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I. INTRODUCTION 

The question that one can of course ask is: Why should one study p 

induced reactions? If one takes the attitude that it is worth while to study 

strong interactions physics , two simple answers can be given to this question. 

First of all let us note that there is not a great variety of processes which 

can be investigated, as the targets to which one has acces today are essentially 

nucleons. Therefore we certainly need to investigate all the possible hadron­

hadron interactions if we want to have a complete as possible picture of produc­

tion phenomena. In this respect pN interactions give information which may 

contribute to a better understanding of production phenomena. The second answer 

that can be given is that pN collisions have a peculiar property, These colli­

sions are one of the most simple ways to study systems having a total baryonic 

number B =O and hence to form mesons. Thus pN collisions offer the possibility 

of studying a special class of reactions, the annihilations ones, in which no 

baryons are present in the final state. Furthermore, for reactions with out­

going baryons, the comparison with pp reactions will certainly be useful for 

an understanding of multiparticle production in terms of phenomenological 

models. 

In principle, one can also study B = U systems by means of virtual mr 

interactions as illustrated in the foltowing diagram. 

'IT 

p----'----p 

Apart from the uncertainties introduced by the fact that one cannot be sure 

that one is really dealing with a virtual TI, there is also another inconvenience. 

The mr initial state is in a definite G -parity state, G::::: I, while pN is in 

mixture of G"" ±I stat es. In this sense pN interactions al low a more general 

study of B = 0 systems apart from the fact that it is easier to study real colli­

sions than virtual ones. 
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Once one is convinced that p induced reactions can bring some new 
-insight into strong interactions physics, one may be willing to study pp as well 

as pn interactions. These studies are complementary, because different initial 
-i sospi n (I= 0, I for pp and I= I for pn) values give access to different charge 

partitions in the final state . To clarify this point let us give some simple 

examples by considering reactions with one - pion production, i.e. 0 - + PP + pp1T , pnTI 

and pn+ppn-. In the first case the NTI systems can be emitted in the I-=3/2,1/2 

isospin state, whereas the p1T in the pn +pp1T- reaction is always in a I= 3/2 

state. One sees thus that for studying I= 3/2 NTI systems it is more convenient 

t o use t he pn + ppn channel instead of the pp +NNn one. 

Moreover the symmetry properties of the initial state, which are diffe­

rent in pp and pn interactions, lead to investigations of different production 

features. Let us take a simple example as 'IT+1T- pairs production in the reactions 
+ - - + - - -- - - ++ + pp +pp'IT 'TT and pn +pn1T TI As will be seen below !J (pTI ) and 6 (p1T ) will be 

- - + -produced in equal amounts in the pp +pp7T 7T channel [C - invariance]. In contrast, 

for the pn + pn7T + 7T - reaction one will observe equal amounts of "X -- (p1T - ) and 

!J- ( pn-) [G-invariance], Therefore the pp+pp7T+'IT- reaction will allow us to study 
- --- ++ 

the quasi two-body pp-+ /::, !:>. state. Such a study will not easily be made with 
+ - -the pn+pn7T TI reaction, where the TI is resonating alternatively with the p or 

the n to form a I,-- (p7T-) or a !J- (nil'-) resonances (see Fig. I. I). These simple 

examples merely show that a complementary picture of p induced reactions is 

obtained by studying pp and pn interactions. In addition, the knowledge of the 

total pp and pn cross-sections permits a direct (although tedious) isospin decom­

posit i on of the total cross~section. 

Let us now state somewhat more precisely what we mean by the symmetry 

properties which are an essential feature of pN interactions. To this end we 

consider the reaction PP-+- 1 + x where x is any system recoiling against the out­

going particle denoted by r. By applying the charge-conjugation operator C to 
-this reaction one obtains pp+ I +X, This initial state is almost identical with 

the former pp state. One a l ready foresees that this will lead to some peculiar 

properties for the f inal state. In fact, for unpolarized colliding particles the 

ini tial pp state is an eigenstate of the RN(lT)C operator. Here ~(TI) represents 

the 'TT rotation operator around any axis perpendicular to the incoming p line of 

flight(]). This is vizualised in Fig.J,2, which shows that after the RN(lT)C 

operation, one obtains the same initial state, but I is transformed into 1 
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emitted in a different direct ion. Def ining a right-handed coordinate system, 

where the z and x axes are along the beam direction and the normal N, respecti­

vely (see Fig. 1.2) one sees that I, whi ch is emitted with polar 6 and azimuthal w 

angles, is tr ansformed into l, with the corresponding polar and azimuthal emission 

ang l es 1T - e and - <p, respectively. One may thus relate the c.m. angular distri­

bution (W) of I with that (W) of i, i.e. (I) 

we 1 , e , Cf.) == w(i , ii - e • -cp). 

Two cases can occur: the transform~d l + X system can be identical with or diffe­

rent from the original I + X one , When the final states are identical (i + X = I + X), 

one will have a relation between c.m. distributions of particles belonging to the 

same reaction. If the states differ one will have relations between different 

reac tions. In this case l +X will be as frequent as I +X; hence the reactions 

pp -+ I + X and pp-+ l + X must have equal cross-sections. Let us note that I can be 
++ 

composed from a set of particles. Thus if I is, for instance, a resonance 6 , 

one must also have an equal amount of x-- in the same reaction or the conjugated 

one pp +I + X, 

For the pn interaction the situation is somewhat more complicated, as 

the pn state is an eigenstate of the U=T1(n)RN(lT) C operator (see Fig .1.2). Here 

T 1(n) is the TI rotation operator around the first (or x) axis in isospin space, 

This operator changes essentially a particle into its charge synunetric one 

T 1(TI)a=a5 . [ The CT 1(1T) operation is essentially the G operator] . Now the U 

operator changes the l +X final state into the is +XS state l note that (l)S = 15 J. 

In the same manner as for the pp case one will obtain a relation between the 

pn "* l + X and pn .+ l S + x5 react ion such as (See the example of Fig, I. 3) , 

w(1, e , cp);: wcl
5 

,n-e ,-cp). 

This time there are the states I + X and 18 +XS which are produced with equal 

cross-sections if 1 + X =f l S + x5 , Tab le I. I summarizes some of the relations 

ob tained from the symmetri es just discussed . 
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TABLE I. I - Some consequences of the C - invariance and G - invariance for 
- -
pp and pn col l isions, r espectively, 

- - - -
pp -+ I + X and pp -+- I + X have same cross sections if \+X+ l+X 

-I is as frequent as I in the same reactions if l +X= l +X 

w<1, e. cp) = w(i, lT-e,-cp) 

pp Examples : 

-pn 

- + - 0 
PP -+ 7T 1T rr 

- - + -
PP -+ PPTl' Tr 

c,m, angular distribution of 7T+ and rr- reflected 

from one another ; c.m. angular d.istribution 

of n° is symmetric 

--- ++ same amount of 6 and 6 
c.m. angular distribution of p (7T-) is reflected 

from the p(lT+) distribution 

- - - - - -
pn-+ 1 + X and pn-+ i

8 
+ x

8 
have the same cr9ss sections if I + X + 1

5 
+ x5 - -I is as frequent as 1

8 
in the same reaction if 

w<1, e , cp) .. w(i, TI -e,-cp) 

I + X = IS+ XS 

Examples : 

- - -pn -+ 7T 7T 'TT 

- - + pn -+ pnrr 7T 

+ 

-
all the c .m. angular distributions are symmetric 

same amount of '"E. -- (p1T ) and 6- (nir - ) ; c. m. 

angular distribution of p is reflected from 

those of the n 

Taking the attitude that p interactions should be studied, we will 

discuss in the following some specific aspects of p induced reactions. Before 

doing this we will first look into the difficulties introduced by using a complex 

nucleus in order to study interactions on neutrons. Then we will discuss reso­

nance hunting in pn reactions, which is certainly one of the roost important fea­

ture related to the analysis of inelastic reactions. 
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We will not attempt here to make a review of multiparticle production 

phenomena in pN interactions which have been extensively studied in recent years. 

Instead we will discuss some two-body final states shoving thus that even in 

this simple case many problems remains unvolved. We will then discuss the pro­

blems of total and annihilation pN cross-sections. Afterward the multiplicity 

distributions as well as their correlated statistical moments will be investi­

gated. Finally, we will present some general features of annihilation reactions. 
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Figure l,J 

The N7r [ M(Nn) ] and N7T [M(N1T) J effective mass distributions for the pn -+pn71'+1T -

reaction at 5.55 GeV / c [ taken from Phys. Rev. D6, 767 (1972) ] . The full 

curves are obtained by fitting the data with incoherent mixture of phase 

space (dashed lines) and Breit - Wigner functions due to the 13( 1236) and 

6<1236) resonances. Note that the M(pn-) and M(nn-) [ as well as the M(pn-) 

and M(n1/)] distributions are nearly similar as required by G - invariance 

In particular one has (within errors) the same amount of "l -- and /:::,- produc­

tion rate. 
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Figure 1,2 

Diagrams illustrating the transformation of the initial and final state for un­

polarized pp [pn) collisions introduced by applying the C~(n) [C~(n)T 1 (n) 1 

operators. Here C is the charge conjugation operator, ~(n) is the TI totation 

operator around any axis perpendicular to the incoming p line of flight in the 

c.m. system. The T
1
{n) operator is the 1T rotation operator around the first axis 

in isospace, changing essentially a particle in its charge symmetric ones. 

Note that the definition of the q> emission angle (top left) is sligthly diffe­

rent form that given in reference (I). 
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angle (cose*) versus the cosine of the p c.m. 
n 

- - + -for the pn -+pnTI 'IT reaction at 5.55 GeV/c. 

This plot is symmetric with respect to the second diagonal as required 

from G - invariance (see text) 
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2. USE OF BOUND NUCLEONS AS TARGETS 

2.J - The spectator model 

The utilization of a complex nucleus for studying interactions on neu­

trons introduces many complications in the data analysis. However, this is 

sometimes the only possibility to study hadron-neutron reactions and in parti­

cular pn interactions. The deuteron, which is the most simple nucleus, is very 

convenient for this purpose. Indeed the deuteron has a small binding energy 

(B=2.23 MeV), namely the bound nucleons are almost on their mass shell. An 

equivalent statement consists in saying that the average distance between the 

two nucleons is rather important with respect to the dimensions bf the nucleons. 

This can be seen from the asymptotic wave function of the deuteron given by(2
): 

-ar 
~(r) ~ e /r, r being the magnitude of the two-nucleon relative coordinate. 

Here J/o. -=h/&t,..,4 fm gives the average distance between the two nucleons each 

having a mass m. One already foresees that because of the relatively large dis­

tance it is likely that a beam particle will interact with one nucleon, the 

other being a spectator. In a slightly more quantitative form the validity con­

ditions of the spectator scheme can be expressed as: 

- the average distance between the two nucleons is larger than the range 

of the nuclear force estimated with the expression l..l ~ ft/ (mTic) = 1. 4 fm 

(mTI being the pion mass and c the velocity of light), 

the bound nucleons have to be "frozen11 during the interaction. 

The last statement means that the characteristic time of the deuteron 

T = 21T tr /B ~ 2 x 10-z 1 s has to be greater than the interaction time. This latter 

time can be estimated from the relation T 1 ~ µ/(8. c), $. c being the velocity 
1 nc inc 

of the incident particle. The t' <T condition is already fulfilled when the 

beam particle is about I GeV/c, since one has T'::::: 0.5 x l0- 23 , 0.6 x J0-
23s for 

a pion and a nucleon beam, respectively, Thus for high-energy interactions one 

can assume that if the beam particle interacts with one of the bound nucleons, 

the second nucleon, the spectator, does not participate in the reaction (apart 

from the over-all energy-momentum conservation). This is the basis of the 

impulse approximation model worked out some twenty years ago(3). 

The spectator nucleon is described by means of the deuteron wave func-

ti on. 
-ar . The ~(r) ~ e /r is an asymptotic expression which becomes singular for 

small r. The wave function has then to be slightly modified for small r. 
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A possible mod if icat i on is for instance 'i' (r) ~ e-ar /r[ l - e - µr ] with µ :>a in order 

to conserve the asymptotic behaviour for ~ (r). This last expression which satis­

fies the boundary conditions [ll'(r -+O,co) -+OJ is also written in the form of 

\I' ( r) ~ [ e -a.r - e -Sr ]/r. This is the well-known Hul then wave function (Z) , the 

Fourier transform of which gives the wave function in momentum space, i.e. 

Here p is the momentum of the nucleons inside the deuteron and represents then 

also the momentum of the spectator. Generally one takes the values a =46 MeV/c 

and B = 260 MeV/c. There exist, of course, other expressions for the deuteron wave 

f . (4) ' unction . Some of them are used in Fig.2.l in order to calculate the momen-

tum distribution of the nucleons inside the deuteron given by p2 l q;(p) 12 [ Ref.SJ. 

The angular distribution of the spectators is isotropi c in this approximation. 

The impulse approximation model is ot course an oversimplified picture. 

Let us only enumerate some of the effects neglected in the simple approach 

discussed here( 6); 

i). The Fermi motion of the neutron target yielding an important spread in 

the c,m, energy. 

ii). The cross-section variation of the studied reaction in the c.m. energy 

range introduced by the Fermi motion of the target. 

iii). The influence of the flux factor due to different beam neutron momentum 

configurations . 

iv). The screening or shadow effects. 

v). The off-mass-shell properties of the bound nucleon. 

v~) . The influence of the exclusion principle. 

Apart from points (i) and (iv) we will not discuss here the influence of 

the various effects just mentioned. Let us only mention that the influence on 

the spectat©r angular distribution of flux factor corrections is often counter­

balanced by the influence of the cross section variation [point (ii)]. In any 

case the simple picture discussed here gives a rather good description of the 

spectator nucleons. This means, in particular, that the spectator protons (ps) 

tend to be emitted isotropically in the laboratory frame, whereas their laboratory 

momentum follow roughly the distributions given by the various deuteron wave 

functions. Figure 2.2 presents some p
8 

distributions for exclusive and semi 
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inclusive reactions. For the semi inclusive reactions (no fitted events) there 

is an accumulation of events in the forward direction (for the definition see 

Fig.2.2) resulting from coherent events and from those having a spectator neutron 

in the final state. For these cases, spectator proton events can be selected by 

choosing small momentum protons inthe nearly isotropic part of the p
8 

angular 

distribution or those emitted backward in the laboratory frame. 

The momentum of the neutron target before the collision take place 

(Fermi motion) introduces a large and non-negligible spread in the available c.m. 

energy. Thus for an incident p momentum of 5.5 GeV/c the c.m. energy spread 

introduced because of the Fermi motion would be obtained with a stationary nucleon 

target by changing the incident beam momentum by - I GeV/c. This means that for 

each incident laboratory momentum one measures phenomena which are averaged over 

a high c.m. energy range. It is, of course, also possible to select events in 

smaller c.m. energy intervals, but this leads to subsamples with reduced statistics. 

In order to analyse the interactions on neutrons, one is often inter-

d d · · 1 d · h f h 11' · ( 6) To this end este to stu y quant1t1es eva uate in t e c.m. o t e co is1ons • 

one has to define the energy-momentum four vector associated with the neutron 

target. Two different methods are used for this purpose. Disregarding off - mass­

shell effects one simply assumes that the mass of the neutron target is real. 

Then the energy of the neutron (En) is equal to that of the proton (Ep), while 

their laboratory (pN) momenta are opposite since the deuteron is at rest in the 

laboratory frame. One has 

E E 
n p 

This method has the advantage of treating the two nucleons on the same footing, but 

does not assure strict energy conservation, as the mass of the deuteron md_ =En+ EP 

is greater than its real value (Fig.2.3). The second method consists in assuming 

that the spectator proton is on its mass shell even before the beam - neutron 

interaction takes places. In contrast the neutron target is considered as a 

virtual particle (denoted by primed symbols). Then one has strict energy conser­

vation yielding 

E , = m -E 
n d p 
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J 2 -+2 
The mass m r =- (E - p ,) follows a distribution as shown in Fig.2.3, but has a n n n 
value smaller than the real neutron mass. Here one has the inconvenience of 

assuming that only the neutron is not on its mass shell. Of course both methods 

give results approaching each other when the c.m. available in the collision 

increases. 

2.2 - Cross-sections 

There are the curves of Fig.2. I which are essential for calculating 

cross-sections in reactions where a spectator proton is present in the final 

state. Generally in a given experiment not all the spectator protons can be 

detected as they have small momentum. In many cases an important fraction of 

them are under the threshold detection of the experimental apparatus. Thus, in 

a deuterium-filled bubble chamber, spectator protons can only be seen if they 

have a momentum greater than 80-100 MeV/c (about 1/3 of them). To estimate the 

exact fraction of events having invisible p
8 

depends on the wave function chosen 

to describe the deuteron. Although all the used wave functions give similar p
5 

momentum distribution, the cross-section calculations based on the detected part 

of the p
5 

(essentially ps with momentum greater than 100 MeV/c) depend on the 

chosen deuteron wave function. This is illustrated in Table 2.1, which gives 

the ratio between the cross-section calculated with the Hulthen (crH) wave func­

tion and other types of functions (cri) when only p
5 

with momentum greater than 

JOO MeV/c are detected(S) It is then worth wile to note that it is rather cru­

cial to use the same method for determining cross-sections if one interested in 

investigating s - channel effects. 

Let us now add some remarks about screening effects. For total cross­

sections there is a simple procedure for taking into account screening or shadow­

in~ effects( 6). Indeed, in the framework of the Glauber model, the elastic pd 
scattering amplitude can be expressed as a sum of the pp and pn elastic scatter­

ing amplitudes and also from a contribution due to double scattering processes. 

By means of the optical theorem one then obtains the well-known Glauber formula( 7) 

relating the total pd cross section [crt(pd)] with the total pN [ot(pN) cross­

sections, i. .e. 
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TABLE 2. l - FrAction of spectator having their laboratory momentum smaller 

than 0. l GeV/c calculated with various deuteron wave functions 

(column 2). Column 3 gives the ratio between the cross-section 

calculated with the Hulthen wave function (OH) and the other 

types of function (cr.). The calculations are made by building 
1 

the entire momentum spectra using p momenta greater than JOOMeV/c s 

Wave function 
(a) 

Percentage OH/cri 

Hulthen 80.61 I 

Gartenhaus -
83.22 0.87 Moravcsik I I 

Gartenhaus -
8 3. 06 0.87 Moravcsik III 

McGee 79.50 I, 06 

(a) Ref. 4 

Here oo is the cross-section defect which is identified with the double scatter­

ing term in the elastic pd +pd process. For an elastic reaction such a simple 

procedure (addition of amplitudes) cannot be used, as the production processus is 

described by squaring amplitudes. Therefore one utilizes sometimes a correction 

h db d h 1 'b'l' ( 6) F h' h met o ase rat er on p aus1 1 ity than on exact arguments . or 1g -energy 

reactions, where the elastic scattering amplitudes are mainly imaginaries, one 

has 60 >O(l). One may then consider oo as resulting from the shadowing of one 

nucleon by the other inside the deuteron, each of them giving a oo/2 contribution. 

A similar argument can also be made for inelastic reactions (neglecting any inter­

ference phenomenon). Theno. (n), the cross-section of the i -th channel on a neu-
1 

tron target, will be obtained by adding a oo. /2 term to the measured o~(n) value. 
l l 

All these 6a. obtained from the various channels have to obey the constraint 
1 

oo= E.oc .. A further hypothesis can now be made assuming that the proportion of 
l. l . • • 1 (6) 

screening in each channel is the same as for the total cross-section, name y • 

= 
6c. 

l 

a. (n) 
1 
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This re l ation, although without real justification, in any case fulfi l 

the constraint ocr = L: 6a.. For the cross defect one can take the simplified 

expression(]) 
1 

where 

A "' .J_(I - o. a ) \r - 2 ) ~ 
q n p 

Here aN is the ratio of the real to the imaginary part of the pN elastic scatter­

ing amplitude at zero four-momentum transfer and \r-2 ) is the average inverse 

square of the neutron - proton distance in the deuteron. From the expression 

oo. m 1 
ai(n) • oi(n) +-2- , 

one obtains 

hence 

a. (n) 
1 

O~(n) 
1 

o.(n) = ------
i 

This formula,which gives corrections of about 10%,has to be considered with some 

care because of the crudeness of the above calculation. Nevertheless, it is 

believed that this kind of e's timate gives the order of magnitude for the screen­

ing effects in ine lastic processes. 

2.3 - The break-up reaction 

There is one type of reaction in which the spectator scheme cannot be 

applied easi ly. This is the so-called break-up reaction pd +ppn,in which the 

outgoing nucleon of smaller laboratory momentum cannot be identified with certain­

ty as being the spectator nucleon. The reason for this is that t he pN+pN scat­

tering is usually dominated by diffraction scattering (the scattered p tends to 

be scattered with small four momentum transfer). The recoiling nucleon has then 

a laboratory momentum comparable in magnitude to that which the s pectator nuc leon 

would have because of its Fermi motion. Apart from this intrinsic difficulty the 

situation is f urther complicated by interference phenomena and double scattering. 
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Therefore the break-up reaction is generally analysed in the framework of the 

Glauber formalism( 9). Spectator nucleon assignments can, however, be made on the 

basis of statistical arguments or by selecting specific region in the three-par­

ticle phase space. One can, for instance, associate with each outgoing nucleon 
+ 

having a momentum pN a probability 

of being a spectator(JO). Here ~is the deuteron wave function in the momentum 

space. Then a possible way to identify spectator protons is to choose reactions 

where W is small and W large. At 5. 55 GeV I c incident momentum· a W I (W + W ) 
n p n p n 

~ O. 15 cut(IO) leads to the characteristic spectator distributions for the out-

going proton (Fig.2.4). This method is not very efficient as only - 10% of the 

initial sample was used. Nevertheless> the discussed event selection allowed the 

study of the differential pn+pn cross-section shown in Fig.2.4. Indeed the 

exponential slope of the four momentum transfer (t) distribution fitted with an 
bt . . -2 . 

e function has nearly the same values [b"" (8.4 ± 0.8)GeV/c ] that obtai.ned by 

analysing the pd+pd scattering at 5.55 GeV/c using the Glauber formalism( I I). 

The way discussed above for isolating pn+pn events does not permit 

a direct determination of the total elastic pn cross-section [cre(pn)J. Never­

theless, an estimate can be obtained by assuming that the ratio of the real to 

imaginary part of the pn scattering amplitude is negligible. Using then the 

optical theorem one obtains for the elastic pn differential cross-section 

le.ading to 

do 
dt = 

cre (pn) = 

bt 
e 

l 
b 

[In the example discussed here one obtains o·(pn) ;:;(J6.5± 2.4)mb.l 
e 

One can also use a more complex nucleus for studying the pn + pn 

scattering or even more complicated interactions on neutrons. Recently, inelastic 

reactions on a neutron target were studied using an ~He beam at 8.56 GeV/c enter­

ing in a hydrogen filled bubble chamber(l 2). This corresponds to a p momentum 

of 2.15 GeV/c in the system where the 4He is at rest. The study of the reaction 
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p 4He + p n 3He showed that about 90 % of this reaction occurs with a 3He spec ta tor 

(
3He ), the rest having a spectator neutron (n) in the final state. Figure 2.5 

s s 
presents the angular and momentum distribution of the spectators in the system 

where the 4He is at rest. As can be seen from this figure.,the n
5 

and 3He
5 

present 

the characteristic spectator distributions, namely the 3Hes and ns tend to be 

emitted isotropically and with small momentum. This time there is no difficulty 

in identifying the spectator(l 2). 

Using the events with 3He at 8.56 GeV/c one obtains the elastic pn+pn 
s 

differential cross-section shown in Fig.2.6. The fact the distribution tends to 

zero when ltl +O, t being the four-momentum transfer between the incident and 

outgoing p, is due to the binding energy of the 4He (one always needs some non­

zero value fort in order to break the 4He). Apart from the !ti =O, the distri­

bution shown in Fig.2.6 is intended to represent the pn+pn elastic scattering. 

One notices the presence of the diffraction peak as well as the large exchange 

pn -rnp contribution. 

As stated before, in collisions on deuterons, the fact that two out­

going nucleons have comparable momenta leads to difficulties in identifying the 

spectator. In addition, this may yield to suppression of some kinematical 

configuration as a consequence of the generalized Pauli principle. Such a situa­

tion does not occur with the ~He whenever it dissociates into n and 3He. The 

use of 4He to study interactions on neutrons also has some inconveniences. The 

neutron target is more virtual than in the deuteron case as its binding energy 

inside the 4He is B = 20.6 MeV. If one assumes that the outgoing 3He is on its 

mass shell when the interaction occurs, the quoted experiment gives for the 

virtual neutron target a mass distribution with an average of ~ 0.89 GeV/c
2 

and 

a dispersion of~ 30 MeV/c2• One sees that the mass of the virtual neutron is 

not too far from the real value, although the deviation is greater than for the 

deuteron case. 
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Distributions of momenta of the nucleons inside the deuteron obtained from 
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in pd interactions at (a) 5.55, (b) 9.3 and (c) 14.6 GeV/c incident momentum, 
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being the emission angle of the stopping track defined with respect to 

the incoming beam direction. The forward accumulation is due to coherent 

events and also to events with a spectator neutron; (d), (e) and (f) show 

the laboratory momentum distribution of the stopping track for ranges in 

which the case distributions are nearly isotropic. The full lines repre-s 
sent the Hulthen wave function predictions [Taken from reference (5)], 
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hand side) at 5,55 GeV/c selected according to the W /(W +W.) ~ 0.15 condi-

n .n p 
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Distribution of the four momentum transfer between the incident and outgoing 

p for the pn-+pn events (right hand side). The curve represents on exponential 

fit to the data in the O.l~ l tj<0.4(GeV/c) 2 range [Ref. 10]. 
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3 . RESO NANCES 

3.1 - Int rod uction 

The resonance hun ting is certainl y one of the mo st interesting aspects 

connected with the study of inelastic reactions. Generally speaking there are 

two different methods to search for resonances , namely in formation or production 

experiments. In formation experiments (see Section 3.2) the c.m. energy IS 
(IS :: MJ, of the coll isions is varied and bumps having Breit-Wigner shapes are 

searched for in total, elastic, or inelastic cross-sections. This is a situa­

tion analogous to nuclear physics whenever one tries to discover levels of the 

compound nucleus. For production experiments (Section 3.3) the 5ituation is 

perhaps more complex as one searches for r esonances among subsets of produced 

particles, In some respects production experiments offer more exploration possi­

bilities. Indeed, in one experiment, a wide ~ass region, obtai ned from the 

various effective mass distributions of the secondaries, can be studied. Further­

more, when resonances are highly inelastic, i.e. are coupled to many particle 

final states, production experiments may also be of advantage. 

Since we are interested in pN interactions we will also consider the 

reactions obtained by means of NN off-mass-shell interactions. These processes 

are obtained in reactions in which the quantum numbers exchanged in the t chan­

nel are compatible with those of an N. The following diagram gives some examples 

of such NN collisions. Resonances produced in these virtual collisions belong 

in fact to usual production experiments. Nevertheless, we consider this class 

of reactions separately (Section 3.4 ), primarily because of the interpretation 

given to these processes. 

TI K A 

p p 

p p 

Examples of reactions allowing the study of virtual pp processes 
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3.2 - Formation experiments 

+ - -Apart from e e interactions, pp collisions represent the only way to 

form mesons. These experiments benefit from a very good mass resolution {i.e. 

the resolution of the c.m. energy) as it depends essentially on the precision 

with which the beam momentum is known. Errors of - 10 MeV/c2 can easily be 
. 2 ( J 3) obtained for mass ranges of 1.9 .•• 2.S GeV/c , 

A rich meson spectrum can be reached as the initial NN system can be, 

Ln principle, in a great variety of spin (J) and parity (P) states. The parity 

of two initial fermions entering into collisions with an orbital momentum L is 

given by P::a(-l)L+l, while the charge conjugation operator is C=.(-l)L+S, S=O,I 

being the total spin of the two nucleons. Remember that only neutral states such 

as those formed by pp systems are eigenvectors of the charge conjugation operator 

' h ' 1 h . ( ) L+S b 1 ' ' ' ' 1 wit precise y t e eigenvalues C ::a -I • La e ling the pp in1t1a system by 

JPC one obtains the various states accessible in pp collisions as indicated in 

the Table 3.1. 

TABLE 3. I - The various JPC states which may by obtained in pp collisions 

- JPC PP 
-+ + - - + 3++ s "" 0 L :I J 0 I 2 .... 

I++ 2 -- 3++ L = J .... 
s = I 

o++ -- 2++ --
L = J±I I 3 .... 

Similarly to the reasoning made with the quark":' antiquark (qq) systems 

assumed to build the meson spectrum, no exotic states from the second kind can 
. - . , . h h ' 1 JPC O+- -+ occur in pp collisions. In other words this means t at t e seria = , I , 

+-2 , .• , having natural parity and unatural charge conjugation parity cannot exist. 
J J L+l 

Indeed for natural parity states, i.e. P = (-l), one has (-1) = (-1) , hence J ""L+l. 

The conservation of total spin implies then that S =I, giving always to the char-
. . ( ) L+S h . f p ge conJugation operator C = - I t e same par 1 ty as or • 
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Although the initial pp system may have the quantum numbers indicated 

in the above table, not all these J~C values can be excited because of the inihi­

bition due to the centrifugal barrier, Indeed from a semi - classical impact­

parameter approach one can estimate the maximum J value to be J ;kR+l(IJ,J 4). 
max 

Here k is the incident c.m. momentum and R is the interaction radius usually 

taken as~ l fm. Figure 3.1 presents in a J versus M2 plot some well-established 

meson (M is the mass of the meson) together with the pp impact parameter limit 

J -= k R+ I for different value~ of the interaction radius (R"' l, I. 3 and l. 6 fm). max 
Although there is an uncertainly about the value of R, Fig.3.J shows clearly that 

only high mass and high spin systems can be excited in NN collisions. Generally 

these objects are expected to have large widths. In this respect the high preci­

sion in M( IS::: M) attainable in formation experiment may not be really crucial. 

A resonance in the s - channel appears in the elast i c (ae), inelastic 

(a. ), or tota l (a) cross-section) studied as a function of IS=:M as bumps sited 
in t 

on a background. These bumps are expected to present a Breit - Wigner shape, 

although this is strictly true when the mass resolution for M is much smaller 

than the resonance width and if interf erence phenomena are neglected. Within 

these approximations the bumps can be parametrized by 

2 
a = F(I) 4n(J + 1/2) x 

e k2 E2+1 

(J. 
in 

47T x(x-1) = F(I) 2(J + J/2) 
2 

k e: + 

at = F(I) 4TI(J + J/ 2) x 
k2 £2 + 

He~e k is the incident c.m . momentum, x 1s the elasticity of the resonance 

defined by : 

x = 
r"NN 
r-; 

and 

The resonance mass is denoted by~· while rNN and rt are the elastic and total 

widths, respectively. The factor F(I) in the above expression is due to isospin 
l - -(F =2, I for pp and pn interactions, respectively). From a first glance it seems 
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that the study of ot as a function of M is the most favourabl"e case to search for 

resonance with small elasticity (remenber that x~I). This is, however. not 

really true as in o distributions, bumps - if any- are usually sited ona large 
t 

background. In tact, all the cross-sections o , o. , at, as well as those obtain­
e in 

ed from specific inelastic channels, are studied in order to discover resonances. 

Let us first consider the total pN cross-section, which can be separat­

ed into its isospin I =O i o
0

J and I= I (o
1 

J components, namely 

= 0 
I 

The determination of o
1 

(and hence o
0

) is not simple\because one has to extract 

ot(pn) from measurements of total pd cross section I ot(pd)] , To this end one 

uses the Glauber formula slightly modified ( lS) : 

ot(pd) = "ot(pp) "+"ot(pn) 11 -"60"> 

where 60 is the cross-section defect still given by 

The notation "o 11 and 
t " oo 11 indicates that these quantities are smeared by 

the Fermi motion of the nucleons inside the deuteron. 

from the above relation is a complicated procedure (IS) 

The extraction of at(pn) 

and is somewhat model-

dependent. Indeed one has to choose an expression for the deuteron wave function 

and al so a value for (r - 2 ). Furthermore, to calculate "o t (pp) " one has to know 

ot(pp) in the c.m. energy range covered by pp processes where the target p would 

be subject t o Fermi motion. The expression for 11 6011 is even more complicated, 

because one has to smear by the Fermi motion double scattering terms, As the 

cross-section defect is small one simplifies the problem by replacing in 60 the 

ot(pN) by their smeared "at(pN) 11 values. 

Figure 3.2 presents the behaviour of ot(pp) and ot(pd) as a function 
( 15 l 6) . 

of the incident momentum 

(1.9 E>.M ~ 2.5 GeV/c 2
). 

(P. ) ' in the so-called S, T1 and U regions 
inc 

A low mass bump is clearly visible in Fig.3.2 (left hand 

side) from which fits lead to a central value M ==I ,932 ± 2 MeV/c 2 and a width of 
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r = 9+
4 

MeV/c2 (the S bump]. The decomposition of at into its various isospin -3 
components is here further complicated as the data are not very far from thres-

hold. Nevertheless a detailed analysis(J 6) leads to the result that I~ I is 

favoured against I ~o. The isospin decomposition has been carried out at higher 

incident momenta (Fig.3.2, right hand side) and one clearly sees a bump in the 

o0 distribution and two enhancements in the OJ one. Table 3.2 summarizes the 

situation on these bumps, namely the S and T bumps and the two components (I= 0, I) 

of the U enhancement(l 7). 

TABLE 3.2 - Actual parameters of the bumps in the S, T, and U regions 

s T u 

Mass (MeV) 1936 ± I 2190 ± JO 2350 ± J 5 

Width (MeV) 8 - 4 90 ± 20 160 ± 20 

at ( rnb) 10.6 ± 2.4 2 to 4 - 2 

lsospin I (0) l 0 and l 

a el 
(mb) 7.0 ± J. 4 ~ 2. I 2 ~ 2. 18 

a (mb) <0.3 ± 0.3 <0.2 < 0. 2 
cex 

Moreover the discussed effects are also seen 1n the elastic and inelastic cross­

sections as illustrated in Figs.3.3 and 3.4 (Refs. 14, J8 and 19). What is more 

surprising is that no clear S, T, and U signals are seen in the charge exchange 

pp -+ ~n cross-section (O ) • This can be seen from Fig. 3. 3, which also presents cex 
a 

c ex 
x p. 

inc 
as a function of Pinc, the incident laboratory momentum. The cross­

in order to remove the l/P. dependence of the 
inc 

section was multiplied by P. 
i.nc 

charge-exchange cross-section. Since the isospin decomposition [T1Jof the elas-

tic [Te 1 J and charge-exchange [T ] amplitude are given by cex 

T cex 

I = 2 (TO+ T 1] 

J 
= 2 [TO - T 1] • 
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- -the different behaviour for the pp -+pp and pp -+nn channels suggests the presence 

of strong interference effects. One can thus already foresee that it will be 
~ 17) difficult to determine the spin and the elasticity of the observed enhancements . 

It is rather strange that such interferences occur for all of the S, T and U 

bumps. Therefore this kind of explanation may appear to be somewhat unsatisfactory. 

Tentatives to· explain the observed bwnps as resulting from threshold effects as 
- - - f · 1 d ( l ]) for instance to the reactions pp ~ppn , ~p, of, 00 1 etc, have a1 e • In any 

case, further investigations must certainly be carried out in order to have a 

better understanding of the S, T, and U enhancements. 

One type of inelastic reactinn is particularly interesting,namely the 

production of two mesons in pp collisions. In some of these cases one can imme­

diately obtain some information about quantum numbers of these two meson systems. 

The first remark that can be made is that the two colliding p and p have to be 

in a triplet state (S =I). Indeed the parity of the initial state is P = (-l)L'+I, 

while for the two-meson state one has P = (-l)L, Here Land L' are the relative 

orbital momentum of the initial and final states, respectively. Because of parity 

conservation one has L' + I = L, hence tota l spin conservation requires S = I. 
Table 3.3 indicates some conclusions which can be drawn about the two meson 

quantum numbers, using es sent ia l 1y the G - parity cons tr a int . The eigenvalues of 
L+I 

G are given here by G = (-1) n 1 n2 , the n 1, 2 being the intrinsic charge conj uga-

tion parities of the outgoing mesons. 

TAB LE 3. 3 - The two meson quantum numbers obtained in pp collisions using 

the G - parity cons tr a int • 

- + - 0 0 0 0 K+K-
pp + 1T 'IT 1T 1T 1T n 

L+I 
- I G=(-l) !"')!"') I I I 2 no 

I= I 
constraint 

spin (J) J even' I= 0 J even' I= 0 J even' 
and 

isospin (I) J odd ' 
I= I 
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Thus the two-mesons final state appears to be a rather interesting process for 

determining quantum numbers of resonances. Unfortunately, the cross-sections 

involved in these reactions are very small, of the order 1% of the annihilation 

cross-section. Despite these low cross-sections the two meson annihilation 

reactions have been studied extensively during recent years(JS, 20). In fact, 

experiments have also been carried out using polarized targets in order to faci­

litate phase-shift analyses(ZI). It has been found that in the range l sM s 2.5 GeV/c 2 

resonances as given in the Table 3.4 - + -are required to fit the pp -+TI 1T data. 

These values suggest tentatively assigning these resonances as being due to the 
( 14 21) T and U bumps ' . 

TABLE 3. 4 - Parameters of the resonances needed to fit the actual 
+ -pp + 7T lT data in the T and U regions 

J I Mass Wi d th 

(MeV/c 2
) CM e.V/c 2

) 

3 l 2150 200 

4 0 2310 2 l 0 

5 l 2480 280 

The S bump is a good candidate for a baryonium state, i.e. a state 

formed by four quarks. Such systems are expected from considerations based on 

duality arguments. Figure 3.5 presents the dual diagrams contributing to pp and 

pp elastic scattering. While in pp scattering there exists only one graph corres­

ponding t o Pomeron exchange in the t - channel, three dual diagrams ~xist for pp 
scattering. Looking in the t - channel these graphs correspond to Pomeron, mesons, 

and four quarks (qqqq) exchanges. If qqqq systems really exist, they cannot decay 

into mesons assuming that only planar graphs are contributing to the decay process 

(no crossing or disconnected quark lines). Thus the qqqq object, the baryonium is 

mainly coupled to systems containing a BB in the final state (see Fig.3.5). One 

expects therefore that baryonium should have a high elasticity and should be 

suppressed in pp + n Tr decays. This is what happens with the S enhancement. It 

appears in the elastic pp +pp scattering with a cross-section of about 7 mb, while 
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the signal is suppressed for inelastic reactions (see Fig.3.4). There exists 

also other approaches based on a quark gluon model yielding two types of baryo­

n1um the T and M states (Chang Hong-Mo and Hogaasen). In any case, the fact that 
-

exotic states which are not built by the usual qq orqqq structures may exist is 

of course an important question. Further experiments will show if a new field 

in spectroscopy will open up. 

3.J - Production experiments 

Production experiments are in fact the most usual experiments allowing 

the search for resonances and the study of their decay properties. Much effort 

has been devoted to these problem. We will here simply discuss the difficulties 

existing in the discovery of resonances by means of some simple examples. As 

already stated above, production experiments offer important exploration possi­

bilities by investigating the various effective mass distributions obtained from 

the secondaries. In principle, resonances manifest themselves as enhancements 

observed in some effective mass distributions. Of course, not all the observed 

enhancements are due to resonances. Much care is needed to identify resonances 

with the various bumps observed in histograms of effective mass. As is well 

known, reflections, kinematical and threshold effects may produce bumps. The 

fact that these types of enhancement do not follow a Breit -Wigner behaviour is 

not a crucial test for identifying them. This is because one may also have 

difficulties in describing real resonances by using Breit -Wigner functions. 

Indeed for real resonances the observed enhancements are generally sited on a 

background. Then in order to determine the mass parameters (central value and 

width) of the resonance one fits the mass spectrum by using an incoherent mixture 

of a Breit -Wigner function and a background taken often as phase space. The 

fact that one does not obtain always a good description of the data is generally 

accounted for by the crude way (no interference) used for combining background 

and resonance. Furthermore, the experimental errors on the determination of the 

effective mass also influence the behaviour of the mass spectra. 

For final states, where sets of identical particles are produced, the 

search for resonances is further complicated by the introduction of combinational 

background. 

GeV/c( 22). 

- + - 0 
As an example, let us consider the pp +Jn Jn n reaction at 5.7 

+ -
It is clear that resonances in the n TI system will be hard to detect, 

because such resonances will be situated on a large background owing to at least 

the nine different n+n- mass combinations. Although the combinational background 
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is an incoherent one, one can conceive that small resonance production rates or 

resonances with large width will not be easy to detect. In order to illustrate 
+ -these difficulties we present in Fig.3.6 the TI rr effective mass distribution 

- + - 0 obtained from the pp +3TI 3TI n reaction. Despite the important background one 
. h 0 0 . ' notices t at p and f are present in the final state, The situation becomes 

more complicated if, using the same data, one is interested to know ir there 
+ -exist also resonances decaying into pp. Figure 3.7 presents the 2n 2rr effec-

tive mass combination in which two distinct TI+TI- mass combinations are in the 

o mass band(
22

). The enhancement observed in this figure at ~1.7 GeV/c 2 is seen 
+ -

better if one selects rr TI effective mass combinations in a smaller p mass band. 

The question that one has to answer now is: is this enhancement a real resonance 

and if so, can one determine some of its parameters? First of all, it can be 

shown that the real width of the observed enhancement cannot be estimated from 

these data( 2Z), This is because the width of the l.7 GeV/c 2 signal reflects in 

the mentioned example essentially the mass cuts defining the p band. The reso­

nance interpretation is however favoured because no signal is observed in the 

pp'( 22) and p 1 p 1 (Fig.3.7) effective mass distribution. Here p' is defined as 
+ -a TI TI mass band in the region around the p mass, as indicated in Fig.3.7. One 

sees thus that additional tests are of great help in order to identify with some 

confidence an enhancement with a real resonance. 

Let us now discuss some other problems for which pN annihilation chan­

nels are particularly suitable. Much work has been done in order to understand 

the A
1 

bump. Mechanisms as the Deck effect(Z)) were proposed to explain this 

bump (or at least a part of it) appearing in hadron-hadron production processes. 

The pN annihilation channels are particularly suitable for studying the A
1 

as no 

De9k mechanism is present there. Figure 3.8 presents the p0
1T+ effective· mass 

d . ' b . b . . - + - 0 1 5 5 5 I ( 24 ) B f. . istr1 ut1on o ta1ned in the pn ~ 2'1T 31T 1T channe at . GeV c . y itt1ng 

these data with incoherent mixtures of phase space and Breit-Wigner functions 

one clearly see the presence of the A
1 

and A2 bumps. Although the fit is not 

too good the discussed result support the idea that the A
1 

is a real resonance. 

Finally let us say some words on narrow resonances which are under 

intense investigation. Here also we would like to illustrate the difficulties 

rather than to make a review of narrow signals which are candidates for resonan­

ces. Let us for instance consider the 5. I standard deviation effect has which 
- -been seen in the X mass (2.85 GeV/c2 ), obtained from the reaction pn~TI X at 
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(25) . 0 + S.55 GeV/c (Fig.3.9). Here X means a system made by pp, ppn , pn1T, or npn . 

The enhancement is seen better if events in which 6(1236), ?i(I236), or ~(1900) 

appear in the final state are removed, as explained in Fig.3.9. In the same 

conditions Fig.3. 10 displays the X mass for the three-body x~N'Nn. If the 

2.85 GeV/c 2 signa l is a resonance decaying strongly, the branching ratio 
- + - -ex= (X +pnTI ) /(X +np1T ) should be one. Although the errors are important, it is 

shown in Fig.3.10 that a tends to unity whenever the X mass reach 2.85 GeV/c 2
• 

In Fig.3. I I results on angular distributions are presented in the form of backward 

to forward ratio as a function of the X mass. One sees that at least in Fig.3. Ila 

there is a structure at 2.85 GeV/ c 2 • All these facts favour a resonance interpre­

tation of the observed enhancement which is found to have a central value of 

M = 2.850 ± 0.005 GeV/c and a width of r ::; 0.039 GeV/c 2 • Let us note that one also 

observes in the X mass distribution a spike at 3.05 GeV/c with a statistical 

s i gnificance of 3. I standard deviations. In experimental physics, however, such 

a significance is not considered as very strong evidence. 

We also would like to point out that by using big bubble chambers (with 

BEBC for instance) it become possiole to search for narrow resonances produced at 

high energies and decaying into many particles. Thus in a recent work( 26) a 
0 + + -5.55 standard deviation effect has been observed in the K TI-TI TI system at a mass 

of 2.60 ±0.01 GeV/c 2 with a width of r ::;Q,018 GeV/c 2
• To conclude this subject 

one can say that search for narrow resonances is a field to which intense effort 

is devoted. It is, of course, evident that these jobs are difficult as one needs 

experimental devices allowing a measurement of effective mass with very good 

accuracies. 

3.4 - Off-mass-sbell NN interactions 

Work has been carried out in studying NN interactions by means of 

virtual processes. The most obvious example is the study of pn collisions by 

means of pd interactions. Other kinds of processes have also been considered, 

such as those in which the system exchanged in the t - channel has the quantum 

numbers of an N. Thus the reactions K-p ~Ax has been studied at 4.2 GeV/c in 

the optics of studying yirtual 11 p"p and "K+"l< reactions (2
7), Here the symbols 

"p" and 11K+" mean that we are dealing with virtual particles, By selecting 

events with small lul=l(pK-p/\.) 2
1 or small ltl"'l(pA-pp) 2 1 one will obtain 

production processes primarily described by the following graphs. 
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t 

Here p. is the energy - momentum four vector associated with particle J, As the 
J 

quantum numbers exchanged in the t - channel are those of an p or a K one may 

hope to study pp-+ X and K+K--+ X interactions. In order to obtain samples in 

which graph (a) [graph (b)] should predominate, events with Jul$ l(GeV/c) 2 

[!ti$ l(GeV/c) 2
] were selected (Z?). At 4.2 GeV/c this choice has the advantage 

that there is no overlap between the two regions as shown by Fig,3,12. By using 

the relation 

2 2 2 2 
s + t + u = ~ + mA +mp+ MX_ 

(mj being the mass of particle j and~ the mass of the X system), one sees that 

constant "Mx corresponds to lines defined by t + u =constant in the t, u scatter 

plot (Fig.3. 12). Because of the small c.m. energy (/S) involved, the maximum 

value ~ - 11:9" GeV/c 2 is always under the NN threshold. Note that the situation 

is different for the virtual 11 K+"K- collision. For both cases, Fig.3.13 presents 

the Mx distributions in which resonance production is clearly visible. The ave­

rage charged multiplicity (<n>] associated with the X system for "p"p interactions 

is shown in Fig.3. 14. One sees that these <n> values are not too far from a 

rough extrapolation of real pp data, excluding the pp data point at rest. This 

indicates that one can have some confidence LO the method of using virtual colli­

sions for studying NN interactions. Indeed one knows that for real collisions 

<n> depends primarily on the c.m. energy (here ~) of the collisions (see Section 

6). It is then not surprising that the "p"p collisions lie on a curve extrapo­

lating the real pp data. 
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The off -mass shell NN interaction approach is perhaps more interest-

ing when ~ is above the NN threshold. 

n device using the reactions n-p ~pfppn 

Such a study has been made with the CERN 

9 2 I . . d ( 28) at and I GeV c 1nc1 ent momentum . 

Here pf denotes a fast outgoing proton having a laboratory momentum greater than 

half of the incident momentum and which is emitted forward in the laboratory sys­

tem (i.e. within an angle smaller than ISO mrad, defined with respect to the 

momentum of the i'ncident particle). This trigger condition allows one to have 

events in which baryon exchange is predominent. Enhancements in the pp mass are 

seen at both momenta (Fig.3.15). As far as concerns these enhancements the 

situation is similar to any other n-p production experiment, However as stated 

above, the special configuration of the events may allow one to interpret the 

observed bumps as resulting from the virtual 11p"p -+pp scattering. 

Figure 3. 15 presents also the pp effective mass distribution for events 

in which the pfn is in the !:P(J236) and N*(J520) mass bands. One notices the 

important enhancement observed when 6°(1236) are selected,while the second bump 

disappears when the pn- is in theN*(IS20) mass band. This is tather surprising 

as apparently no selection rule is supposed to suppress one of the pp bumps when 

the N*(l520) is present, Table 3.5 summarizes the values found for these enhan­

cements as well as the corresponding cross-sections, 

TABLE 3. 5 - Parameters of the two enhancements found in TI p -+-pfppn reactions 

at 9 and 12 GeV/c 

Central values (M ) Incident momentum Cross- section for' Cross-section for 
and widths (r I ,2) n-p +l:l(l236)X(pp) 7r-p-+ N* ( 1520) X(pp) 

I, 2 

(MeV/c 2 ) (GeV/c) (nb) (nb) --

Ml = 2020 ± 3 9 18 ± 5 30 ± 12 

r1 = 24 ± 12 12 10 ± 4 26 ± 8 

M2 = 2204 ± 5 9 J 7 ± 5 

r2 16 
+ 20 

12 21 ± 5 = - 16 
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For the two runs the statistical significance for the 2020 and 2204 signals are 

7.6 and 6,5 standard deviations, respectively, whenever ~(1236) -+pf1T- are selected 

in the final state. Nevertheless, some questions remain open about these enhance­

ments. In particular, one can wonder why these enhancements are produced in the 

1T-p~pp~ subchannel, while only one bump is seen (2020 GeV/c 2 ) when the pp is 

produced in conjunction with an N*(t520). Is it possible to interpret the 

observed bumps as resulting from the "pup +pp processes ? If this should be the 

case, are the small observed cross-sections of the bumps due to the elastic 
-11 -resonant 11p p -+pp scattering, or to the baryon exchange mechanism in the 

1T-p+pfppn reaction? In any case, the available data on pp elastic and total 

cross-sections shown in Fig. 3. 16 do not present any signal around· the 2020 and 

2200 GeV/c 2 mass values(lS, JS). Note that because of technical difficulties 

the elastic cross-section is only integrated in the c.m. angular scattering 

angle range of -0.95 < cose* < 0.95. This is not really disturbing as one elimi­

nates in this way mainly the contribution of the diffraction peak in the elastic 

scattering. The fact that one does not see any effect in free pp reactions 

needs of course further investigation. In any case, the study of virtual colli­

sions is certainly a very promising approach for studying baryon-antibaryon 

reactions whenever the construction of antibaryon beams is not feasible. 
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Figure 3.1 

The J versus M2 plot of some well etablished and conjectured meson states 

[Ref. (14)]. The curves indicate the pp impact parameter limit for various 

.values for the interaction radius (R = l .0 ) 1. 3 , I. 6 fm). 
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Figure 3.2 

(o) cr0 (pN) 
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LABORATORY MOMENTUM OF ANTIPROTON (GeV/c) 
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The pp and pd total cross sections (left hand side) in the p incident momentum 

range 0.4-t.05 GeV/c [Ref.16). The isospin decomposition of the total cross 

sec ti on (right hand side) into the isospin I = 0 (cr0 ) and I .. I (a 1) , taken 

from Ref. I 5 • 
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The elastic (left hand side top) and charge exchange (right hand side top) 

cross section as a function of the incident laboratory momentum, taken from 

ref.14. The partial elastic cross section (bottom) after background substrac­

tion in the U region. The curve represents a fit to the data as done in ref. 18, 
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Figure 3.6 

+- - + -o Example of the n TI effective mass distribution obtained in the pp~3n 3n n 

reaction at 5.7 GeV/c. The full curve is obtained by fitting the data with 

an incoherent mixture of a multiregge peripheral background and two Breit -

Wigner functions due top and f resonances (ref .22). Note the important 

background under the p peak due in particular to the high combinational 

background. 
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+ - + - + -The 2n 2n [M(2TI 2n )] effective mass distributions having two distinct 'IT TI 
+ -[ p or p 1

] mass combination in various M(n TI ) mass intervals. In (a), (b) 

and (c) the curves represent the phase space predictions, In (d) the data 

are fitted with an incoherent mixture of phase space and a Breit - Wigner 

function. Tbe width observed of the enhancement reflects merely the cuts 
+ -

made to define the TI 'IT mass intervals. Note that the enhancements are 

only seen when pp events are selected [Ref .22]. 
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The p0 n + effective mass distribution obtained in the pn-+ 271'+3n-1T0 reaction 

at 5,55 GeV/c incident momentum [Ref.24). 
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Figure 3.9 

The distributions of the effective mass of X for the pn -+7T X reaction at 5.55 
- - - 0 - - + -GeV/c obtained from the channels pn -+ppn ( 1), pn +ppn 7T (2), pn -+ pnn 1T (3) 

and pn + np7T 1T ( 4) • 

(a) all the events, (b ) the sample obtained by excluding x-- ( 1236) from 

channels (1), (2) and (3) and the 6 (12 36) from channels (3) [In channel (3) 

"E-- and 6 are produced in equal amounts], (c) the sample obtained by exclu­

ding in addition from channel (l) the 6(1900) and the events having J.52 < 

M - < I , 7 4 Ge VI c. 
p'IT 

The shaded area is obtained from channel ( ! ) and (2) using 

the same cuts as in (2). The full curve s represent the fit of the data using 

a polynomial background and a Breit-Wigner function [ Ref.25]. 
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(a) The distr~bution of the X mass obtained from the various pn+NNmr reactions, 

the events with b.-- being excluded as well as that with /J.- in the pn-+pnTI+rr­

reaction . The full curve is a fit to the data using a polynomial background 

and a gaussian function for describing the enhancement. 

(b) The ratio a of the number of npTI - + systems to the pnrr ones obtained from 
+ -

the pn +nprr 1T and pn -+pn'IT 'IT channels, respectively, as a f unction of the 

NN'IT mass. Note that for a real resonance decaying strongly one has a= J, 

The data shows that a tends to unity at the mass of the 2.85 GeV/c enhancement 
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Distribution of the R ratio calculated from several angular distributions. 

the angles e* being defined in the figure. 

(a) The pn ..,.X(NN'IT)'IT- reactions (same sample as in the previous figure), 
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(b) and (c). All the channels selected as in Fig.3c. The curves are polynomial 
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The average number of charged particles in pp collisions below (Ref.27) 

and above (Ref.54) threshold as a function of the square of the c.m. 

energy 
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- -The pp effective mass distributions obtained in the lT p -?-pfpp'IT reaction at 9 

and 12 GeV/c incident momentum: (a) all the events; (b) events with pfTI- in 

the ti
0

(J236) region defined as l.175 <M(pf -) < 1.3 GeV/c 2 ; (c) events with 
. lT 

invariant pf'IT- in the N*(l520) region, 1.45 < MP;IT-< J.6 GeV!c-.
2

; (d) events 

with invariant pfn- mass outside (b) and (c). The full curve represent the 

f i t of the data with a smooth background with or without Breit-Wigner 

functions (Ref.28) 
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The pp t otal (crt) and elastic (O~) cross-sections as a function of 

the incident momentum. Note that because of technical difficulties 

the e lastic cross-section is only integrated in the c.m. angular 

scattering angle range of -0.95 < case*< 0.95 ( Ref. 15, 18]. 
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4. PRODUCT I ON FEATURES 

4,1 - Introduction 

An impressive amount of data has been accumulated on non-annihilation 

channels. Production mechanism, resonance production, and correlation features 

have been extensively studied, In some respects, however, these investigations 

may be considered as somewhat disappointing. Indeed, in the present status of 

strong interactions physics, it is not easy to synthesize the present experimen­

tal knowledge. Nevertheless, the accumulation of data was certainly useful, as 

many phenomena which were discovered (or simply observed) led to a better under­

standing of strong interaction processes. Let us only remember that experimental 

evidence such as, for instance, limited transverse momentum of the secondaries, 

behaviour of cross-sections, Regge or multi-Regge features of the data, multipli­

city information, and resonance production are all facts which have to be known 

if we hope to have soine time a theory able to explain multiparticle production 

phenomena. 

It is, of course, beyond the scope of the present note to make a review 

of the important experimental efforts devoted to multiparticle production proces­

ses. However, even if the final state is as simple as a two-body final state, 

many problems remain unsolved. Therefore as a example of inelastic reactions 

we choose to discuss here two kind or reactions dealing with the two-body final 

state, namely the pp + fE and the pn + x--p reactions . 

4.2 - The pp+ It reaction 

The pp+ IE is an interesting reaction as the pp+ E-E- channel is pro­

duced via exotic exchange in the t - channel (Fig.4. I). Search for exotic states, 

i.e. those which are not built by the usual quark structure qq or qqq, was inten­

sively carried out, Another way to search for such states is to see whether they 

appear as exchanges in the t - channel. Of course, care is needed to determine if 

exotic exchange is not simulated by a two particle exchange. 

Some years ago it was claimed that exotic exchanges have been observed 

in the pn~~-~++ reaction at 7 GeV/c(29). In fact all the experimental distri­

butions obtained in this channel could also be obtained from the reaction 

pn+~-rr+p, ~++rr-n (the two final states being charge symmetric), which simulates an 
(30) - -= -apparent exotic exchange . In this respect the pp~ L: l: is a cleaner reaction, 
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the interpretation of which is much easier. The pp+tE reaction has been studied 

in bubble-chamber experiments at several incident momenta and in particular at 

3.6 GeV/c, which is the experiment which will be discussed below( 3
l). 

There is also some inconvenience in using pp+EE reactions, as the 
- ::+ + pp +i i which proceeds without exotic exchange has the same topology (and appea-

- -ranee in the bubble chamber) as the pp+ r E channel. From Table 4. I one sees 
- ~ + that pp +E E can appear in four different final states (including the decay 

- - -particles), whereas the pp+ E E has only one final configuration. 

TABLE 4 . I - The final state particles (including the decay ones) obtained 

in pp +EE reactions 

•I 

- ?r+ - E-E-Reactions PP + PP ..... 

Final state 
::J:-- + + 
l (nn )E (nn) -= - + - -E (n1T )E (n1T ) 

including -::t--o + + E (p1f )I: (nn ) 

the decay :+ - - + 0 E (n1T )E (pn) 

particles E+ (p7l'o) I:+ (pno) 

If one admits that the decay p's and p 1 s can be recognized in the bubble 

chamber because of the low c.m. energy involved one remains with an ambiguity 
-::!= -- + + --.::; -+ - -between the E (nTI ) r (nTI )and r (nTI ) r (nTI ) final states (remember that the 

n and n are not detected in the bubble chamber) . The separation between these 

states can easily be made on the basis of the c.m. angular distributions of the 

hyperons . Figure 4.2a gives the c.m. angular distribution of the identified r'", 
while in Fig.4.2b is given the distribution of the negative unidentified (~or E-) 

negatively charged hyperon. The particles emitted backward (Fig.4.2b) are certain-
-

ly E , as suggested by peripheral arguments (exotic charge Q = 2 exchanges are 

expected to be more likely than B ~2 exchanges), A better identification test can 

also be made by measuring the lifetime of the backward and forward particles in 

Fig.4.2b. Remember that the lifetime of the 4- and E+ (hence ~) are different. 
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As indicated in Fig.4.2, one indeed obtains different lifetimes for the backward 

and forward-emitted particles, allowing an unambiguous identification of the 

hyperons. Thus the identification of the r+r+ and r-r- final states allowed the 

determination of the ratio of the cross-section with to that without exotic 

exchanges, namely(3 l) 

_cr~(p.._.p_-+_r_-_r_-__ ) .. 
0.09 ± 0.02 

It appears that within the present available statistics all the two­

body reactions with exotic exchanges represented in Fig.4. I, havi~g all the same 

set of quantum numbers exchanged in the t - channel, have approximatively the 
-n 

same S dependence (n = 5 ± I) . This may suggest that the same type of mechanism 

governs theses processes. It is worth while to note that the similarity between 

processes in which the same quantum numbers, including an exotic q .. z, are exchan­

ged has been stressed in the study of the coherent inclusive pd+n+X reaction 

at 5.55 GeV/c(32 ). By coherent inclusive reactions one means here that X has to 
- + - -contain at least a deuteron. The reaction pd -+n X was compared with lT p +n X 

at 28 GeV/c in regions of the Feynman variable (x) associated with the outgoing 

n such that the same quantum numbers were exchanged in the t channel (see Fig.4.3), 

Then apart from a normalization factor. one sees from Fig.4.3 that the ]xi distri­

bution has the same behaviour for both pd -+n+X and 'TT- p -+n-X inclusive reactions. 

Let us come back to the pp-+ E E channel. In order to explain the 

production of this reaction, essentially three phenomena can be considered()l) 

- s-channel resonance 

- Two-particle exchange 

- Exotic exchange 

The s - channel resonance hypothesis will also predict that decays with 

the same abundance wi 11 occur via the pp + r+r+ mode, Furthermore, the angular 

distribution of these decay Ef' have t o be symmetric in the c.m. if interference 

phenomena are negligible. As these facts are not verified by the data, the 

s-channel resonance hypothesis is not very likely . In order to choose between the 
- - -two other hypotheses, one has to study the energy dependence of the pp-+ r r 

cross-section. The two-particle exchange which is equivalent to a cut in the 
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Regge pole terminology will lead to an S dependence of the cross-section contai­

ning terms in 9,nS. In contrast, one-particle exchange yields an Sa. /R;nS dependence. 

The cross-sections available as yet are not precise enough to choose between 

these hypotheses. One sees thus that precise data are still useful to study a 

production mechanism as simple as the discussed two-body final states. In fact, 

an increasing interest has been consecrated to exotic exchanges during recent 

years, because of problems connected with the existence of baryonium state. 

4,3 - The pn + 6 ·p reaction 

Results on the pn+ppn- reaction exist now in the 3 ••• 15 GeV/c incident 
. (33) -

p momentum region This reaction is dominated by a strong x- production. 
- -Figure 4.4 presents the cross-sections of the pn +pp1T and pn +6 p reactions as 

a function of the incident laboratory momentum (P. ). One notices the power inc 
law decrease of the cross.sections, namely 

and 

- - - - ( 1 • 04 t 0. 06) o(pn + ppn ) ~ P. 
inc 

- --- ) ~- P. -(2.1 ±0.1) o ( pn -+ 6 p _ l. nc 

The immediate idea that one can have is to compare the pn +pptr and pn + 6 --p 
+ ++ with their line-reversed reactions ,i.e. pp +pn'IT and pp +6 n, respectively. 

These line-reversed reactions have the same P. dependence as the original 
lnC 

reactions< 33 , 34), so that one has (within the present statistics) 

o (pp 
+ -+ pn11" ) ± 0.7 = 4 .·o 

c:r(pn ->- pp1T ) 

and 

cr (pp + 6++ n) 
= 2.7 ± 0.7 

o (pn -+ 75, -- p) 

The first ratio is difficult to interpret since we are dealing with three par­

ticles on the final state. The second ratio is even greater than 2.7 if 

individual points at the same Pinc are compared. Furthermore) it is rather sur­

prising that in the 3 .•• JS GeV/c range the distribution of the four~momentum 
++ - ---transfer t is more steeper for the pp+ 6 n than for the pn-+ 6 p reaction. 

Here t is the four momentum transfer between the incident p (p) and the outgoing 
++ - -- bt 6 (6 ) • By fitting the differential cross section with exponential e 
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functions one finds that in the 3 ••• l 5 GeV le range the slopes b are of the order of 
-2 ++ - ,.--

10 and 5 (GeV/c) for the pp -+6 and pp -+Ll p reactions, respectively. 

It is clear that a simple Regge pole model with exchange degeneracy 

cannot account for these facts if one assumes that the A and p trajectories are 

h d . . . b t . . d3 - 35) t e om1nat1ng contr1 u ions to the production processes Indeed by going 

from a reaction to its crossed one the original production amplitude is trans-
formed by changing the sign of the contribution with odd signature . . (36) traJector1es • 
Let us parametrize the Regge amplitude for the ++ 

PP -+ 6 n reaction by (35) 

ina (t) inaA(t) 
T = BP(Stt)[l-e P J+BA(SttHl+e J> 

where ap(t) and aA(t) are the p and A2 trajectories. Here Sp,A(S,t) contains the 

S dependence of the amplitude and expressions in t depending on the residue func­

tions. By assuming exchange degeneracy or even its weak form, stating only that 

ap(t) =a.A(t) (6p(S,t)+6A/S,t)J, the p and A2 trajectories have a relative phase 

of n/2. This means that by squaring the amplitude there is no interference term. 

Therefore the crossed amplitude for the pn-+ 6--p reaction leads to the same t de-
++ pendence as for the pp +6 n reactions. The fact that this is not so cannot 

b~ explained easily even by assuming that absorption corrections are important, 

these being roughly proportional to the total cross section of the colliding par­

t1cle. It is indeed hard to believe that these corrections will be responsible 

in the 3 ••• 15 GeV/c incident momentum range for 

the constant slopes b ~JO, 5 (GeV/c)-2 for the pp +6++n and pn-+6--p 

reactions, respectively, 

++ - ---p. independency of the cross sect ion ratio O'(pp -+ D. n) /O'(pn-+ b. p) • 
inc 

The examples discussed above show that even in the most simple produc­

tion cases, many facts remain as yet not understood. The simple models generally 

used for describing the data give only a partial view of the experimental situa­

tion. It is therefore easy to conceive that further efforts will certainly be 

necessary for the description of more complicated reactions such as multiparticle 

production. 
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- + + Diagrams which may contribute to the production of the reactions pp~E E 

via meson exchange (a) and pp~ E-E- via exotic exchange (b). The other 

production diagrams l(c) and (d)J have as in (b) the same set of quantum 

number which being exchanged in the t - channel. 
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The distribution of the absolute value of the Feynmann variable of then for 

the 5.55 GeV/c pd +'JT+X (Ref. 32) and for the 25 GeV/c rr-p+1T-X processes 

[Phys. Rev. Lett., 26, 280 (1970)] obtained in the regions of x>O and x<O, 

respectively. These regions correspond to possible diagrams (top figures) in 

which the same set of quantum numbers are exchanged in the t - channel. The 

lower curve is obtained by fitting the lT-p data using a polynomial expression 

and was then normalized to the pd data. 
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5 . TOTAL AND ANNIHILATION CROSS-SECTIONS 

5.1 - Total cross-sections 

The study of total cross sections is certainly one of the most simple 

ways to i nvestigate multiparticle production phenomena. This is all the more true 

when the c.m. energy increases,as then elastic scattering and low multiplicity 

give only a small contribution to the total cross section. Figure 5.1 to 

5.3 present a compilation of the total pp [ot(pp)], pd [ at(pd)J and pn [ot(pn)] 

cross-sections as a function of the incident laboratory momentum< 37 , 3S) Note 

that the maxi mum p incident momentum available as yet is 200 GeV / c. The errors 

on ot(pn) are of course larger than for o t(pp) because of the uncertainties 

introduced by extracting ot(pn) from pd data. For P. ~ 10 GeV/c the p data inc 
are also compared with other hadron-hadron cross-sections, showing how much 

p induced cross-sections are larger than the other ones, 

From these data one sees that the following cross-section differences 

0t(pd) - 0t(pd) 

ot (pp) - ot(pp) 

ot(pn) - at(pn) 

1 h S d d ( 38 , 3 9) l 8 - ( 0 . 6 I ± 0. 04) A h ( d) have near y t e same epen ence , name y • s t e ot p 

and ot(pp) are increasing with IS (see Fig.S.l and 5,2) while the above differences 

decrease, it is likely that ot(pd) and ot(pp) will also increase above 

P. >200 GeV I c. 
inc 

In the framework of the Regge pole model, and using the optical theorem, 

let us express ot(pN) by means of the leading t - channel singularities: 

0 t (pp) = Im [P +PI + w + p + A
2
J 

ot(pp) = Im [P + p I -w-p+A ] 
2 

o t (pn) c Im [P + p' +w-p-A] 
2 

ot(pn) ; Im [P + p' -w+p-A] 
2 

Th.e symbols P, P', w, p and A2 represent the elastic scattering amplitudes at 

zero four-momentum transfer corresponding to the exchang~s of the P, P', w, P 

and A
2 

Regge trajectories. The signs in front of the various contributions can 

be found in the following way(36). By definition let us take all the amplitudes 



- 33 -

with a positive sign for the total pp cross-section, Then ot(pp) is obtained 

by changing the sign of the contribution due to the odd signature trajectories 

in Ot(pp). This is a general Regge pole prescription relating a two-body channel 

to its line-reversed reaction. The expression for at(pn) is also deduced from 

at(pp). This time the isovector contributions change their signs because of 

the Clebsch - Gordan coefficients entering into the coupling of the isovector with 

a proton or a neutron. Finally crt(pn) is obtained by the same procedures using 

the expression of at(pp) or that of at(pn), 

By forming differences between antiparticle and particle cross-sections, 

one can estimate the relative importance of the various exchanges. One has thus 

crt(pp) - crt(pp) = 2 Im (w+p) 

C\ (pn) - C\ (pn) = 2 Im (w - p) 

The existing data show that these differences are nearly equal ( 38 • 39~ i.e. 

-0 55 crt(pp) - crt(pp) ~ 69.5 S · 

- -o 55 at(pn) - crt(pn) z 61.2 S • 

with at in mb and S in Gev2, This indicates that only one of the w or p trajec­

tories gives an important contribution to the crt(pN) and crt(pN) cross·sections. 

One the other hand,since the differences 

and 
crt(pp) - ot(pn) = 2Im(p +A2) 

<\(pp) - crt(pn) "" 2Im(p -A2) 

are very small, one conclud·es that p exchange (as well as A2 exchange) is small, 

hence : 

O (pN) - O (pN) z 2 Im w. 
t t 

In the above approach Regge cuts generated by poles are neglected. However, by 

taking the difference between cross-sections soine contributions due to cuts 

vanish such as, in particular, the vacuum cuts. The usual question that we can 

now ask ourselves is: are the a (pN) -cr (pN) differences equal to the annihila-
t t 

t i on cross-sections? In other words are annihilations built via unitarity by 

the w trajectory? This is the problem which will be discussed in the next section. 
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5.2 - Annihilation cross-section 

It is rather clear that for low c.m. energies (IS~ 3.5 GeV) the anni­

hilation cross-section is certainly not equal to the difference between anti­

particle and particle total cross sections. First of all the elastic pN and pN 

cross-sections are different at this c.m. energy, contributing thus to 

crt(pN)-crt(pN), Furthermore, this difference contains alsoaterms due to zero 

pronged ·~vents (pp-+ neutrals) whenever the at (pp) - o t (pp) difference is considered. 

At higher energy the influence of individual channels in the total cross-section 

becomes negligible. One can then investigate whether or not the annihilation pro­

cesses are built by the w trajectory. Figure 5.4 presents the total annihilation 

pp cross-sections [o (pp)] for P. ~12 GeV/c together with the at(pp) -ot(pp) 
a l.nC 

above P. > 12 GeV/c, where no annihilation data exist yet(4
0, 4 l) The data inc 

points tend to be distributed on the same curve. One may thus conj ecture that 

at high energy oa may be obtained from the ot(pp) - at(pp) expression. 

Another approach based on duality arguments has been proposed recently< 42). 

It was claimed that NN annihilations into mesons contribute mainly via unitarity 

to the Pomeron term in the total NN cross-section. A simple example can be given, 
• h • • d ( 4 2 ) • ~A++ ' ' h • h • 1 supporting t is i ea . Let us consider u u interactions w ic certain y 

""."'++ ++ 
contain an annihilation component. In the dual approach the elastic A A scatter-

ing processes is represented by three diagrams similar to pp scattering as shown 

in Fig.3.5. If one now considers "i:A++ interactions one is faced with a situa-
-

tion in which one particle is made by d quarks and the other by u quarks, As a 

u quark cannot annihilate a d quark the elastic'°lf A++ scattering will only be 

represented by one dual diagram with Pomeron exchange. If ~++A-- interactions 

have an annihilation component it is hard to believe that such a component will not 

occur in ~A++ interactions, both types of processes being related by isospin 

considerations. Thus if A-A++ annihilations exist they must be related via uni­

tarity to Pomeron exchange. The example mentioned simply shows that in some 

cases it is obv ious that annihilations are related to Pomeron and not tow exchange. 

Figure 5.5 presents the dual diagrams leading to annihilation into mesons. 

These diagrams dif.fer from one another in the sense that zero, one, or two quark 

lines are exchanged between the colliding p and p particles, By squaring the 

amplitude corresponding to each graph and sunnning over n, the total number of 

produced mesons, one can identify each production graph with one of the three 

d 1 d . 'b . h - - . <42> ( F" 5 S) I F' S 5 ua iagrams contri uting to t e pp ~PP scattering see ig. . , n ig, • 
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is also indicated the number of different diagrams obtained by permutation of 

quark lines in each dual diagram corresponding to an n-meson final state. One 

sees that when the c.m. energy increases, the number of dual diagrams identified 

with Pomeron exchange becomes dominant, simply as a result of the fact that on 

the average n is also increasing. This means that the annihilations will tend 

to be built mainly by Pomeron exchange. This has an interesting consequence if 

one tries to evaluate other type of annihilation cross-sections such as for 

instance antihyperon - proton (cr (Yp) )(43) and to compare them with a (pp). a . a 

The Yp annihilation cross-section (as well as the NN ones) can be written 

for an n-particle final state as 

n-
cr8 (Yp) = Nx O'x +NM OM+~ ap, 

neglecting any interference phenomena(43). Here NX, NM.and Np are the numbers 

of dual diagrams contributing via unitarity to exotic, meson and Pomeron exchange 

with the individual cross-section ox, OM and Op· In order to compare a (Yp) with a 
a (pN), additional hypotheses have to be made. a 

One can first assume that the 

individual cross-sections are equal, o MP =o. Then an estimate should be made 

f - b · - 'h'l · d <43f' 'w· h h · h or o y using pp anni l at1on ata • it t e same assumptions, t e pp 

n-meson annihilation cross-section will be given by O'n(pp) = 3° o. Using then a <n> -
instead of n the total average multiplicity <n> = <n h d>3/2 and a (pp) one c arge a 
may obtain an estimate for cr. Assuming in addition that <n> is nearly equal for 

Yp and pp annihilations, one obtains the distribution aa(Yp) as a function of 

P. C43) shown in Fig.S.6. Although there are some uncertainties in the absolute 
inc 

scale, the figure shows th~t all the annihilation cross-sections tend to be equal 

beyond P. > 15 GeV/c. A totally different behaviour is obtained if one assumes 
inc 

that Yp annihilations are obtained from the difference crt(Yp) -crt(Yp). This is 

shown in Fig.5.7, in which these differences have been evaluated as a function 

of P. using the additive quark model. 
lnC 

Thus, the measurement of Yp annihilations will certainly bring some 

new insight into hadron - hadron interactions. In any case Yp reactions if they 

can be studied once will open a new field of physics, which may lead to a 

better understanding of annihilation phenomena. 
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Figure 5. I 

Total cross section on protons as a function of the incident laboratory 

momentum [Ref. (37) and (38)]. 
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Total cross sect ions on deuterons as a function of the incident laboratory 

momentum [Ref. (37) and (38)]. 
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Distribution of the pp annihilation cross sections; together with the total 

cross section difference for pp and pp interactions as a function of the 

incident laboratory momentum. 
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pp+pp scattering. Here NP' NM and NE are the number of dual diagrams 
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Figure 5,6 

Distribution of the Y-p annihilation total cross section as a function of 

the incident momentum according to the dual model mentioned in the text 

(from Reference 43). 



Figure 5.7 

Distributions of the difference (~) in antiparticle-particle cross-section 

on hydrogen as a function of the incident momentum. The distribution are 

obtained from the additive quark model and are supposed to give the Y-p 
annihilation cross section [ Ref.43] . 
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6. MULTIPLICITIES 

6.1 - Statistical moments 

The variables to which one has easy access in high-energy reactions 

are those which are built up from the charged multiplicity distributions. This 

kind of information is very simple to obtain and explains therefore why study 

of multiplicity distributions is so popular. We will discuss here the multi­

plicity distributions obtained from reactions induced by p and we will compare 

them with those obtained in other types of hadron-hadron interactions . 

Before doing this, let us remember the most commonly used quantities 

in the study of charged multiplicity distributions<44), They are: the mean 

multiplicity <n>, the fluctuationD= (<n2>-<n>2J112 around the mean, the redu­

ced moments c .. <nq>/<n>q (q being a positive number), and the Mueller corre-
q 2 2 

lation parameter £ 2 =<n(n-1)>-<n> ::o -<n>. Here n denotes the number of 

charged particles observed in a given type of collision, In the following we 

will also use a and o . to denote the n charged particle cross-section and the 
n in 

inelastic cross-section, respectively. 

The interest of the c moments is that in the case of KNO scaling 
q 

[ namely the quantity <n>o /a. 
n in depending only on n/<n>] they should be indepen-

dent of 8 for large S, Then one has as immediate consequence that D ~ <n> and 
2 

f 2 ~ <n> • The f 2 parameter gives information about the correlation between 

the outgoing particles. If the charged particles are emitted independently 

from one another and according to a Poisson law one has f 
2 

= 0, The departure 

of zero indicates thus the degree of corre lation between the emitted particles. 

In fact, £2 is defined as the integral of the two-particle correlation function. 

This function defined for convenience in rapidity space is written as 

The indices I and 2 label the particles entering in the studied pairs. The 

P2(y 1,y2) term represents the double density distribution of the particles, 

each having the rapidity y
1 

and y
2

, while P
1

(y
1 2

) are the single density dis-
' tributions. In the absence of correlation, p2(y 1,y2) is expected to factorize, 

i.e. p2(y 1,y
2
)a:p

1
(y 1)p 1(y2). Using property normalized densities< 44 ) one 

obtains that no correlation leads to _c 2(y 1,y2) =0. By definition the f 2 para­

meter is the integral of the two-particle correlation function: 



One thus get 
2 

f 2 = (n ( n-1) ) - <n) 
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if no distinction 1s made between the considered particles or 

whenever correlation between particles of types c 1 and c 2 are studied. The varia­

tion of f 2 with the c.m. energy of the collision is a very good indication for 

the validity of phenomenological mode ls. This is shown in Tab le 6. I which indi­

cates the trends for £2 in the framework of several simple models<44 ). 

6.2 - Experimental data 

Let us now look into the data, Figure 6. J presents a compi la ti on of 

the average charged multiplicity (n) obtained in pN interactions as a function 

of Pinc whereas the dispersion D is displayed in Fig. 6.2 as a function of (n/
45

) · 

One first notices that the values obtained for pn interactions have larger 

errors than for pp ones. The reason is that there is an intrinsic difficulty 

in estimating the inelastic one-prong cross-section [cr
1
J in pn interactions. 

This is because the spectator scheme cannot be applied easily to the break-up 

reaction (Section 2.3), The one cross-section is then calculated by a substrac­

tion procedure: 

introducing large errors on o
1 

and hence on any quantity deduced from the 

charged multiplicity distribution [oe1(pN) is the elastic pN cross-section], 

Whenever the quantities are calculated from the data with n~3 the errors be­

comes much smaller, as in the pp case (Fig.6,1,b and 6,2.b), 

We also notice from Fig.6.1 that for a given P. , <n> is greater for 
inc 

pp than for pn interactions, but for fixed <n> one has D- >D- [In the follo­
pn PP 

wing we will also us the notation 0 b and <n . >, indicating that these quantities 
a ab 

are obtained from ab collisions]. Similarly to pp interactions D- can be 

related linearly to <n>. A best fit to the pp data shown in Fig.6.~: yields(4S) 
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TABLE 6. I - Trends for the f 
2 

Mueller parameters in the framework of 

simple phenomenological models. One always assumes that 

(n) a: .ens [see for instance Ref. (44)) 

-

f 2 < 0 Influence of the energy momentum conservation 

constraint for v'S ~ 6 GeV · 

f2 = 0 Poisson distribution for the emitted particles 

£2 ::: 0 Mul ti-Regge mode 1 cal cu lated from the nt - 2 

produced particles, nt being here the total 

number of particles including neutral. 

2 which cq = (nq )/ (n)q independent f2 = ( C 
2 

- I ) (n ) - (n ) KNO for is 
,.., ( 2nS) 2 of rs. 

f2 = {K(K-1)) ( ) 
~) n Independent cluster model, the cluster being 

produced according to a Poisson law. Here K is 

the number of particles coming from one 

cluster. 

f a: 
2 (n) Short-range order where Cz(Y I ,y2) z exp[-ly 1-Y2 I /L], 

a: ~ L being the correlation length, hence 

£2 = f C(y1,Y2)dy 1dY2 "'hnS. 

f a: rs 
2 

Diffraction dissociation models. 

D- = (0.44 ±0.02) (n)+ (0.27 ±0.05), 
PP 

which can be compared with 

D = (0.58 ±0.02) (n)- (0.58 ±0.02) 
PP 

for pp data(46). 
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This means that in the \n) range for which pN data exist> one has for a given 

(n) , D_ > D- > D- • This already shows that plotted in the KNO form, the pn, 
_ pn PP PP 
pp and pp data will be distributed on different curves as shown in Fig.6.3. 

Indeed as already mentioned above, KNO scaling is equivalent for large S to the 

statement that the reduced c moments should be independent of S and therefore 
q 

D = {n)~ o: {n). As this relation is not fulfilled by the data and because 

for fixed {n) the dispersions present great differences for pn, pp and pp inter­

actions, the three pieces of data cannot be distributed on the same curves, as indeed 

seen in Fig. 6.3. One can notice that if one would like to obtain the linear 

relation D=K[(n)-aJ, Kand Cl being constants for a given type of collision 

there are the moments ~q =((n-a.)q)/((n-a))q which should be inqependent of 

S ( 
4 7) 1 1 f . . f h d . . d. ff. 1 At the present eve o statistics or t e pN ata it is i 1cu t to 

know which of the c or c moments tend to be really independent of s. 
q q 

Let us now turn to multiplicity distribution obtained from annihila­

tion reactions. We will still assume that in the region where there is no anni-

hilation data (P. > J'2 GeV/c) the total and topological pp annihilation cross-inc 
sections can be obtained by making differences between pp and pp cross-sections. 

Figure 6.4 presents the average of the negatively charged particles {n_) as a 

function of S for annihilation and pp interactions. The variation of the Mueller 
-- 2 parameter for the negatively charged particles £2 = (n_ (n_ - I))- (n_) versus 

(n_) is also very different for both processes (Note that f;- ""£2/4 - (n_)/2 + Q/4. 

Q being the total charge of the initial state.) The strong decreasing behaviour 

for f 2 can be partly reproduced by assuming that the charged particles are 

emitted in annihilations according to a Poisson law. Then one has £
2 

cQ, lead­

ing to f;- = -0. 5 (n_ ). It is interesting to note that the description of £;­
versus (n ) becomes worse if one assumes that both positive and negative parti­

cl~s are separately emitted according to Poisson laws (dashed line of Fig.6.4b), 

taking into account the overall charge-conservation constraint(4 l). A better 

description of the f 2 , \n_) plot is obtained by assuming that a single cluster 

or fireball is formed during the annihilation processes, which then subsequently 

decays through a linear statistical decay chain(4S) [f 2 =-0.73<n_>J. These 

models, giving a linear relation between f;- and <n_>, fail to explain the 

<n_>>3 region. The departure of the straight line in this region has been ex­

plained in the framework of multiperipheral dual models<49). In this approach 

the change in the variation of £2 results from a change in the regime of clus­

ter production, namely from a single to multicluster production. 
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The striking differences mentioned.observed between pp annihilations 

d . . b 1 . . h f <40> an pp interactions, can also be seen y potting these data int e KNO orm 

(Fig.6.5), One clearly sees that then /(n ) has a smaller dispersion than the a a 
npp/ \npp )1 i , e, 

D D 
a < _.li_ I 

{na) {npp) 

the indice a denoting the annihilation. It has been proposed (SO) to compare pp 

and annihilation data at the same available energy. This can be done in several 

ways. Let us examine here one possible method, Since in annihilation reactions 

the colliding baryons disappear, the same available energy will approximately 

be obtained whenever the c.m. energy in pp collision (IS') is related to 

that in annihilation reaction (IS) by IS'"' IS'+ 2mp (mp being the nucleon mass). 

But in pp interactions the leading protons take on an average one half of the c.m. 

energy and there is an average number of 1,4 proton in the final state (we will 

come back to the determination of this number). Then it can be conceived that 

one possible way to make a comparison is to consider the <n (S)> and <n (4S' )-1.4> 
a PP 

quantities. As can be seen from Fig.6.4a it turns out that these quantities are 

nearly equal for P. ~ 20GeV/c( 4 l). Of course the 1.4 number is some kind of 
inc 

average number and can be a function of S. It was measured at 19 GeV/c(Sl) 

[-1.4) and also at 200 GeV/c(SZ)[l.12±0.32]. In any case, Fig.6.4b confirms 

clearly that in the first approximation the average number of emitted charged 

particles depends mainly on the available c.m. energy and not on the quantum 

numbers of the colliding particles. The situation is different for the other 

statistical moments as for all the actual data one has(4J): 

D (S) D 
a < Pf ::o: 0 58 

(n ( S) ) (n - 1 ' 
a PP 

or 
D (S) D (4S') 

a < pp ~ O SS 0 . 23 
(n (S)) (n (4S') - 1.4) - ' + (n (4S') - 1.4) 

a PP PP 

The fact that the distribution of the (n - J)/\n - J) or (n - J.4)/(n - I.4) 
PP PP PP PP 

variables is larger than obtained for the annihilations using the n /\n ) varia­
(53) a a 

ble can be explained in the framework of the geometrical model Indeed in 

this approach the average number of produced particles is largest for near - zero 
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impact parameter collisions. At each impact parameter one can associate multi­

plicity distributions, the average of which depends on the impact parameter. 

As pp annihi l ation occurs through central collisions(S0, 54) (see also Section 7.2) 

many more multiplicity distributions are summed up in pp collisions han in pp 

annihilations. This leads to a broader multiplicity distribution in the pp case 

than in annihilation at the same available energy . 

Let us now come back to the way that the average number of protons in 

the final state is evaluated in pp collisions. At 19 GeV/c this average has been 

measured by identifying the outgoing particles. At higher energies the identi­

fication of particles presents difficulties. Therefore the average at 200 GeV/c 

has been determined by comparing average charged multiplicities obtained from pp 
(52) and pn interactions at the same c,m, energy • To this end,we draw in Fig.6.6 

production diagrams for pp and pn interactions without specifying what are the 

objects exchanged in the t - channel . At each nucleon vertex the incident proton 

(neutron) can transform itself ~nto a neutron (proton) or remains unchanged. 

Defining a. as being the fractional rate of charge exchange at a nucleon verte~ 

(a.= ratio of the cross-section of charge exchange p-++- n to the cross-section for 

producing particles at the nucleon vertex), the average number of outgoing pro­

tons in pp collisions is simply 2(1-a.). A simple calculation shows (see Fig.6.6) 

that a. can be determined from the relation <n > - <n > ==I - 2a. At 200 GeV/c pn pp 
one thus obtains an average number of protons of l .12 ± 0.32, which is compatible 

with the J.4 value t aken above, 

. h + - 'h·1 . . (SS) Attempts have also been made to compare pp wit e e ann1 l at1ons . 
+ -Of course both processes are different at least because the e e is mainly coupled 

to one photon. i, e. to a state of spin (J) and parity (P) JP = I - • One sees1 howe­

ver, from Fig. 6. 7 that the average charged multiplicities for both processes, plotted 

as ·a function of the c.m. energy, tend to cluster on the same distribution . Finally, 

1 l . k <56 ) . h . . h k ' k . et us a so mention a wor suggesting t at it :..s t e quar - antiquar inter-
+ -action which should be compared with e e annihilation. As illustrated in Fig.6.8 

the three possible diagrams shown there lead to different relations be tween pp 

and e+e- multiplicities . The graphs have a different S dependence so that at 

high energy the annihilation of three qq should predominate. In this region 

at least pp cannot be compared directly with e+e-, 
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a), Comparison between the average multiplicity for pp and pn interactions 

b), Same distributions as in (a) but obtained from multiplicity distributions 

when the number of charged particles is n ~ 3 [Ref, 45]. 
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pp and pn interactions. The full line represents a linear fit to the data 
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b). The same distributions as above but obtained from multiplicities with 

n ~ 3 [Ref. 45] , 
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and 14.6 GeV/c. The full and dashed lines are obtained from fits to pp and 

pp data, respectively [Ref.SJ. 
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The dot-dashed curve is the Webber prediction [Ref. 49J. 
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Diagrams vizualising pp and pn interactions. The average multiplicities with 

prime or double prime represent the multiplicity associated to the lower 

ver.tex, when the initial particle remains as it was or when a charge exchange 

occurs (p-++- n), respectively. 

is denoted by the superscript t. 

The total multiplicity due to the lower·~ertex 

Note that because the upper vertex are 

identical in pp and pn interactions one has {nt) - {nt) == (n ) - (n ) 
P n PP pn 

allowing to determine a. Here a is the probability that a cha'rge exchange 

occurs (p ~ n) at a given vertex. 
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+ -Comparison of diagrams leading to e e and pp annihilations. In this latter 

case, one has one, two or three quark-antiquark (qq) pairs which are produ­

cing hadrons. The e+e- average charged multiplicity ({n )) at IS is compared ee 
with that of PP ({n)) at the same available energy for the qq pairs producing 

hadr.ons. Note the different S dependence of the cross sections (0) corres­

ponding to the different pp annihilation diagrams. 
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7. ANNIHILATION PROCESSES 

7 . l - Introduction 

Let us discuss some general features characterizing annihilation 

processes. As seen above, the annihilation component leads to events in which 

the numher of emitted particles is large. For instance the average charged multi­

plicity for pp annihilation at 15 GeV/c is approximatively as large as that ob­

tained in pp collisions at IOO GeV/c [<n>~6]. Therefore, for many years p 

annihilation physics has been faced with the same problems one has now in study­

ing hadron -hadron collisions at very high energies (Ts ~ 15 GeV), i.e. how to 

extract from a flood of information that part which is essential for understan­

ding multiparticle production phenomena. 

Up to now there exists real information about annihilations only for 

Pinc s 12 GeV/c,as one has there exclusive annihilation channels. Above 12 GeV/c 

knowledge about annihilation is obtained by making differences between pp and 

pp data with all the uncertainties introduced by this procedure. An annihila­

tion event is usually defined as a final state without baryons. When the c.m. 

energy increases, the NN pair production may become important complicating thus 

the identification of annihilation events. It is likely although not sure that 

NN pairs will be produced centrally, the two particles being close in rapidity 

(see below). Therefore the presence of leading particles can help to sign a 

non annihilation event. In any case, for P. $ 12 GeV/c there is no difficulty inc 
in identifying by the usual method (no baryons in the final ·state) annihilation 

reactions as the NN production cross section is negligible (of the order of a 

tens of nb as shown by recent~ experiments, see also Section 3.4). 

Let us now discuss some specific aspects of the annihilation channels 

for P. $ 12 GeV/c. One characteristic of these processes is that many resonan-1nc 
ces are produced in the final state. In the following we will ignore this reso-

nance production but examine some more general features such as cross-section, 

peripherality and two-particle correlation behaviour. 

7.2 - General features 

Concerning pp or pn exclusive annihilation channels, one observes for 

a given IS a fluctuation of these cross-sections whenever they are plotted as a 

function of the total number of outgoing pions (charged plus neutral). This is 
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illustrated by an example shown in Fig.7. 1 which presents the pp (5.7 GeV/c) and 

pn (5.55 GeV/c) exclusive annihilation cross-sections at nearly the same incident 
(54) 

momentum . One sees from this figure that the pp and pn data are distributed 
0 on two smoth curves characterized by the presence or abs~nce of a n in the final 

state. As the n° appears in pp (pn) channels for an odd (even) number of produced 

pions, the observed fluctuat ion is not due to a G - parity effect. In fact, multi­

peripheral models can give an intuitive explanation of this fluctuation. In these 

models one assumes that it is the nucleon trajectory which gives the dominant 

contribution to annihilation reactions. Then the positive and negative charge 

of the outgoing pions has to alternate along the multiperipheral as shown in 

Fig.7.2. A n° however can be placed everywhere along the chain. One can then 

conceive that as a consequence of this freedom the cross-section tends to in-
o 

crease when a n is present in the final state. In any case, by comparing the 

cross-section of pp and pn channels with the same number of outgoing pions the 

channel with a n° has always the bigger cross-section. 

A feature which also characterizes the annihilation reactions is that 

they appear to be produced more centrally than usual production reactions. In 

other words the transverse momenta of the secondaries do not present the strong 

limiting behaviour seen elsewhere. This is shown by the example ofFig,7.3, which 

presents the average transverse momenta (r) of the outgoing pions versus the 

average of their absolute c.m. longitudinal momenta for pn annihilations at 

5.55 GeV/c CS4), One sees that (r) is not so small as for non-annihilation 

channels [ (r) 300 MeV/c] and that the data are approaching phase space when 

the number of produced pions increases. That annihilation reactions occur 

through central collisions has already been mentioned in the discussion about 

multiplicity distribut ions (Section 6.2). Other methods are also used in order 

to investigate the peripheral nature of the reactions. Let us only mention 

here that it becomes rather popular to analyse the peripherality of events by 
(57) 

means of the lower limit of the root mean square impact parameter . 

:1uch effort l1as been devoted to the study of two particle correlation 

in annihilation channels. Because of the numerous produced pions it was sug­

gested to use annihilation reactions to search for the influence of the Bose­

Einstein statistics among the outgoing part icles. The study of the c.m. opening 
+ + 

angle between two pions showed that differences appear for like (n_rr_) and un-
+ - + 0 like (TI TI , TI-TI ) pairs. This so-called Goldhaber effect is generally explained 

in terms of the Bose - Einstein statistics. 
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There are, of course, other methods ut i lized for studying correlation 

between produced particles. Let us immediately point out that the two-particle 

correlation function, as defined in Section 6. l, is not very useful. At low IS the 

behaviour of a correlation function reflects mainly the energy-momentum constraint 

whatever kinematical variabl es one chosen(SS). Other methods are based on the 

observation that the average transverse momentum of the secondaries is limited 

to a few hundred MeV/c, although this effect is not so marked for annihilations. 

Thus increase of the c.m. energy leads primarily to an increase of the longitu­

dinal momenta of the outgoing particles. It might then be conceivable that one 

can learn about production mechanism by studying the longitudinal momentum con­

figuration of an event (using the longitudinal phase-space plot or for instance 

correlation in the longitudinal momentum space). Alternatively, another point 

of view is to consider correlation effects in the transver se plane (the plane 

perpendicular to the c.m. beam momentum), precisel y because of the similarity 

of the transverse momentum distributions. Then correlation study will perhaps 

allow to stress the influence of the type of the colliding particles. Moreover, 

comparison between various reactions at different energies can be carried out. 

We take the latter attitude and we will discuss here a method of studying two­

particle correlation in the transverse plane(SB, 59). Although the method des­

cribed below is based on a rather phenomenological approach, it has the merit 

of allowing the measurement of the correlation via a single parameter. 

+ 

-+ -+ ->- -+ 
To this end,we consider the vari ables P± =r 1 ±r 2 (modulus P±)' r 1 and 

r 2 being the transverse mo~enta (modulus r 1 2) of the particl es entering in 
' + + given studied pair s . Whenever the distributions of P and P are different, a 

+ -
+ + -corr elation between r 1 and r 2 must be present . An analysis of pp data at 

5.7 GeV/c<
59

) has shown that the P: distributions for like and unlike pairs have 

exponent i al shapes (see Fig.7.4), i-.e. cJN/dP: ocexp[-A~P:]. Furthermore the single 
2 - - -

transverse momentum distributions (dN/dr
1 2

) can also be approximated by exponen-

tial functionsdN/dr~, 2 cx:e;p[-A 1 , 2 r7
12

J a~ shown i n Fig.7. 5 . This approximation 

is less valid for small r
1
, 2, as one observes there a small excess of particles 

due mainly to re sonance production. In order to reproduce these exponential 

shapes one can make the assumption that t he two-particle density dis tribution 

in the transverse plane is given by: 
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Herea
1

, a 2 and b are constants depending on the reaction and on the type of 

studied pairs. density introduces correlation + ~ 
Such a the between r

1 
and r 2 via 

-+ + 
the b r 1r 2 term. Thus the magnitude of b can serve as a measure of the two par-

ticle correlation in the transverse plane. 

Let us now show that the above density leads to exponential distribu-

tions in 2 2 
the P± and r

1
,
2 

variables. Using polar coordinates in the transverse 

plane the integration over angles of the chosen density yields ; 

J
0 

being the zeroth-order Bessel function. A further integration . over r 1 or r 2 
gives indeed the exponential function 

dN 
2 

dr I ,2 

a: exp[ -a (I 
I, 2 

As one has 

dN 4 dN 

dP-!1 a'P_ 

one obtains in a similar way 

dN · -- a:exp[-a (I 
dP; I' 2 

with 

a
1 2

:: (a
1 

+a2 ±b~/4 
' 

2 
b ) r2 ] 

4a
1
a

2 
J,2 -

2 
exp(-AI, 2 r I ,2> 

+ + 
Thus if the expression chosen for dN/ (dr 1dr 2) is really meaningful! the 

correlation between transverse momenta can be measured by the !b l parameter. For 

pp annihilation C - invariance implies identical transverse momentum distributions 
+ for the 1T and the TI , hence 8 = 0. Then one has : 

2a I.! b pz] 
exp[ - +_ ,, 

. 1 1 f h 2 d P2 d. . b . . h . cl. t 1 b The exponentia s opes o t e P an istr1 utions gives t en imme La e y • 
+ 

For other cases one can fit the data with the 
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dN 

expression and extract b. The analysis made with pp at 5 .7 GeV/c showed that the 

correlation parameter JbJ is significantly greater for n+n- pairs than for the 

1T±1T± ones as given in the Table 7. 1< 59). 

TABLE 7. I - Values of the Jb J parameter for pp annihilation into pions 

at 5,7 GeV/c 

. 

lbJ 
Final state 

(GeV/c)-2 

+ - ± ± 
I . 2 ± 0. 2 31T 31T 1T 1f 

+ -
7T 'IT 2.0 ± 0.2 

3n+31T-1T 0 ± ± 
l. 0 ± 0 . 2 1T 1T 

+ - 2. 0 0. l 1T 'IT ± 

+ - ± ± 
I. 0 ± 0.6 41T 41T 'IT TT 

+ - 3.0 0.4 1T 1T ± 

+ - 0 ± ± 0.6 ± 0.3 4'1T 41T 7T 1T 1T 

+ .. 
'IT 1T 2. 8 ± 0,3 

Thi"s is exactly wha t one would expect from a multi-Regge model, as any correla-
+ - + 0 tion should be more important for adjacent particles (i .e. n 1T or 1T-1T ) along 

+ + 
the multipheripheral chain than for others (n-n-). 

The approach discussed has the advantage of defining a quantity which 

measures the intensity of the two-particle correlation in the transverse plane, 

However, the form chosen for the two-~article density dN/(d; 1 d~2 ) is not really 

based on a model. Nevertheless, by analysing data which the above method, one 

obtains results which are in agreement with multiperipheral models. The method 

is all the more interesting since in some cases (as in limited transverse momentum 
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phase space) one can appreciate the correlation introduced by the kinematical 

constraints(60). An alternative point of view to the present discussion can also 

be taken, Indeed assuming that multiperipheral graphs are responsible for the 

annihilations, the values for b given in Table 7. I show clea'rly that the dominant 

exchange is the nucleon trajectory (and not the 6 one), 

7.3 - Annihilation at high energy 

At high energy the main question which has to be solved is how will 

we define an annihilation event when the NN pair production becomes important. 

The study of the production of AA pairs in pp and pp interactions seems to 

indicate that the A and A are produced close in rapidity(40, 6 l). A comparison 

between pp and pp data at 100 GeV/ c shows in addition that the excess of AA in 

PP interactions seems to come from central production, If one still assumes that 

the difference between pp and pp in A.A production is due to annihilation one may 

conjecture that the N and N will also be produced centrally and close in rapidity. 

This may as well be not the case if one believes that the A and A are produced 

close in rapidity to minimize the flow of quantum numbers (Fig.7.2)) along the 

rapidity axis (the particles being ordered as in multiperipheral models according 

to rapidity). Then the A and A (or N and N) wi l l be produced close in rapidity 

to minimize the flow of the baryonic number in pp interactions, while the B and 

B will tend to be separated by large rapidity gap in pp interactions. 

That such a mechanism may exist is also supported by the study of the 

charge structure of the final state in high-energy reactions( 62). The data show 

a tendency of the charge to be locally conserved in the rapidity space. This 

simply means that the total charge flow along the rapidity axis tends to be small. 

A way of measuring the total charge flow has been proposed in the study of pn 

interactions at 200 GeV/c( 62 ) by using collective variables evaluated event by 

event. In particular, one can consider the variable v1 =E. Jq. I, the sum running 
l l 

over all the rapidi ty gaps in a given event as shown in Fig.7,6. The average 

value <V 1> is displayed in Fig.7.6 as a function of n, the number of charged 

outgoing particles. That <V 1> increases with n is an expected result. This 

merely means that the total charge flow increases with nor the number of gaps, 

although <V
1
> is smaller than the statistical model predictions. One can consi­

der the more interestingweightedvariable v2 = E.IQ.lt::,y./(E.D,y.). where C::,y. is 
l l 1 1 ]. 1 

the width of the rapidity gap carrying the charge Qi, The sum ~ 6yi is the 

length of the total rapidity interval calculated for each event. The v
2 

variable 
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has the property of minimizing the contribution of particles closely spaced in 

rapidity where the ordering procedure may be incertain or where the particles come 

from the same cluster or resonance, As can be seen from Fig.7.6 the averages 

<V2> all have small values (i.e. <V2> SI), This clearly indicates that there is 

a limited charge flow in a given event whenever the rapidity gaps are large. 

Thus if one really believes that particles are produced in such a way 

that a minimal flow of quantum numbers occurs along the rapidity axis we are 

faced with the following problem. In the case of NN production the N and N will 

tend to be pushed away in the rapidity space for pp interactions so that 

the total baryonic flow should decrease (Fig.7.2). If this should be the case 

one would still have difficulty in separating such an event from a non-annihila­

tion one, Therefore the question whether or not annihilation presents at high 

energy will still be settled by means of reactions (if any) in which no baryon 

are present in the final state. Thiw will give a lower limit of annihilation 

cross-section and needs an experimental device allowing the veto of events with 

pp, pn, np, or nn in the final state. Furthermore, exclusive annihilation 

channels will also be of great help to determine whether of not annihilation 

persists at high energy, 
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Comparison of the pp and our pn cross sections as a function of the number 
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The curves are drawn to guide the eye [Ref.54 ) . 
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