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1. INTRODUCTIOHN

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 atudy
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 inveatigated, 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-
gions are one of the most simple ways to study systems having a total baryomic
number B =0 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 mm

interactions as illustrated in the following diagram.

Apart from the uncertainties introduced by the fact that one cannot be sure
that one is really dealing with a virtual T, there is also another inconvenience.
The 77 initial state is in a definite G - parity state, G=1, while pN is in
mixture of G=#] states, In this sense pN interactions allow a more general
study of B=0 systems apart from the fact that it is easier to study real colli-

sions than virtual ones.



Once one is comvinced that p induced reactions can bring some new
insight into strong interactions physics, one may be willing to study Ep as well
as pn interactions., These studies are complementary, because different initial
isospin (I =0,1 for 5p and T =1 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. Ep-+EpﬂO, pom
and En-+5pﬂ_. In the first case the NT systems can be emitted in the I=3/2,1/2
isospin state, whereas the 5ﬂ- in the 5n-+5pﬂ- reaction is always in a I =3/2
state. One sees thus that for studying I =13/2 NT systems it is more convenient

to use the 5n-+5pﬂ— channel instead of the Ep-+ﬁNﬂ 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 ar pairs production in the reactions
Ep-+5pﬂ+ﬂ- and En'+5nﬂ+ﬂ_. As will be seen below E”“-(EW”) and &++(pw+) will be
produced in equal amounts in the 5p-+5pﬂ+ﬂ_ channel [C - invariance]), In contrast,
for the En-+5nﬂ+ﬂ_ reaction one will observe equal amounts of E'"-(Eﬂ-) and
A (pm ) [G-invariancel], Therefore the Ep-+§pﬂ+ﬂ_ reaction will allow us to study
the quasi two-body Ep-+zf__a++ state. Such a study will not easily be made with
the 5n-+5nﬂ+ﬂ- reaction, where the T is resonating alternatively with the p or
the n to form a A  (pW ) or a A {(am ) resonances (see Fig.l.1). 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-

position 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 EN interactions. To this end we
consider the reaction pp > 1 +X where X is any system recoiling against the out-
going patticle denoted by 1. By applying the charge-conjugation operator C to
this reaction one obtains pp~+1+X. This initial state is almost identical with
the former ﬁp state. One already foresees that this will lead to some peculiar
properties for the final state. In fact, for unpolarized colliding particles the
initial pp state is an eigenstate of the RN(ﬂ)C operator, Here RN(W) represents
the T rotation operator around any axis perpendicular to the incoming p line of
flisht(]). This is vizualised in Fig.l.2, which shows that after the RN(N)C

opetation, one obtains the same initial stare, but | is transformed into 1



emitted in a different direction. Defining a right-handed coordinate system,
where the z and x axes are along the beam direction and the normal ﬁ, respecti-
vely (see Fig.l.2) one sees that |, which is emitted with polar 6 and azimuthal «
angles, is transformed into 1, with the corresponding polar and azimuthal emissiom
angles T-86 and - ¢, respectively. One may thus relate the ¢.m. angular distri-

bution (W) of 1| with that (W) of T, i.e.(l)
W(l ,B,QZ) =-ﬁ(79ﬂ—8 ,-‘P)o

Two cases can occur: the transformed | +X system can be identical with or diffe-
rent from the origimal i + X one, When the final states are identical € +X = +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
reactions. In this case | +X will be as Frequent as 1 +X; hence the reactions

Ep +} +% and 5p +1 +X must have equal cross-gections, Let ug ncte that | can be
composed from a set of particles. Thus 1f | is, for instance, a resonance &++.

one must also have an equal amount of &  in the same reaction or the conjugated
one pp + 1 +X,

For the pn interaction the situation is somewhat more complicated, as
the pn state is an eigenstate of the U*=TI(H)RN(W)C operator {see Fig.l.2}. Here
Tl(ﬂ) is the T rotation operator around the first (or x) axis in isospin space,
This operator changes essentially a particle into its charge symmetric one
T](ﬂ)a==a8. [ The CT](W) operation is esgsentially the G operator]. Now the U
operator changes the ! +X final state into the TS'+§S state [note that (T)S =TSJ.
In the same manner as for the pp case one will obtain a relation between the

En =1 +X and 5néFTS +XS reaction such as (See the example of Fig,1.3),

W(l,0, @)= W(TS S T=6,-9).

This time there are the states 1+ X and TS'+§S which are produced with equal

cross—sections 1f 1 +X # ]S'FES' Table 1.1 summarizes some of the relations

obtained from the symmetries just discussed,



TABLE 1.,! - Some comsequences of the C-invariance and G- invariance for

Ep and pn collisions, respectively,

pp>1+X and pp +1 +X have same cross sections if 1 +X # 1 +X
T+X

! is as frequent as 1 in the same reactioms if 1+X =

W1, 8, @ = W(I, 1-6,-0)

PP Examples .

- + - 0 . . . . + -

PP+ T T T c,m, angular distribution of m and ™ reflected
from one another ; ¢.m. angular distribution
of 1 is symmetric

- - 4 - — - ++

pPp * ppT T same amount of A and A _ L
c.m, angular distribution of p (m ) is reflected
from the p(W+) distribution

5n-+] +X and En-+TS-+ES have the same crpss sections if 1 +X #=TS-FXS
1 ig as frequent as TS in the same reactiom if 1 +X = TS'FES
W(i, 8, @ = W, 1-6,~¢)

Bn Examples :
En > all the c.m. angular distributions are symmetric
pn -+ pamo M same amount of A  {(pT ) and A (a7 ); 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 followinpg some specific aspects of E induced reactions. Before
doing this we will firset look into the difficulties introduced by uaing a complex
nucleus in order to study interactions on neutrons. Then we will discuss reso-
nance hunting in En reactions, which 18 certainly one of the most important fea-—

ture related to the analysis of inelastic reactioms,



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-sectiéms. 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 1,1

The N7 [M(Nm)] and Nm [M(NT) ] effective mass distributions for the ﬁn-+5nﬂ+ﬂ_
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 A(1236) and
7(1236) resonances. Note that the M(pm ) and M(ny ) [as well as the M(pr )
and M(nﬂ+)] distributions are nearly similar as required by G- invariance

In particular one has {within errors) the same amount of X" and A produc-

tion rate.
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Figure 1,2

Diagrams illustrating the transformation of the initial and final state for un-
polarized Ep [f)n] collisions introduced by applying the CRN('H) [CRN(TT)I](‘!T)]
operators. Here C is the charge conjugation operator, RN(TT) is the T totation
operator around any axis perpendicular to the incoming p line of flight in the
c.m., system. The Tl(ﬂ) operator 1s the T rotation operator around the first axis
in isospace, changing essentially a particle in its charge symmetric ones.

Note that the definition of the © emission angle (top left) is sligthly diffe-

rent form that given in reference (1),
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Figure 1,3

The cosine of the n c.m. angle (cosS;) versus the cosine of the E C.m.
production angle (coseg) for the En-+§nﬁ+ﬁ‘ reaction at 5,535 GeV/c.
This plot 1s symmetric with respect to the second diagonal as required

from G - invariance (see text)






2. USE OF BOUND NUCLEONS AS TARGETS

2,1 = The spectator model

The utilization of a complex nucleus for studying interactions om neu-
trons introduces many complications in the data analysis. However, this is
gometimes 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 deuterom has a small binding energy
{B=2.23 MeV), namely the bound nucleons are almost on their mass shell, An
equivalent statement comsists in saying that the average distance between the
two nucleons is rather important with respect to the dimensions of the nucleons.
This can be seen from the asymptotic wave function of the deuteron given by(z):
¥(r) ~ e-ar/r, r being the magnitude of the two-nucleon relative coordinate.
Here 1/a=#%//Bm~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 y m ﬁ/(mwc) =1.4 fm
(m1T being the pion mass and ¢ the veloecity of light),

— the bound nucleons have to be "frozen" during the interaction.

The last statement means that the characteristic time of the deuterom
T=2n7 /B~ 2><10_2]s has to be greater than the interaction time. This latter
time can be estimated from the relation T' = U/(Bincc)’ B: ne® being the velocity
of the incident particle. The 7' <T condition is already fulfilled when the
beam particle is about | GeV/c, since one has T'= 0.5 X10_23, 0.6 X]O-23s for
a pion and a nucleon beam, respectively., Thus for high—energy interactions one
can assume that if the beam particle interacts with ome of the bound nucleons,
the second nucleon, the spectatcr, does not participate in the reaction {apart
from the over-all energy -~ momentum conservation). This is the basis of the

(3)

impulse approximation model worked out some twenty years ago

The spectator nucleon is described by means of the deuteron wave func~
-G . . . . ,
tion. The ¥(r) ~ e r/r is an asymptotic expression which becomes singular for

small r., The wave function has then to be slightly modified for small r.



A possible modification is for instance W(r)*”e—ar/r[l -e_urJ with U ®» d in order
to consérve the asymptotic behaviour for ¥(r)., This last expression which satis-
fies the boundary conditions [¥(r +0,%) »0] is alsc written in the form of

(2)

Y{r) ~ [e-ar-e_Br]/r. This is the well-known Hulth&n wave function , the

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

@ (p) ~ ! -

(p° +ad) (% + 82)

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 o =46 MeV/c
and § =260 MeV/c. There exist, of course, other expressions for thedeuteron wave
functiontaJ. Some of them are used in Fig.2.) in order to calculate the momen-
tum distribution of the nucleons inside the deuteron given by pz]q(p)lz [Ref,5].

The angular distribution of the spectators is isotropic in this approximation.

The impulse approximation model 1s ot course an oversimplified picture,
Let us only enumerate some of the effects neglected in the simple approach

(6)

discussed here ;

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.
ii1). 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,

vi)., The influence of the exclusion principle,

Apart from points (i) and {(iv) we will not discuss here the influence of
the various effects just mentlioned. Let us only mention that the influence on
the spectater 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, distributions for exclusive and semi



inclusive reactions. For the semi inclusive reactions (ne fitted events) there
i1s 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 in the nearly isotropic part of the Pg angular

distribution or those emitted backward in the laboratory frame.

The momentum of the neutrom target before the collision take place
(Fermi motion) introduces a large and non-negligible spread in the available c.m.
energy. Thus for anm inecident 5 momentum of 5.5 GeV/c the c.m. energy spread
introduced because of the Fermi motion would be obtained with a stationmary nucleon
target by changing the Lncident beam momentum by ~ I GeV/ec. 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, alsc possible to select events in

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

In order to analyse the interactions on neutrons, one is often inter-
ested to study quantities evaluated in the c.m, of the collisions(é)- To this end
cne 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 (Sﬁ) momenta are opposite since the deuteron is at rest in the

laboratory frame. One has

E =E

n P
+ -
Pn = Pp

This method has the advantage of treating the two nucleons onthe same footing, but
does not assure strict energy conservation, as the mass of the deuteron m('i==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 (dencted by primed symbols). Then one has strict energy conser-

vation yielding

E]:'l_! = md_Ep

+ —
Pni = Pn



/. 2+ . . . .
The mass mn, = (En —pi.) follows a distribution as shown in Fig.2.3, but has a

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.| 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 tham 80— 100 MeV/c (about 1/3 of them). To estimate the
exact fraction of events having invisible Pg depends on the wave functiom chosen
to describe the deuteron, Although all the used wave functions give similar P
momentum distribution, the cross-section calculations based on the detected part
of the Py (essentially Pq with momentum greater than 100 MeV/c) depend on the
chogen deuteron wave function., This is illustrated in Table 2,1, which gives
the ratic between the cross=section calculated with the Hulthén (UH) wave func-
tion and other types of functions (Gi) when only Pg with momentum greater than
100 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-
gsections there is a simple procedure for taking into account screening or shadow -~
iné effects(6). Indeed, in the framework of the Glauber model,the elastic pd
scattering amplitude can be expressed as a sum of the Ep and En elastic scatter-
ing amplitudes and also from a contribution due to double scattering processes,

By means of the optical theorem ome then obtains the well-known Glauber formula(7)
relating the total Ed cross section EJt(Ed)] with the total EN [Ot(EN] CToEs-

sections, i.e,

o.(pd) = o (pp) +0, (pn) ~ 30



TABLE 2,! - Fraction of spectator having their laboratory momentum smaller
than 0.1 GeV/c calculated with various deuteron wave functions
(column 2). Columm 3 gives the ratio between the cross-section
calculated with the Hulthén wave functien (GH) and the other
types of fumction (oi}. The calculations are made by bullding

the entire momentum spectra using p, Momenta greater than 100 MeV/c

Wave function(a) Percentage OHXOi
Hulthén 80.61 l
Moravesik 11 83.22 0o
Noravesik LI 83.06 0o
McGee 79.50 1,06

(a) Ref. 4

Here &80 is the cross-section defect which is identified with the double scatter-
ing term in the elastic Ed-+Ed process. For am elastic reaction such a simple
procedure (addition of amplitudes) canmot be used, as the production processus is
described by squaring amplitudes. Therefore one utilizes sometimes a correctioen

(6)

method based rather on plausibility than on exact arguments For high-energy

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

has &0 >0(7). One may then consider &0 as resulting from the shadowing of one
nucleon by the other inside the deuteron, each of them giving a §0/2 contribution.
A similar argument can also be made for inelastic reactions (neglecting any inter-—
ference phenomenon). Then<Ji(n), the cross—-section of the i-th chanrel on a neu-
tron target, will be obtained by adding adci/2 term to the measured GT(n) value,
All rhese éoi obtained from the various channels have to obey the constraint

o= Eiﬁoi. A further hypothesis can now be made assuming that the proportio?6§f
screening in each channel is the same as for the total cross—~section, mnamely .
60i

80 _
Gt(n) Ui (1'].)




[here Gt(n) = Ot(En]

This relation, although without real justification, in any case fulfil
the constraint 8o = 80,. For the cross defect one can take the simplified

(7)

expresgion
6o = Ao (p)o (),

where
A = ](l-a a ) (r-z) .
4 n - p
Here O is the ratio of the real to the imaginary part of the pN elastic scatter-
ing amplitude at zero four-momentum transfer and (r_z} is the average inverse

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

m 50i
Gi(n) = Ui(n) “’"'2'_‘ »

one obtains

Oi(n) = 0?(1’1) + ‘%‘ Ui(n) ct(p) H
hence
ai(n)
o.(n) = = .
' =4 0,(p)/2

This formula,which gives corrections of about 10%,has to be considered with some
care because of the crudeness of the above calculation. Nevertheleéss, it is
believed that this kind of estimate gives the order of magnitude for the screen-—

ing effects in inelastic processes.

2,3 - The break-up reaction

There is one type of reaction in which the spectator scheme cannot be
applied easily. This is the so-called break-up reaction ﬁd-+§pn,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 the 5N-+EN scat-
tering 1s 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 spectator nucleon
would have because of its Fermi motion. Apart from this intrinsic difficulty the

sitvuation is further complicated by interference phenomena and double scattering.



Therefore the break-up reaction is generally analysed in the framework of the

Glauber formalism(gj. 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

. -+ Lo
having a momentum Py & probability

T2 Y a2
w - |, le G e, | ledy1Pad,
Py 0

(10}

of being a spectatot ., Here @ is the deutercn wave function in the momentum
space., Then a possible way to identify spectator protons is to choose reactions
where Wn is small and Wp large, At 5.55 GeV/c incident momentum a an(wp-bwn)

% 0,15 cut(lo)
going proton (Fig.2.4), This method is not very efficient as only ~ 107% of the

leads to the characteristic spectator distributions for the out-

initial sample was used. Nevertheless,the discussed event selection allowed the
study of the differential 5n-+5n cross—section shown in Fig.2.4. Indeed the
exponential slope of the four momentum transfer (t) distribution fitted with an

ebt function has nearly the same values [b = (8.4 tO.B)GeV/c—zj that cbtained by

(rn

analysing the 5d-+5d scattering at 5.55 GeV/c using the Glauber formalism

The way discussed above for isolating pn+pn events does not permit
a direct determination of the total elastic pn cross-section [Ge(En)]. Never-—
theless, an estimate can be obtained by assuming that the ratic 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

- 2
do _ [Ut(pn)] be
at 6 ©
leading to
- 2
_ [Gt(pn)]
0 (P} = 16 b

[In the example discussed here ome obtains gé(EnJ ={(16,5+ 2.4)mb, |

One can also use a more complex mnucleus 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 B8.56 GeV/c enter-
ing in a hydrogen filled bubble chamber(lz). This corresponds Lo a p momentum

of 2.15 GeV/c in the system where the ‘He is at rest. The study of the reactien



the'*p n *He showed that about 90 % of this reaction occurs with a ’He spectator
(3Hes), the rest having a spectator meutron (ns) in the final state., Figure 2.5
presents the angular and momentum distribution of the spectators in the system
where the *He is at rest, As can be seen from this figure, the n, and 3HeS present
the characteristic spectator distributions, namely the 3HeS and n, tend to be
emitted isotropically and with small momentum, This time there is no difficulty

(12)

in identifying the spectator ,

Using the events with 3HeS at 8,56 GeV/c one obtains the elastic pn->pn
differential cross-section shown in Fig.2.6., The fact the distribution tends to
zero when |t|-+0, t being the four-momentum transfer between the incident and
outgoing p, is due to the binding enmergy of the “He (one always needs some mnon-
zero value for t in order to break the 'He). Apart from the |t| =0, 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 +np 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, 1In 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 °He. The
use of “He 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 "He is B=20.6 MeV. If one assumes that the outgoing °He is on its
mass shell when the interaction occurs, the quoted experiment gives for the
virtual neutron target a mass distribution with an average ©f ~0.89 GeV/c” and
a dispersion of ~ 30 MeV/cz. One sees that the mass of the virtual neuttron is
not too far from the real value, although the deviation is greater than for the

deuteron case.
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Figure 2,1

Distributions of momenta of the nucleons inside the deuteron obtained from
various deuteron wave functions. On the present scale no difference appears

between the solutions II or ILII of the Gartenhaus = Moravcsik wave function

{ see Table 2,1 and reference (4}
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The laboratory cosBS distributions for the four pronged (no fitted) events

in pd interactions at (a) 5,55, (b) 9.3 and (c)} i4.6 GeV/c incident momentum,
SS being the emission angle of the stopping track defined with respect to

the incoming beam directiomn. 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 coses distributions are nearly isotropic. The full lines repre-

sent the Hulthén wave function predictions [Taken from reference (5)1].



’ ! (q)
pd — P PpT N = 2818
—= R PpT T° 5.55 GeV/c
—p pnmtn”
—= P NPT T~
1201 —+p§n+n'n‘n° .
o0 =
! i J
-1 -05 O 05 1

Figure 2.2b

The laboratory cosp distribution for production channels obtained at

5.55 GeV/c incident momentum [Taken from Phys. Rev., D12, 3412 (1975)1],



ARBITRARY UNITS

200}

100}

(a)

+
Mh

{b}

m'.d

J

0.91 0.92 0.93 1.89 41,90 1,91 1,92
MASSES IN Gev/?

Figure 2.3

a). Distribution of the mass of the virtual neutron target assuming
that the spectator proton is on its mass shell before the inter-
actions takes place,

b). Distribution of the deuteron mass if one assumes that both
nucleons i.e. the spectator nucleon and the target nucleon are
real nucleons. The curves are calculater using the Hulthén

wave function [Ref.6].
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Angular and momentum distributions of the ps' for the pd—+ psﬁn reaction (left
hand side) at 5,55 GeV/c selected according to the Wn/(wn+wp) <0,15 condi-
tion [Ref,10], The full curve (b) is the Hulthén wave function prediction.
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 0.1 < |t] <0.4(Cev/c)? range [Ref. 101,
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The angular [(a) and (d)] and momentum [{(b) and (e)] distributions of

the n_ and 3Hes spectators in the system where the “He target is at

rest. In (e¢) and (f£) are represented the c.m. energy distributions due

to the Fermi motion for the p3He »p’He and pn »pn virtual scattering

The full lines are obtained using the “He wave function as described

in reference 12,
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The |t| and |u| distributions for the virtual pn +pn scattering [Ref.12],
Here t and u are the four momentum transfer between the initial p and the
final p or n, respectively. The full lines were obtained by fitting the

data with ebt or ebu funetions,






3. RESONANCES

3.1 - Introduction

The resonance hunting is certainly one of the most interesting aspects
connected with the study of inelastic reactions. Generally speaking there are
two different methods to search for resomances, namely in formation or production
experiments. In formation experiments (see Section 3.2) the c.m. energy VS
[ /S =M], of the collisions 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 situation is
perhaps more complex as one searches for resonances among subsets of produced
particles. In some respects production experiments offer more exploration possi-
bilities, Indeed, in one experiment, a wide mass region, obtained 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 reactiona 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 (Seéction 3.4), primarily because of the interpretation

given to these processes,

m A° K- A
PV P
p P

Examples of reactions allowing the study of virtual pp processes



3.2 -~ Formation experiments

Apart from ete” 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

obtained for mass ranges of 1.9...2.5 GeV/c2 (]3).

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

L+1, while the charge conjugation operator is C=%(-1)L+S, 8§=0,1

given by P=(=1)
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
with precisely the eigenvalues C==(-])L+S. Labelling the pp initial system by
JEC one obtains the various states accessible in pp collisions as indicated in

the Table 3.1,

TABLE 3,1 - The various JPC states which may by obtained in pp collisions
PP gFe
5 =0 L=3J o " v 2~ 7 37 .
L=J o 27 3
3 =1
L = J# ot* 1 2™t 37"

Similarly to the reasoning made with the quark - antiquark (qa) systems

assumed to build the meson spectrum, no exotic states from the second kind can

PC -+

.= . . . +-
occur in pp ceollisions. In other words this means that the serial J " =0 , | ,

+= . . . . . .
2 ,..., having natural parity and unatural charge conjugation parity cannot exiat.

. J L+1
Indeed for natural parity states, i.e, P =(—l){ one has (=1)" =(-1) , hence J=1+1.
The conservation of total spin implies then that S =1, giving always to the char-

+ ,
ge conjugation operator C==(-l)L 5 the same parity as for P.



Although the initial pp system may have the quantum numbers indicated
in the above table, not all these JEC values can be excited because of the inihi-
bition due to the centrifugal barrier, Indeed from a semi -clagsical impact-
parameter approach ome can estimate the maxipum J value to be Jmax==kR+](13’]4),
Here k is the incident c.m. momentum and R is the interacticn radius usually
taken as = ! fm. Figure 3.1 presents in a J versus M? plot some well-established
meson (M is the mass of the meson) together with the pp impact parameter limit
Jmax= kR+]| for different values of the interactiom radius (R=1, 1.3 and 1,6 fm).
Although there is an uncertainly about the value of R, Fig.3.1 shows clearly that
only high mass and high spin systems can be excited in NN ccllisions. Generally
these objects are expected to have large widths. In this respect the high preci-

sion in M(¥§ =M) attainable in formaticn experiment may not be really crucial.

A resonance in the s - channel appears in the elastic (Ue), inelastic
(Uin),or total (Gt) cross-section,studied as a function of VS =M as bumps sited
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 interference phenomena are neglected. Within

these approximations the bumps can be parametrized by

4 2
o, = F(I) (3 +1/2) 2"
€ k £4 + 1
o, = F(1) L4/ XD
in 2
k £+ 1
_ 4m X
o, = F(D) “3(J+1/2) —

k "+ 1

Here k is the incident c.m. momentum, x is the elasticity of the resonance

defined by :
1Ht
and
e=[MR-M]£--
Ft

The resonance mass 1s denoted by HR’ while Pﬁﬁ and Ft are the elastic and total

widths, respectively, The factor F(I) in the above expression is due to isospin

(F =%-,l for Ep and pn interactions, respectively). From a first glance it seems



that the study of Ot as a function of M is the most favourable case to search for

resonance with small elasticity (remember that x<1}. This is, however, not
really true as in Gt distributions, bumps - if any - are usually sited ona large

background, 1In tact, all the cross-sections Ogs Oy Op» a8 well as those obtain-

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

Let us first comnsider the total EN eross—gection, which can be separat-

ed into its isospin I =0 IOO] and I =1 [O]] components, namely
o (' y = J G. + J
e PPP 7 32% 779
Ot(pn) = o|

The determination of g, (and hence OO) is not simple,because one has to extract

]
Ut(pn) from measurements of total pd cross section t g
(15)

t(Ed)]. To this end one

uses the Glauber formula slightly modified

Ot(ﬁd) =~ N Ot(l;'p) Hyn Ot(ﬁn) W g .

where 00 is the cross-section defect still given by :

S0 = 71 =a 0 ) & )0, (Pp)o, (Pn) -

The notation "Ot" and " §o0" indicares that these quantities are smeared by
the Fermi motion of the nucleons inside the deuteron. The extraction of Gt(ﬁn)
(15)

from the above relation is a complicated procedure and is somewhat model-
dependent. Indeed one has to choose an expression for the deuteron wave function
and also a value for (r_z). Furthermore, to calculate "Ot(Ep)" one has to know
Ot(pp) in the ¢.m., energy range covered by PP processes where the target p would
be subject to Fermi motiom. The expression for "&¢" 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 §0 the
ot(pﬁ) by their smeared ”ot(EN)“ values.

Figure 3.2 presents the behaviour of Ot(ﬁp) and Ot(Ed) as a function

(15,16) n the so-called S, T,and U regions

of the incident momentum (Pinc)
(1.9 «M € 2.5 GeV/c?). A low mass bump is clearly visible in Fig.3.2 (left hand

gside) from which fits lead to a central value M=1,932 +2 MeV/c? and a width of



+4 2 . A , . . . .
r =9_3 MeV/c” {the S bumpl. The decomposition of 0, into its various isospin

components is here further complicated as the data are not very far from thres-

(

hold. Nevertheless & detailed analysis 16) leads to the result that I=1 is

favoured against I =0. 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

o distribution and two emnhancements in the ¢, one, Table 3.2 summarizes the

]
Situation on these bumps, namely the S and T bumps and the two components (I =0,1)

(7).

of the U enhancement

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

S T U
Mass (MeV) 1936 * 1 2190 £ 10 2350 + 15
Width (MeV) 8 - 4 90 + 20 160 + 20
! o, (mb) 10.6 £ 2.4 2 to 4 ~ 2
Isospin (o) | 0 and !
a {mb) 7.0 £ 1.4 > 2,12 >2.18
el
o] (mb) <0.3 = 0,3 <0.2 <0,2
cexX

Moreover the discussed effects are also seen in the elastic and inelastic cross-
sections as illlustrated in Figs.3.3 and 3.4 (Refs. 14, 18 and 19). What is more
surprising is that no clear 8, T, and U signals are seen in the charge exchange
pp +nn cross—section (O o)+ This can be seen from Fig.3.3, which also presents
OC o xPinc as a function of Pinc’ the incident laboratory momentum. The cross-
section was multiplied by Pinc in order to remove the I/Pinc dependence of the
charge-exchange cross-section, Since the isospin decomposition [T Jof the elas~
tic [TelJ and charge-exchange [Tcex] amplitude are given by

Tel

rof—

[TO+TI]

T =
cex

P —



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
difficult to determine the spin and the elasticity of the observed enhancementskl?x
It is rather strange that such interferences occur for all of the §, T and U

bumps, Therefore this kind of explanation may appear to be somewhat unsatisfactory.
Tentatives to explain the observed bumps as resulting from threshold effects as

for instance to the reactions Ep'*ﬁpﬂ_, Ep, of, pp, ete, have failed(l7). In any
case, further investigations must certainly be carried out in order to have a

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

One type of inelastic reactinn 1is particularly interesting,namely the
production of two mesoms 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=1)., Indeed the parity of the initial state is P =(—1)L'+L
while for the two-meson state one has P =(—])L. Here L and L' are the relative
orbital momentum of the initial and final states, respectively. Because of parity
conservation one has L'+ | =L, hence total spin comservation requires S =1,

Table 3.3 indicates some conclusions which can be drawn about the two meson

quantum numbers, using essentially the G -parity constraint. The eigenvalues of

G are given here by C;=(—])L+In]n2, the PN being the intrinsic charge conjuga-
>

tion parities of the outgoing mesons.

TABLE 3.3 - The two meson quantum numbers obtained in pp collisions using

the G - parity constraint.

N T . .
- - o0 o -
pp + e T T n KK
L+1I
G=(-1) W]WZ | | -1 no
| . =0 | 1 =1 constraint
spin (J) Jeven® L=0| Joyen 17 even’
and
isospin (I) JOdd , I =1
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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 17 of the amnihilation
cross—section. Despite these low cross-sections the two meson annihilation

(18,20)

reactions have been studied extensively during recent years In face,

experiments have also been carried out using polarized targets in order to faci-
litate phase-shift analyses(ZI). It has been found that inthe range 1 <=M <2.5 GeV/c2
resonances as given in the Table 3,4 are required to fit the 5p-+ﬂ+ﬂ- data,

These values suggest tentatively assigning these resonances as being due to the

T and U bumps(la’zl).

TABLE 3.4 - Parameters of the resonances needed to fit the actual

- + - . N
pp>7 7 data in the T and U regions

5 I Mass Width
(MeV/c?) (MeV/c?)

3 1 2150 200

4 0 2310 210

5 1 2480 280

The 5 bump is a good candidate for a baryonium state, i.e. a state
formed by four quarks. Such systems are expected from considerations based omn
duality arguments., Figure 3.5 presents the dual diagrams contributing te pp and
pp elastic scattering. While in pp scattering there exists only one graph corres-
ponding to Pomeron exchange in the t - channel, three dual diagrams exist for pp
scattering. Looking in the t - channel these graphs correspond to Pomeron, mesons,
and four quarks (qqaa) exchanges. If qqaa gystems really exist, they cannot decay
into mesons assuming that only planar graphs are contributing to the decay process
(no crossing or disconnected quark limes). Thus the qqaa 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 5p-+n’n decays. This is what happens with the § enhancement. It

appears in the elastic pp +pp scattering with a cross-section of about 7 mb, while



the signal is suppressed for inelastic reactions (see Fig.3.4). There exists
also other appreaches based on a quark gluon model yielding two types of baryo-—
nium 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 aq or qgq Structures may exist is
of course an important question. Further experiments will show if a new field

in spectroscopy will open up.

3.3 - Production experiments

Production experiments are im 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 cbtained from
the secondaries. 1In 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 incocherent 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 ildentical particles are produced, the
search for resonances 1s further complicated by the introduction of combinational
background. As an example, let us consider the 5p'*3ﬂ+3ﬂ_ﬂo reaction at 5.7
Gev/c(zz). It is clear that resonances in the ﬂ+ﬂ_ system will be hard Lo detect,
because such resomances will be situated on a large background owing to at least

. . + =~ . . . .
the nine different 7w 1 mass combinations, Although the combinational background



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 m'm effective mass distribution
obtained from the Ep‘*3ﬂ+3ﬂ-ﬁ0 reaction. Despite the important background one
notices that po and £° are present in the final state, The situation becomes
more complicated if, using the same data, ome is interested to know if there
exist also regonances decaying inte pp. Figure 3.7 presents the ot om effec-
tive mass combination in which two distinct T 7 mass combinations are in the

0 mass band(zz). The enhancement observed in this figure at ~1.7 GeV/c? is seen
better if one selects T T effective mass combinations in a smaller p mass band.
The question that one has toc 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(zz). This is because the width of the 1.7 GeV/c? 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'(zz) and p'p' (FPig.3.7) effective mass distribution. Here p' is defined as

a ﬂ+ﬂ- 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

(23)

the A, bump, Mechanisms as the Deck effect 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] as no

. . . + .
Deck mechanism is present there. Figure 3,8 presents the poﬁ effective mass

(24). By fitting

. : . . . - +, -
distribution obtained in the pn~» 27 3w 7° channel at 5.55 CeV/c
these data with incoherent mixtures of phase space and Breit-Wigner functions
one clearly see the presence of the AI and A, bumps. Although the fit is not

too good the discussed result support the idea that the Al is a real resomance.

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 comsider the 5.1 standard deviation effect has which

been seen in the X mass (2.85 GeV/c?), obtained from the reaction En-fﬁ-x at
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5.55 GeV/c(ZS) (Fig.3.9). Here X means a system made by Ep, Epﬂo, Enﬁ+, or mpm
The enhancement is seen better if events in which ﬂ(1236),'E(1236), or A{1900)
appear 1in 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-bedy X+NNT. If the
2.85 GeV/c® signal is a resonance decaying strongly, the branching ratio
u==(x-+5nw+)f(x-+ﬁpw_) should be one. Although the errors are important, it is
shown in Fig.3.10 that & tends to unity whenever the X mass reach 2.85 GeV/c?.

In Fig.3.11 results on angular distributicns are presented in the form of backward
to forward ratio as a function of the X mass., One sees that at least in Fig,3.1la
there is a structure at 2.85 GeV/c®., All these facts favour a resonance interpre-
tation of the observed enhancement which is found to have a central wvalue of
M=2.850£0.005 GeV/c and a width of ['<0.039 GeV/c?. Let us note that one also
observes in the X mass distribution a spike at 3,05 GeV/ec with a statistical
significance of ~ 3.1 standard deviations. In experimental physics, however, such

a significance is not considered as very strong evidence,

We alsoc would like to point out that by using big bubble chambers (with
BEBC for imstance) 1t become possible to search for narrow resonances produced at
high energies and decaying into many particles. Thus in a recent work(26) a
5.55 standard deviation effect has been cbserved in the Kowiﬁ+ﬁ- system at a mass
of 2,60 +0.01 GeV/c? with a width of ' <€0,018 GeV/c?. 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 - 0Of f-mass—-shell 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 interactioms. 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

(27)

. . . - + ,
the optics of studying virtual "p'"p and "K "K reactions . Here the symbols

+ . . . . ;
"p" and "K'" mean that we are dealing with virtual particles. By selecting

events with small |ul =|(5K -EA)2| or small |t =|(En-5p)2| one will obtain

production processes primarily described by the following graphs.
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Here Ej is the emergy - momentum four vector associated with particle j. As the
quantum numbers exchanged in the t ~channel are those of an E or a K one may
hope to study Ep~+x and KK X interactions. In order to obtain samples in
which graph (a) [graph (b)] should predominate,events with fu[ < 1(GeV/c)?

[|t| < 1(GeV/c)?] were selected(27). 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

S+t+u =r:§+mﬁ+m§+l’£§

(Eﬁ being the mass of particle j and M, the mass of the X system), one sees that
constant MX corresponds to lines defined by t + u=comnstant in the t, u scatter
plot (Fig.3,12). Because of the small c.m. energy (/S) involved, the maximum
value MXJM /1.9 GeV/c2 is always under the NN threshold. Note that the situation
is different for the virtual "K'"K collision. For both cases, Fig.3.13 presents
the MX digtributions 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 tco far from a
rough extrapolation of real pp data, excluding the pp data point at rest. This
indicates that one can have some confidence in 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 MX) of the collisions (see Section

6). It is then mot 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 Mﬁ is above the NN threshold. Such a study has been made with the CERN
{2 device using the reactioms ﬂ-p-+pf5pﬂ- at 9 and 12 GeV/c incident momentum(za).
Here Pe 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 150 mrad, defined with respect to the
momentum of the incident 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 m p production experiment, However as stated

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

observed bumps as resulting from the virtual "E“p-+5p scattering.

Figure 3.15 presents also the pp effective mass distribution for events
in which the pfﬂ_ is in the A°(1236) and N"(1520) mass bands. One notices the
important enhancement observed when A°(1236) are selected,while the second bump
disappears when the pm  is in the N*(1520) mass band, This is tather surprising
a5 apparently no selection rule is supposed Lo suppress one of the Ep bumps when
the N*(1520) is present, Table 3.5 summarizes the values found for these enhan-

cements as well as the corresponding cross-gections,

TABLE 3.5 - Parameters of the twe enhancements found in ﬂ_p-+pf5pﬂ- reactions

at 9 and 12 GeV/c

Central values (HI 2) Incident momentum Czoss-section foryCross-section for
and widths ;) nerdent momen T p +A(1236)X(pp) |m p + N*(1520)X(pp)

o (Mev/e®) (GeV/c) {nb) (nb)

Ml = 2020 & 3 9 18 £+ 5 30 £ 12

Too= 260 112 12 10 + ¢4 26 + 8

M2 = 2204 + 5 g 17 £5

_ + 20 N
r,= 16 1, 12 20 £5
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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 &(]236)-+pfﬁ- are gelected
in the final state. Nevertheless,some questions remaln open about these enhance-
ments. In particular, one can wonder why these enhancements are produced in the
H-p-+5pﬁ subchannel, while only one bump is seen {2020 GeV/c?) when the Ep is
produced in conjunction with am N*(1520). Is it possible to interpret the
observed bumps as resulting from the "p"p +pp processes ? If this should be the
cage, are the small observed cross—sections of the bumps due to the elastic
resonant "p"p +pp scattering, or to the baryon exchange mechanism in the
ﬁ_p-+pf5pﬂ- reaction? In any case, the available data on Ep elastic and total
cross-gections shown in Fig.3.16 do not present any signal around the 2020 and
2200 GeV/c? mass valuea(l5’]8). Note that because of technical difficulties

the elastic cross~section is only integrated in the c.m. angular scattering
angle range of -0.95 <cogb™ <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 Ep 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.






0 i | J I | [
| 2 3 4 S = 7

Mass? (Gevsc?)?

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=1.0,1.3, 1.6 fm).
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The pp and pd total cross sections (left hand side) in the p incident momentum

range 0.4—1,05 GeV/c [Ref.16). The isospin decompesition of the total cross
section (right hand side) into the isospin I =10 (00) and I=1 (0]), taken

from Ref,15.
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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.i4,

tion in the U region.

The partial elastic cross section (bottom) after background substrac-

The curve represents a fit to the data as done in ref.l8,
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region, from ref.19.
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Example of the e effective mass distribution obtained in the 5p-+3ﬂ+3ﬂ_w0
reaction at 5.7 GeV/c. The full curve is obtained by fitting the data with
an incoherent wixture of a multiregge peripheral background and two Breit -
Wigner functions due te p and £ resonances (ref.22). Note the important
background under the p peak due in particular to the high combinational

background.
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The poﬂ effective mass distribution obtained in the pn—+27 37w 1° reaction

at 5,55 GeV/c incident momentum [Ref.24],
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(a) The distribution of the X mass obtained from the various pn +NNTT reactions,
A S . - . O

the events with A being excluded as well as that with A in the pn-+paom 7

reaction . The full curve 1is a fit to the data using a polynomial background

and a gaussian function for describing the enhancement.

. -~ - - _+ .
(b) The ratio g of the number of npm systems Lo the pnm ones obtained from
- - - - -+ - s .
the pn>npm m and pn-+pnT T channels, respectively,as a function of the
NNT mass. Note that for a real resonance decaying strongly one has a=1.

The data shows that o 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 el being defined in the figure.

{(a) The 5n-+X(ﬁﬁﬂ)ﬂ_ reactions (same sample as in the previous figure),

8" being now defined in the X rest frame.

(b) and (¢). All the channels selected as in Fig.3c. The curves are polynomial
fits to the data. Note that some structure 18 visible at the X mass of

2.85 GeV/c2
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Target and fragmentation boundaries in the transverse and c.m. longitudinal
plane (top). The same boundaries in the u, t plane (bottom). Note that

lines of t +u=constant correspond to constant X mass (Ref.27).
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The Ep effective massdistributions obtained in the ﬁ-p'+pfﬁpﬂ_ reaction at 9
and 12 GeV/c incident momentum: (a) all the events; (b) events with Pea™ in
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functions (Ref.28)
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4, PRODUCTION FEATURES

4,1 — Introduction

An impressive amount of data has been accumulated on non—anmihilation
channels. Production mechanism, resonance production, and correlation feaktures
have been extensively studied, In some respects, however, these investigations
maey be considered as somewhat disappointing., Indeed, in the present status of
strong interactions physics, 1t 1s mot 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 date, multipli-
city information, and resonance production are all facts which have to be known
if we hope to have some 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 +ZL and the pn+A p reactions.

4,2 = The Ep‘*fé reaction

The pp +LL is an interesting reaction as the 5p-+E=Z- channel is pro—
duced via exotic exchange in the t —channel (Fig.4.1)., Search for exotic states,
l.e. those which are not built by the usual quark structure aq 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 todetermine if
exotic exchange is not simulated by a two particle exchange.

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

/e 29

in the pnr*&_ﬂ++ reaction at 7 GeV . 1In fact all the experimental distri-

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

-+ -+ - } , } ) }
pn+A T p, & 7 n (the two final states being charge symmetric), which simulates an

(30)

apparent exotic exchange . In this respect the Ep-+Z-E_ is a cleaner reacticn,
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the interpretation of which is much easier. The pp +1F reaction has been studied
in bubble-chamber experiments at several incident momenta and in particular at

(31

3.6 GeV/c, which is the experiment which will be discussed below

There 1s also some inconvenience in using Ep-+f£ reactions, as the
Ep~+£;2+ which proceeds without exotic exchange has the same topology (and appea-
rance in the bubble chamber) as the 5p-+E:Z- channel, From Table 4.1 one sees
that 5p-+£;2+ can appear in Egur different final states (including the decay

particles), whereas the 5p-+E-E‘ has only one final configuratiom.

TABLE 4.1 - The final state particles (including the decay ones) obtained

in pp +ZII reactions

1
. - o - -= -

Reactions pp * T £+ pp * L L

Final state P any st ar®) L (ar Yz ()

-3 -

including z (pﬂo)z+(nﬂ+)

the decay 5;(5ﬂ-)2+(pﬂ0)

particles E+(5w0)2+(pﬂ0)

If one admits that the decay E's and p's can be recognized in the bubble
chamber because of the low c.m. energy invoived cne remains with an ambiguity
between the EF (;HT-) ot (n1T+)and Z—- (E?T+) £ (o ) final states (remember that the
n and 1 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 E;,
while in Fig.4,2b is given the distributicn of the negative unidentified (E; ot I )
negatively charged hyperon, The particles emitted backward (Fig.4.2b) are certain-
ly Z_, 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 I and r* (hence 51) 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 E:E+ and I I final states allowed the
determination of the ratio of the cross-section with to that without exotic

(31)

exchanges, namely

op * LX) _ 499 = 0.02

- —F
glpp > L E+)

It appears that within the present available statistics a&ll the two-
body reactions with exotic exchanges represented in Fig.4.1, having all the same
set of quantum numbers exchanged in the t - channel, have approximatively the
same § ° dependence (n=5+*1). 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 =2, are exchan-
ged has been stressed in the study of the coherent inclusive Ed-+ﬂ+X reaction

32 ; . ,
( ). By coherent inclusive reactions one means here that X has to

at 5.55 GeV/c
contain at least a deuteron. The reaction Ed-+w+x was compared with m p +m X

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

T such that the same quantum numbers were exXchanged in the t channel (see Fig.4.3).
Then apart from a normalization factor, one sees from Fig.4.3 that the |x| distri-

. . - + - - . .
bution has the same behaviour for both pd +7 X and 7 p + 7 X inclusive reactions.

Let us come back to the Ep-+ % % channel. In order to explain the

. . . . . 1
production of this reaction, essentially three phenomena can be consldered(3 ):

— 8-channel resonance
— Two-particle exchange

~ Exotic exchange

The s - channel resonance hypothesis will also predicr that decays with
. . - F
the same abundance will occur via the pp~+Z ¥ mode. Furthermore, the angular

distribution of these dacay ¥ have to 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 isnot very likely. In order tochoose between the
two other hypotheses,one has to study the energy dependence of the Ep-+E:X_

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 § dependence of the cross-section contai-
ning terms in 215, In contrast, one-particle exchange yields an 5%/ens dependence,
The cross—sections available as yet are not precise enough to choose between
these hypotheses, One sees thus that precise data are still ugeful 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_in-*ﬁ p reaction

Results on the pn»ppm reaction exist mow in the 3...15 GeV/c incident
P momentum region 33) . This reaction is dominated by a stroung A~ production.
Figure 4.4 presents the cross-sections of the pn~+pp7 and pn+A p reactions as
a function of the incident laboratory momentum (Pinc). One notices the power
law decrease of the cross-sections, namely
-(1.,04 £0,06)
c

-(2,1+0.1)

o(pn + pp7 ) ~ P,
and in

o(pn + A  p)= Pinc

The immediate idea that ome can have is to compare the 5n-+ﬁpﬂ_ and En-*E'_-p
. . . . , + ++ ,

with their line-reversed reactions ,i.e. pp *pnT and pp *A 'n, respectively,

These line-reversed reactions have the same Pinc dependence as the original

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

a{pp > pam)
Le PR 2= 4.0 + 0.7

d(an - Ep‘n_)
and

J{pp + A )

o(pn + & p)
The first ratio is difficult to interpret gince we are dealing with three par-
ticleson 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...,15 GeV/c range the distribution of the four-momentum
transfer t is more steeper for the pp >4"*n than for the pn+&  p reaction.
Here t is the four momentum transfer between the incident p (p) and the outgoing

o+ = - . . . . . . .
A (A ). By fitting the differential cross section with exponential ebt



functions one finds that in the 3...15 GeV/c range the slopes b are of the order of

-2 - -
10 and 5 {(GeV/c) “ for the pp-+A++ and pp +%& p reactions, trespectively,

It is clear that a simple Regge pole model with exchange degemeracy
cannot account for these facts if one assumes that the A, and p trajectories are
the dominating contributions tothe production processes(gs-_Bs). Indeed by geing
from a reaction to its crossed one the original production amplitude is trans-
formed by changing the sign of the contribution with odd signature trajectories(36).
Let us parametrize the Regge amplitude for the pp-+A++n reaction by (35)

imo (t) ima, (£)

T =B (5,5)[1-e 4B (5,0 1 ve 777,

where ap(t) and aA(t) are the p and A, trajectories. Here 80 A(S’t) contains the

S dependence of the amplitude and expiessions in t depending on the residue func-
tions. By assuming exchange degeneracy or even its weak form, stating only that
ap(t) =QA(t) [Bp(s’t)'+BA2(S’t)]’ the p and A2 trajectories have a relative phase
of /2. This means that by squaring the amplitude there is no interference term.
Therefore the crossed amplitude for the En-*E”"1> reaction leads to the same t de-
pendence as for the pp-+ﬂ++n reactions. The fact that this is not sc¢ cannot

be explained easily even by assuming that absorption corrections are important,
these being roughly proportional to the total cross section of the colliding par-
ticle, 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 =10, 5 (GeV/c)_z.for the pp-+ﬁ++n and Bn-+ﬁ P

reactions, respectively,
. . s ++ - ———
- Pinc independency of the cross section ratio O(pp*4 n)/o(pn+A p).

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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number which being exchanged in the t - channel.



200 4 100F .
519 events 344 events
rd
Class A unweighted Closs B unweighted
o) b)
100 4 50 -
0 . . r
-1 0 -05 0 05 10
cos GCMS
Figure 4.2
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The distribution of the absolute value of the Feynmann variable of theT for
the 5.55 GeV/e 5d'+ﬂ+x (Ref. 32) and for the 25 GeV/ec ﬂ-p'+W-X processes
(Phys. Rev. Lett., 26, 280 (1970)] obtaired in the regions of x >0 and x <0,
respectively. These regionscorrespond to possible diagrams (top figures) in
which the same set of quantum numbers are exchanged in the t -chammel. The
lower curve is obtained by fitting the T 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 investigate 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 sectiom. Figure 5.1 to
(pm) ]
Note

5.3 present a compilation of the total pp [Ot(Ep)]’ pd [Ot(Ed)] and pn [o

(37,38) ©

cross-gections as a function of the incident laboratory momentum
that the maximum p incident momentum available as yet i3 200 GeV/c. The errors
on Ot(ﬁn) are of course larger than for Ot(ﬁp) because of the uncertainties
introduced by extracting Ut(En) from Ed data, For Pinc 2 10 GeV/c the p data
are also compared with other hadron - hadron cross-sections, showing how much

p induced cross-sections are larger than the other omes,
From these data one sees that the following cross-section differences
G (pd) — o_(pd)
Ot (PP) - Ot(PP)

o _{pn) — 0 (pn)

(38,39} S—(O.él +0.04)

have nearly the same S dependence , namely . As the Ut(pd)
and Ot(pp) are increasing with v5 (see Fig,5.1 and 5.2) while the above differences
decrease, it Ls likely that ct(Ed) and Gt(Ep) will also increase above

P, 200 GeV/c.
inc

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

let us express Ot(EN) by means of the leading t —channel singularities :

otﬁp)= hn[p+P'+w+p+Az]
Ut(pp) = Im [P +P' —u}*p-+A2]
ot(En) = Im [P+P' +w=-p-4A,]
c“pm =Im[P+P'-w+p-A2]

The symbols P, P', w, p and A, represent the elastic scattering amplitudes at

zero four-momentum transfer corresponding to the exchanges of the P, P', w, p

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

2
be found in the folleowing way(36). By definition let us take all the amplitudes
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with a positive sign for the total pp cross-section. Then Ut(pp) is obtained

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

in Ut(ﬁp). This is a general Regge pole prescription relating a two-body channel
tc its line-reversed reaction. The expression for Ot(En) is also deduced from
Ot(Ep). 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 Ot(pn) is obtained by the same procedureg using

the expression of ot(pp) or that of ot(En).

By forming differences between antiparticle and particle cross-sections,

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

2 Im (w+p)

o, (pp) - o, (pp)

2 Im (w-p)

o, (pn) - o (pn)

The existing data show that these differences are nearly equa1(38’3gl i.e.

- -0.55
a.(pp) ~ o (pp) = 69.5 5
o, (pn) - o (pn) = 61.2 §70.95
with o in mb and S in GeVz. This indicates that only one of the w or p trajec-

tories gives an important contribution to the ct(EN) and Ut(pN) cross-sections.

One the other hand, since the differences

ind g (pp) ~ ¢ (pn) = 2Im(p +A,)

o (pp) ~ o (pn) = 2Im(p -4,)

are very small, one concludes that p exchange (as well as A2 exchange) is small,

hence :

Ot(EN) - Gt(pN) ~ 2 Im w,
In the above approach Regge cuts genmerated by poles are neglected. However, by
taking the difference between cross—sections some contributions due to cuts
vanish such as, in particular, the vacuum cuts., The usual question that we can
now ask ourselves is: are the Ot(BN)-Gt(pN) differences equal to the annihila-

tion cross—sections? In other words are annihilations built via unitarity by

the w trajectory? This isthe problem which will bediscussed in the next section.



5.2 — Annihilation cross-section

It is rather clear that for low c.m, energies (¥S ~ 3,5 GeV) the anni-
hilation cross-section is certainly not equal to the difference between anti-
particle and particle total cross sectioms. First of all the elastic pN and pN
cross-gsections are different atthis ¢.m. energy, contributing thus to
ct(ﬁN)-ct(pN). Furthermore, thig difference contains also aterms due to zero
pronged events (Ep-+neutrals) whenever the Ot(Ep) —Ot(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 [Ga(ﬁp)l for Pinc %12 GeV/e together with the Ut(Ep) —Ot(pp)
above Pinc >12 GeV/c, where no annihilation data exist yet(ao’QI). The data
points tend to be distributed on the same curve. One may thus conjecture that

at high energy 0, may be obtained from the Ot(Ep) -ct(pp) expression.

Another approach based on duality arguments has been proposed recently(az).

It was claimed that NN annihilations into mesons contribute mainly via unitarity
to the Pomeron term in the total NN cross-section. A gimple example can be given,
supporting this idea(az}. Let us consider E¢¥ﬂ++ interactions which certainly
contain an annihilation componment. In the dual approach the elastic E¢¢&++ scatter-—
ing processes 1s represented by three diagrams similar to pp scattering as shown
in F1g.3.5. If one now considers E=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:fﬂ++ scattering will only be
represented by one dual diagram with Pomeron exchange. If N interactions
have an annihilation component it is hard to believe that such a component will not
occur in E:h++ interactions, both types of processes being related by isospin
considerations. Thus if E=ﬂ++ annihilations exist they must be related via uni-

tarity to Pomeron exchange. The example mentioned simply shows that in some

cases it is obvious that amnmihilations are related to Pomeron and not to & exchange.

Figure 5.5 presents the dual diagrams leading to annihilation into mesons.
These diagrams differ 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 summing over n, the total number of
produced mesons, one can identify each production graph with one of the three

dual diagrams contributing to the pp +pp scattering(az) (see Fig.5.5), In Fig,5.5
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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. Omne
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

1(43)

instance antihyperen - proton [Ga(fb) and to compare them with ca(Ep).

The ?b annihilation cross-section {as well as the NN ones} can be written

for an n-particle final state as

n ——
9, (Yp) = Ny Op + Ny Oy + X, I,

(43)

ﬁeglecting any interference phenomena Here N NM.and N_ are the numbers

xX? p
of dual diagrams contributing via unitarity to exotic, meson and Pomeron exchange

with the individual cross-section g, and Op « In order to compare Ga(?b) with

o]
X M
oa(EN),additional hypotheses have to be made. One can first assume that the

individual cross—sections are equal, ¢ M.P =g, Then an estimate should be made
for 0 by using pp annihilation data(43 . With the same assumptions, the pp

ee , , . , n, - n - ;
n-meson ammihilation cross—section will be given by Ga(pp) =3 0. Using then

{ sy s <n> -
Lnstead of n the total average multiplicity <n>=<n >3/2 and Gan (pp) one

charged
may obtain an estimate for 6. Assuming in addition that <n> is nearly equal for

?p and Ep annihilations, one obtains the distribution Oa(Yp) as a function of
(43)

inc
scale, the figure shows that all the annihilation cress—sections tend to be equal

shown in Fig.5.6. Although there are some uncertainties in the absolute

beyond Pinc >15 GeV/c. A totally different behaviour is obtained if one assumes
that Yp annihilations are obtained from the difference Ot(?p)-ct(Yp). This is
shown in Fig.5.7, in which these differences have been evaluated as a function

of P e using the additive quark model.

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 ¢f annihilation phenomena.
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Total cross section on protons as a function of the incident laboratory

momentum [Ref, (37) and (38)].
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Total cross sections on deuterons as & function of the incident laboratory

momentum [Ref., (37) and (38)].
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Examples of pp annihilation dual diagrams (top) leading to four mesoms

(n=4) in the final state with their corresponding contributions to the
‘pp +pp scattering, Here NP’ NH and NE are the number of dual diagrams

contributing via unitarity to Pomeron (P), meson (M) and exotic {E)

exchange in the pp +1-3p elastic scattering (Ref.42).
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Distributions of the difference (A) 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.4373.
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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 E and we will compare
them with those obtained in other types of hadron - hadron interactioms,

Before doing this, let us remember the most commonly used quantities

(44)

in the study of charged multiplicity distributions . They are: the mean

2 1/2 around the mean, the redu-

multiplicity <m», the fluctuation D ={<n"> -<n>2]
ced moments cq'=<nq>/<n>q {q belng a positive number), and the Mueller corre-
lation parameter f2 =<n(n-—])>-—<n>2 ED2 =<n>, Here n denotes the number of
charged particles cbserved in a given type of collisicn, In the following we
will also use o and o, te denote the n charged particle cross-section and the

inelastic cross—section, respectively.

The interest of the cq moments 18 that in the case of KNO scaling
[namely the quantity <n>on/0in depending only on n/<n>] they should be indepen-—
dent of 5 for large S, Then cne has as immediate comsequence that D ~ <n> and
f2 ~ <n>2. The f2 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 £,=0. The departure
of zero indicates thus the degree of correlation between the emitted particles,

In fact, £, is defined as the integral of the two~particle correlation function,

2
This function defined for convenience in rapidity space is written as

The Iindices ] and 2 label the particles entering in the studied pairs. The
Dz(y],yz) term represents the double density distribution of the particles,
each having the rapidity ¥, and y,, while 01(y1 2) are the single density dis-
]

tributions. In the absence of correlation, pz(yl,yz) is expected to factorize,
, \ , PR TY,

i.e. Dz(y],yz)‘tp](yl)p](yz). Using property normalized demsities one
obtains that no correlation leads to Cz(y],yz) =0. By definitiom the f2 para-

meter is the integral of the two-particle correlation functionm:



_3?_

£y = jczz(y]’yz)dyl 47y

One thus get
2
f, = (n(n=1) - {n)
if no distinction is made between the considered particles or
f, =, n )-(_ ¢ )
2 ¢, C <, <y

whenever correlation between particles of types ¢, and ¢, are studied. The varia-

]
tion of £, with the c.m. energy of the collision is a very good indication for
the validity of phenomenological models. This is shown in Table 6.1 which indi-~

cates the trends for f2 in the framework of several simple modelscaé).

6.2 - Experimental data

Let us now look into the data. Figure 6.]! presents a compilation 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 [01] in En 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:

o, = Ut(pn) '123 o -0, {pn)

introducing large errors on O, and hence on any quantity deduced from the

1
charged multiplicity distribution [Uel(ﬁﬂlis the elastic pN cross-section].

Whenever the quantities are calculated from the data with n 23 the errors be-

comes much smaller, as in the Bp case (Fig.6.,1,b and 6,2.b).

We also notice from Fig.6.1 that for a given Pinc’ <m> is greater for
pp than for pn interactions, but for fixed <mn> one has Dﬁn:>D§p [In the follo-

wing we will also us the notation Dab and <n_, >, indicating that these quantities

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.6.2a yields(qs)



TABLE 6,1 - Trends for the f
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2 Mueller parameters in the framework of

simple phenomenological models, One always assumes that

{n)= 2nS [see for instance Ref, (44) ]

2 <0 Influence of the energy momentum conservation
congtraint for v§ € 6 GeV.
, =0 Poisson distribution for the emitted particles
=0 Multi-Regge modelcalculated from the n_~2

t

produced particles, n, being here the total

t
number of particles including neutral,

) = (D) @) - @)
~ ( &nS)

KNO for which cq==(nq>/{n>q is independent
of 5, '

| &E-D)
e TR

Independent cluster model, the cluster being

produced according to aPoisson law. Here Kis
the number of particles coming from one

cluster.

Short-range order where Cz(y],yz)::expE—Iy‘-yzlfL],
L. being the correlaticn length, hence

fz = JC(Y] sy2)dY](I3'2 ~ inS.

Diffraction dissociation medels.

DEp = (0,44 +0.02) (n)+ (0,27 £0.05),

which can be compared with

D = (0.58+0.02)<n)- (0,58 £0.02)

PP

for pp data(a6).
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This means that in the {n) range for which pN data exist, one has for a given

fn} , Dﬁn
pp and pp data will be distributed on different curves as shown in Fig.6.3.

>D§p >D5p' This already shows that plotted in the KNO form, the En,
Indeed as already mentioned above, KNO scaling is equivalent for large S to the
statement that the reduced cq moments should be independent of S and therefore

D= (n)JEE_:7 «{n). As this relation is not fulfilled by the data and because

for fixed {n) the dispersions present great differences for pn, Ep 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 omne would like to obtain the linear
relation D=K[{n}-al, K and o being constants for a given type of collision

there are the moments Eq =((n-a)?)/((n-a)) which should be independent of

S(a?)- At the present level of statistics for the pN data it is difficult to

know which of the cq or Eq moments tend to be really independent of §,

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 (Pinc > 2 GeV/c) the total and topological pp amnnihilation cross-
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 8§ for annihilation and pp interactions. The variation of the Mueller
parameter for the negatively charged particles fé:=(n_(n_ -l))-(n_)2 versus
{(n_) is also very different for both processes (Note that f;- =f2/4-— (n_p/2+Q/4,

Q being the total charge of the initial state.) The strong decreasing behaviour

for fg_ can be partly reproduced by assuming that the charged particles are

emitted in annihilations according to a Poisson law. Then one has £,=0, lead-

2
versus (n_, becomes worse if one assumes that both positive and negative parti-

ing to £, =-0.5¢n_)». It is interesting to note thar the description of £,

cles are separately emitted according to Poisson laws (dashed line of Fig,6,4b),

. . . , 4
taking into account the overall charge-conservation constralnt( ]). A better

description of the f2 »{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(QB) [f2 =-0,73<n_>]. 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(qg). In this approach

the change in the variation of f2 Tesults from a change in the régime of clus-

ter production, namely from a single to multicluster production.
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The striking differences mentioned,observed between pp annihilations
. . . : 40
and pp interactions, can also be seen by plotting these data in the KNO form( )

(Fig.6.5)}, One clearly sees that the na/(na) has a smaller dispersion than the
nppf(npp),i.e.

D, ) D, ,
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 inannihilation reactions
the colliding baryons disappear, the same available energy will approximately
be obtained whenever the c.m. energy in pp collision (¥S8') is related to
that in annihilation reaction (v¥38) by ¥S'= ﬂ?*—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 !,4 proten 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 comsider the <n_(S)> and <npp(45')-1-4>
quantities, As can be seen from Fig.6.4a it turns out that these quantities are

(41)

Of course the 1.4 number is some kind of

nearly equal for P, <4 20GeV/c
inc (51)

average number and can be a funection of S. It was measured at 19 GeV/ec
[~1.4]) and also at 200 GeV/c(Sz)[l.121:0.32]. 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

(41),

gtatistical moments as for all the actual data one has

D_(5) D
< = 0,58
(_(5)) (npp)-l
aor
D_(8) D (48") 023

= 0.58 + '

(r1a(8)§<(npp(4s')-l.4) @ (45~ 1.4)

The fact that the distribution of the -1 - n__~ 1.4 -1,
ution (npp )/(npp 1 or ¢ op )/(npp 1.4

variables is larger than obtained for the annihilations using the na/(na) varia-

ble can be explained in the framework of the geometrical model(SBJ. Indeed in

this approach the average number of produced particles is largest for near - zero



impact parameter c¢ollisions. At each impact parameter one can associate multi-
plicity distributions, the average of which depends on the impact parameter.

As pp annihilation occurs through central collisions(so’Sé)(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 inthe 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
and pn interactions at the same c.m, energy(sz). 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 «dnto a neutron {proton) or remains unchanged.
Defining o as being the fractional rate of charge exchange at a nucleon vertex
(a =ratio of the cross-section of charge exchange p-+ mn to the cross-section for
producing particles at the nucleon vertex), the average number of outgoing pro-
tons in pp collisions is simply 2(i-a). A simple calculation shows (see Fig.6.6)
that o can be determined from the relation <npn> -<npp> =]-20. At 200 GeV/c

one thus obtains an average number of protons of 1.12 +0.32, which is compatible

with the 1.4 value taken above.
(55)

Attempts have also been made to compare pp with ete” annihilations
Of course both processes are different at least because the ete” is mainly coupled
to one photon,i.e. to a state of spin {(J) and parity (P) JP =1 . One sees, 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 onthe same distribution. Finally,
let us also mention a work(SB) suggesting that it is the quark - antiquark 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 relationsbetween PP
and e'e” multiplicities. The graphs have a different 5 dependence sc that at
high energy the annihilation of three qq should predominate. In this region

- : . . + -
at least pp camnot 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 cbtained from multiplicity distributions

when the number of charged particles is n 23 [Ref. 45].
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a). The dispersion D of the charged rultiplicities versus its average (n) for

b).

pp and pn interactions,

in the 3.5 < {n) < 5.5 region.

The full line represents a linear fit te the data

D = (0.44 £0.02) {n)+ (0.27 +0.05)

By including the 100 GeV/c point one obtains

The same distributions as above but obtained from multiplicities with
n >3 [Ref. 457,
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Figure 6.3
The distribution of (n)on/Oin versue n/{(n) for pn interactions at 5.55, 9.3
and 14.6 GeV/c, The full and dashed lines are obtained from fits to pp and
Ep data, respectively [Ref.5],
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Distribution of the average negatively charged multiplicity ¢{n_) for pp
annihilations and pp interactions as a function of § [Refs. 40 and 411,

The lines are drawn to guide the eye.

The f;- = {n_(n-1),;- gn_)2 parameter for negatively charged particles as
a function of {n_, for pp amnihilation and pp interactions, The dashed
curves is obtained assuming that the negative and charged particles are
emitted each according to a Poisson law with the constraint (n_)==(n+).

The dot-dashed curve is the Webber predictionm [Ref. 49],
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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
vertex, when the initial particle remains as it was or when a charge exchange
occurs (p < n), respectively. The total multiplicity due to the lower wvertex
is denoted by the superscript L. Note that because the upper vertex are
identical in pp and pn interactions one has (nf;)- (ni)= (npp)- <npn>

allowing to determine a. Here o 1s the probability that a charge exchange

occurs (p <> n) at a given vertex.,
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Comparison of diagrams leading to ete” and pp annihilations. In this latter
case, one has one, two or three quark - antiquark (qa) pairs which are produ-
cing hadrons. The e+e-average charged multiplicity ((nee)) at ¥S is compared
with that of Ep ({n)) at the same available energy for the aq pairs producing
hadrons., 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

7.1 - Introduction

Let us discuss some general features characterizing amnnihilation
processes, As seen above, the annihilation component leads to events in which
the number 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 100 GeV/c (<n>=x6), Therefore, for many years p
armihilation physics has been faced with the same problems éne has now in study-
ing hadron - hadron collisions at very high energies (Vs 215 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 amnnihilations only for
Pinc £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 anmihila-
tion event is usually defimed 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 mnot 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 Pinc <12 GeV/c there is no difficulty
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 {i experiments, see also Section 3.4).

Let us now discuss some specific aspects of the annihilation channels
for Pinc:s]2 GeV/c., One characteristic of these processes is that many resoman-
ces atre produced in the final astate., 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 ¥S a fluctuation of these cross-sectlions 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 amnmihilation cross—sections at nearly the same incident
momentum(sa). One sees from this figure that the pp and pn data are distributed
on two smoth curves characterized by the presence or absence of a 7° in the final
state, As the 7" appears in Ep (En) channels for anodd (even) number of produced
pions, the observed fluctuation is not due to a G -parity effect. In fact, multi-
peripheral models can give an intuitive explanation of this fluctuation. 1In 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 7° however can be placed everywhere along the chain. One can then
conceive that as a consequence of this freedom the cross—section teunds to in-
crease when a ﬂo is present in the final state. 1In any case, by comparing the

cross-section of Ep and pn channels with the same number of outgoing pions the

. 0 . .
channel with a  has always the bigger cross-—section.

A feature which also characterizes the annihilaticn 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 of Fig,7.3, which
presents the average transverse momenta {r, of the outgoing pions versus the
average of their absolute c¢.m. longitudinal momenta for En annihilations at
5.55 GeV/c(Sa). One sees that (r) is not so small as for nom-anmihilation
channels [{r,; ~ 300 MeV/c] and that the data are approaching phase space when
the number of produced picus increases. That annihilation reactions occur
through central collisions has already been mentioned in the discussion about
multiplicity distributions (Section 6.2), Other methods are also used in order
to investigate the peripheral nature of the reactions. Let us only meation
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 .

Much effort has been devoted to the study of two particle correlation
in annihilation channels. Because of the numercus produced pions it was sug-
gested to use annihilation reactloms te search for the influence of the Bose-
Einstein statistics among the outgoing particles. The study of the c.m. cpening
angle between two pions showed that differeunces appear for like (ﬁiﬂi) and un-
like (ﬂ+ﬂ_, ﬂiwo) 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 utilized for studying correlation
between produced particles, Let us immediately point out that the two-particle
correlation function, as defined in Section 6.1, isnot very useful. At low ¥S the
behaviour of a correlation function reflects mainly the energy-momentum constraint
whatever kinematical wvariables cne chosen(SB). Other methods are based on the
observation that the average transverse momentum of the secondaries iIs limited
tc a few hundred MeV/c, although this effect is not so marked for anmnihilations.
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 ome
can learn about production mechanism by studying the longitudinal momentum con-
figuration of an event (using the longltudinal phase—space plot or for instance
correlation in the longitudinal momentum space). Altermatively, another point
of view is to consider correlation effects in the transverse plane {(the plane
perpendicular to the c.m, beam momentum), precisely 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 reactiouns 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(58’5g). 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 wariables P, =;} tfé {modulus P ), ?] and

-

T, being the transverse momenta {(modulus r ) of the particles entering in

1,2
3 - 3 L “ - > + *

given studied pairs. Whenever the distributioms of P_ and P_ are different, a

correlation between ¥1 and ?2 must be presenl. An analvsis of pp data at

5.7 GEV/C(SQ)

exponential shapes (see Fig,7.4), i,e. dN/de(xexpE—A4Pi]. Furthermore the single

has shown that the PE distributions for like and unlike pairs have

. ) . 2 .
transverse mowmentum distributions (dN/dr] 2) can also be approximated by exponen-
l ]

|9 rT 2] as shown in Fig.7.5. This approximation

4% nne ohserves there a small excess of particles

tial functioms dN/dr¢ ,<expl-a
bl

1,2

is less valid for small r? .
, 2

due mainly to resonance production. In order to reproduce these exponential

shapes one can make the assumption that the two-particle density distribution

in the transverse plane is given by:

di : 2 2 + >
———— “ expl-a v -ar,~brr,]
dr]dr?
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Here a,, a, and b are constants depending on the reaction and on the type of

- - - > L] + -; -
studied pairs. Such a density introduces the correlation between r, and r, via
+

.
the brlr 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-

. . 2 2 . . . ,
tions In the P, and L variables., Using polar coordinates in the Lransverse
- 3

plane the integration over angles of the chosen density yields i

N ~ exp[—arr% -azrgj Jo(i br,r,
dr |. dr,}'

JO being the zeroth-order Bessel function. A further integration over r

gives indeed the exponential function

IOIT.'2

b2 2 2
2 exP[-a],Z(]-aaraz)r],Z Sexp(mA; 5 Ty )
1,2
As one has
dN ~ 4dN
> >+ =
dPﬁ dP_ drl dr2
one cobtains in a similar way
AN «exp[-o (1 -——ﬁiﬂJPz] = exp[-A P2]
p = +5
de 1,2 4a]a2 + Tt
with
= + R
&]’2 (a1 +a, +b) /4
g = (al'—az)/z

-+ - . .
Thus if the expression chosen for dN/{drdrj) is really meaningfull the
correlation between transverse momenta can be measured by the ]b‘ parameter. For
pp annihilation C - invariance implies identical transverse momentum distributions

+ -
for the 7 and the m , hence B =0, Then one has :

2a, " h
._.di o exp{ - .__] PE]
dP | ) B

The exponential slopes of theiEfand PE distributions gives then immediately b.

For other cases one can fit the data with the
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iN
‘ n~ exp[—a]r? +a2r§] Jo(ib r]rz)
c]rIn:lr2

expression and extract b. The apnalysis made with pp at 5.7 GeV/c showed that the
correlation parameter |b| is significantly greater for o pairs than for the

+ +
T T ones as given in the Table ?.1(59).

TABLE 7,1 - Values of the ]b| parameter for pp annihilatiom into plons
at 5,7 GeV/e

|t
Final state -9
(GeV/c)
‘o, - t *
3w 3T moT 1.2 = 0,2
+ -
™ T 2.0 £ 0,2
- + o+
3ﬂ+3w m° T 1.0 £ 0.2
'|'T+T|'- 2.0 + ll
4ntan” nint 1,0 ¢
ﬂ+ﬂ‘ 3j.0 +
- + +
4ﬂ+4ﬂ m° mow 0.6 ¢
+ -
m t

This is exactly what one would expect from a multi-Regge model, as any correla-
. . . . . + - +
tion should be more important for adjacent particles (i.e, T T or T ﬁo) along

. . , + +
the multipheripheral chain than for others (T m ).

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 chosern for the two-particle density dN/(d?]d¥2) is not really
based on a model. Nevertheless, by analysing data which the above method, omne
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

(60)

constraints 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 7.1 show clearly that the dominant

exchange is the nucleon trajectory {and not the A 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(ao’él). A comparison
between pp and pp data at 100 GeV/c shows in addition that the excess of AA in
Ep Interactions seems to come from central production, If one still assumes that
the difference between pp and pp in AA production is due to annihilation one way
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 & and A (or N and N) will 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(éz). The data show
a tendency of the charge to be locally comserved 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(ﬁz)

by using collective variables evaluated event by
event. In particular, one can counsider the variable VI =Zi]Qi|, the sum running
over all the rapidity gaps in a given event as shown in Fig.7.6. The average

value <V > is displayed in Fig.7.6 as a function of n, the number of charged

outgoing}particles. That <V]> increases with n is an expected result, This
merely means that the total charge flow increases with n or the number of gaps,
although <V1> is smaller than the statistical model predictions. One can consi-
der the more interesting weighted variable Vy = EﬁlQi]&yi/(Eiﬁyi), where &yi is
the width of the rapidity gap cartrying the charge Qi' The sum E&yi is the

length of the total rapidity interval calculated for each event. The V2 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 ot resonance, As can be seen from Fig.7.6 the averages
<V2> all have small values (i.e. <V2> €1}, 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 cccurs alomg the rapidity axis we are
faced with the following problem. 1In the case of NN production the N and N will
tend to be pushed away in the rapidity space for Ep 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 amnihilation
cross—section and needs an experimental device allowing the veto of events with
PP, prL, ﬁp, or mn in the final state. Furthermore, exclusive annihilation
channels will also be of great help to determine whether of mot annihilation

persists at high energy.
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and (f) the phase space predictions
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