c from the same 

collaboration. Dr, N. K. Yamdagni of CERN computed the values for R3 at 10, 

19 and 24.8 GeV/c from the data of Cambridge-Hamburg, the Scandinavian Collabora- 

tion and Rutgers-Columbia, respectively. 
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Predictions for diagram III (fig. 8) have been calculated by W0lf2~), based 

on the assumption of Pomeron factorization. He predicts a slope parameter of 

about 5.4 (CTT&V/C)-~ and a cross section of 1 - 1.5 pb in this energy range. His , 

slope parameter agrees with the observed 5.6 * 0.8 (G~V/C)-~. Figure 11 shows 

a cross section for the corresponding LPS sector of about 1 pb, but a direct 

quantitative comparison of cross sections is not meaningful because Wolf’s calcula- 

tion includes all decay modestt of the N*‘s produced at the lower vertex of 

diagram III, and does not make use of the LPS selection used in this paper. 

6. Summary 

We have analyzed yp reactions in different regions of longitudinal phase 

space for both 3 and 5-body final states. In the 3-body final state we find an 

accumulation of events in the LPS sextant corresponding to the well-known diffrac- 

tive rho photoproduc tion. For the 5-body final state, the average transverse 

momentum of protons and pions is small (about 0.35 - 0.40 GeV/c), comparable 

to that found in 7rp and pp reactions, thus justifying the use of the LPS method. 

Only four of the 16 LPS sectors defined are populated with significant numbers of 

events, making this analysis tractable. Examination of these four sectors shows 

that the important resonances of this reaction appear prominently in different 

sectors. We exploit this division into sectors to obtain information on photon 

dissociation into four pions, by comparing the 3 and 5-body reactions in corresponding 

LPS regions. Evidence for double dissociation (y - T+T-, p - .rr+~-p) is found in 

tt Assuming that the I = i isobars decay equally into NT and Nnn, and that the 

no system in the NTT decay has I = 0 (or l), Wolf’s cross section should be 

divided by a factor of 3 (or 6) to compare with data of reaction (2), 
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one of the LPS sectors. A comparison of (p - T+T-P) in this sector is made 

with similar results from q and pp reactions. The agreement obtained is 

consistent with the idea of Pomeron factorization. 
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Figure Captions 

Van Hove hexagonal plot for yp - ~‘71.~p for three Ey intervals. In fig. la, 

the coordinate system for w and r is shown together with the reduced 

hexagon of unit side. All three show the envelope calculated for the upper 

value of the corresponding Ey interval and for actual particle masses. 

Reduced r distributions for the reaction yp - ~‘7r-p. 

Distributions in w for the reaction yp - a+r-p. 

Reduced-longitudinal-momentum (X) distributions for yp - 7~:7rF7rL7rip. 

Transverse-momentum (P,) distributions for yp - *$f”+ip. 

Invariant-mass M(rf?r-) distributions for yp - 7r~7if7r~~~p. 

Invariant-mass M(pr’) distributions for yp - ~:7r;+7rip. 

Sectors I-IV defined as bounded quadrants in the Xsf’ Xi plane. The 

diagrams likely to be important in each sector are shown. U? and M denote 

Pomeron and meson, respectively. 

Invariant-mass distributions for yp - 7r+~-n’*-p within the four sectors. f f ss 

Four-momentum-transfer t’ = t - tmin distributions between the photon 

and the forward-going particle groups in the four sectors for E = 6 - 18 
Y 

GeV. The line is fitted for t’ in the range 0. 0 - 0.48 (G~V/C)~. 

Partial cross sections for each of the four sectors as a function of E 
Y’ 

Diagrams motivating the search for photon dissociation into four pions. 

Helicity angular distribution of 7ri in the (lif+?Tf) rest frame. (a) Sector III, 

all events; (b) as (a), but with additional mass selection M(r’r-) between f f 

600 and 900 MeV. The curves are sin2 OH, normalized to the numbers of 

events. 

Diagrams motivating the comparison in proton dissociation between 

(a) yp reactions, and (b) Ap reactions, where A stands for any incident 

particle. 
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