MODELS FOR ANALYSIS OF ANNIHILATIONS
C. GHESQUIERE

Laboratoire de Physique Nucléaire, Collége de France - PARIS

I - INTRODUCTION

Mainly aimed at opening a discussion on the models we have tried to
use in our analysis of antiproton annihilations, this talk will briefly
review the main trends of the analysis in the last years, But, I will
raise questions about what looks to me open to criticism, hoping that
together we might reach some conclusion about the future.

Looking at what we have searched for in the annihilation processes,
I see more or less three periods in the game. The first, extending from
I956 to the early 60 's when statistics were sScarce, is oriented towards
global processes, concentrating on multiplicities, angular correlations...

Soon after opened the wide field of boson resonances, and the anni-
hilations in J7 and K appeared as a very valuable tool to look for bosons
in the absence of baryon fields. Most of the effort came in the study of
resonant amplitudes : branching ratios for production, quantum numbers and
decay properties. This research appeared very fruitful, it being needless
to remind you of the many discoveries : C,D,Fl,E... The model in favour
for reaching this goal was the Final-State-Interaction model,

Trying to refine on the use of Final-State-Interactions, including
higher terms and a more complete approach, some attemps have been made
to solve the three-body problem, through the use of Faddeev type equations,
but difficulties showed up with the problem of introducing the effect of
initial states.

Very fortunately, as at the time this model was going into such in-
tricacy as to become useless, there arrived a very attractive and clear
way to deal with all crossed channels involved in the annihilation : I
mean duality and the Veneziano formulation of duality. Its success in fin-
ding a simple explanation to the puzzling problem of P n___97t+’J(*'](_
‘at rest gave a boost that brought hope to experimentalists.

These models being well know, it would be a tedious Jjob to go throu-
gh them in detail. I will rather, from an experimentalist 's point of view,
go through some definite applications and try to pinpoint what problems we
are confronted with when applying the models.

As a remark I would also mention that I shall not talk about the
treatment of angular momenta and spins. As the kinematical part of the
matrix element will be the subject of the next talk, I shall stick to the
dynamies.
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IT-Model of Final State Interac.sen _ {-F.S.I.)

In a paper in I952 (I) Watson formulated his model of F.S.I., which
was later developped by many others -Blackenbecler for instance(2)-
Essentially, the idea is that if several particles - 51t and K- in our case -
are produced within a rather small interaction volume (4/3 nn’ ) at
low relative momentum q, if the relation

qr <P

is fulfilled, they interact strongly between themselves, At the limit we
could forget about the initial production mechanism, and assume that the
interaction between final particles dominates. The elementary cross-
section 1in then proportional to 0 q between two particles,

do- ~ og dy

If the two-body interaction in a state of angular momentum I, saturates
the unitarity, we can make the approximation

do—/ [ad Si\’\agl. d
qu
This condition is well fulfilled when a resonance is very strong in

the L channel ( F, K * for instance) and we can make the realistic appro-
ximation

=

Tg 5L = éf —E:

and all calculations being done

kK E-E+4T°

This formula describes the two-body interaction, We now have to sum
over all possible pairs of particle and integrate it over the availlable
phase space,

In fact, in most of the analysis of NN states, all waves have been
approximated either by sin §L== c‘t or resonant.

The model has in fact been reduced in its use to the isobaric
model, but we could as well use the phase 'ghift expression extracted
from TUL JL or K: JU scattering obtained by some other method (3).

At this point I would make three remarks :

I) First is that we have no proof that the condition . q < h
defined by Watson holds.
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We know almost nothing about the interaction range. In the first attempts
of the early experiments in the late 50's (4,5,6,7,8) trying to explain
fhe mean multiplicities in terms of a statitical model, in order to repro-
duce the data they had to play with the only available parameter, the
interaction volume, and they currently found of the order of IO times the
elementary volume defined from the pion compton wavalengh

Vo# 10 [ L (B )]
3 My

If this were true the condition would be very far from being filled,

Many theoricists have tried to explain an increase of multiplicity
avoiding such a large interaction volume. I may quote Gatto (9),
Sudarshan (I0O), even Pomeranchuk (II) Koba and Takeda (I2).

The Ball and Chew (I3) and the Briyan andPhillips (I4) models for
low energy'FF>interaction lead to the conclusion

r 4; 1l Fermi

The best answer to these divergent opinions may be to say from an
experlimental point of view, that since we did apply this model with some
success, there must be something realistic in it.

2) The next remark is relative to the parametrization of the phase -
shift. Trying to go beyondthe usual expression for the phase-shift,

R. Bizzari et AL (I5) have tried to include in their analysis of the
channel

F p— W T at rest
°
a more sophisticated expression for 80 » in order to explain a rather pecu-
liar behaviour -of the J% JU effective mass distribution (Fig. I) and exten-
ded it later to the analysis of the channel

FP — JUTCT T (16)

Although their result is inconclusive between a type of formula with a
C.D.D. pole

9 corg 5: = a (b-m?)(c-m?)
m (d-m?2)
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or a phase shift & la Baton (3) (Fig.2) with a strong absortion opening
around 960 MeV/c, it shows that we can probably do better than the rough
isobar approximation -even with some correction for variable width.

3) The last remark is about the symmetrization of the matrix element.
It is an essentlal feature, though not the only one if we want to repro-
duce the so called Goldhaber effect (I7) between the angular distribution
of like and unlike pions.

In I962, Bouchiat and Flamand (I8) have shown how the angular dis-
tribution for the decay could be influenced by the proper symmetriza-
tion of the amplitudes.

Nevertheless the effect of symmetrization is much less marked on
the effective mass distribution, and the relative amount of resonance is
not much effected by the model used.

Take for example the result shown in table 1 (extracted from (I9))
showlng the percentage of resonant states in pp

Table I

Geve 0. 1.2 2.5 3.28 5.7

F p- 3 g) 0.28+0.04| 0-34+0.04 | 0.51£0.09 | 0-29%0.07 | 026 £0.03
3R &:’5 0.34 +0.04| 0.-41+0.04 | 0.49%+0.09 | 0.21+0.07 | 0-45+0.0%
3K f 0.06t0.01 | 0.16t0.05| 0-13t0.06 | 0.09£0.03

3n % 0-026%0.01

2TLW | 0.35£0.03 | 0-29t0-02 |0-18+*0.03| 0.10 +0.0> | 0.09t0.02

The partial percentages seems to have a rather smooth behaviour,

although they have been obtained with widely different methods (20).

2
- At rest : smooth polynomial background + resonances, X

fit over scatter plot.

- I,2 and 2,5 GeV/c : Incoherent or coherent addition of

amplitudes gives comparable amount of resonance, Incoherent

gives better agreement with experiment. Maximum likehood

fit.

- 3,28 geV/c : Phase space + Breit Wigner (or gaussian) re-

sonances. X° fit over histograms.

- 5,7 GeV/c : Phase space + Resonant symmetrized amplitudes
Yover histograms.

The F.S.I. model such as it has been used is nevertheless a first
approximation model for the particles produced and neglects all succes-
sives reinteractions. Some attempts have been done to introduce these
effectslinto the analysis.
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IITI- The three-body problem

The three-body channels have proven in NN annililations, as well
as in other reactions, one of the most valuable and easy to study. It is
why around I964, following the work of Faddeev (2I), some Theorists (22,23)
tried to adapt to the high energy three-body problem the method of resolu-
tion derived from the non-relativistic one. Lovelace on one side (24),
Basdevant and Kreps.on another, (25) developped an application to 3 Tt
production.

Roughly they tried to get the realistic three-body scattering ampli-
tude

T = Ti(z2) + To(2 + Ty

from the "off the energy shell"scattering amplitude for two particles
t.(2) s through the use of the coupled Faddeev integral equations

TL (Z) = t; (z) —+ Ce (z) Go (2) [ TJ (2) A+Tk (2)]
T, = tye@ + L@ G| Ti) + Th@)]

Tk (2 = L@ + L@ Go(z)[Ta(Z) +TJ(Z)]

for more details see for instance (26)

This has the nice features of having the three-body unitarity built
in and of taking into account all orders of rescattering in the final state.

co I o <ili e o S

The usual F.S.I. used only the first graph.

This model led finally to computational difficulties and also to
trouble with the assumption concerning the propagator for three free parti-
cles C;O(Z) .

The essential result was that the effect of these refinements
becomes sensitive to experimental test only when the three-body unitarity
saturates the amplitude, which is in fact the way a three Wor a KK It reso-
nance occurs, and this suggests camtion in two cases, First when we use
the F.3.I. to study the quantum numbers of some resonance extracted from
the data D —» KKJ or qrm , E°— KK , A, > 3x
Second, if it occurs that in our formation experiments at some energy
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the \?alo—> 3 body is almost saturated by some deevay of a resonant state.
The effect 1is especlally sensitive at the crossing of two resonance bands
inside the Dalitz plot limits.

This model has been nicely used by Hopkinson and Roberts (27) to
extract the phase shift information from the reaction Pp — 3 J . Using
the known P and D waves as input , they get the S, I = O phase shift and
find a solution indicating an &° at a mass 2 Mp and T =2 480 MeV,

(Fig. 3), which may not be too bad due to the scarceness of the S wave
contribution to the data. But they do not succeed in fitting the pn-JCIT IC
data with y and f as input.

These efforts to solve this three-body problem could have given
more results if it had not been for a more promising insight into the
annihilation process which came in the form of dual models,

Duality and the Veneziano model (28)

Another aspect of annihilation appears when the momentum increases.
Peripheral aspects begin to play a role marked by the forward - backward
asymmetry of charge emission.

Several exchange models have been introduced but it seems that the
C.L.A. model (29) has given some proof that it may reproduce most of the
features in many annihilation channels (30,3I).

The amplitude then has the following form

n-t

la] = J{ (2 *C"“)(A&;a)o“(m;;ﬁr;)

L=1 AL+

ol (o) Le

It has the nice feature that for large intermediate subenergiles &S ,
it has a Regge behaviour

Ailg oo = 4 (&)

where
. — ! ) o ?r ! o o S

oLy (o) flat&

and at small 4, , has a statistical behaviour
Ao 2 e
In Fig. % and 5 are shown some nice results obtained by Chen (3I)
using this model.

We can wonder to what extend the mass speetra can be influenced by
this exchange model,

Take for instance the I,7 GeV/c P enhancement observed by Braun
et Al, in pp — 37T 3TWIC at 5,7 GeV/e (32). pig, 6
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Could the bump observed at the top of phase space be explained by a multi
Regge exchange model which favours small transfers,i.e. low effective
masse ? Even if a real P resonant effect exists, its share of the reaction
must be very difficult to evaluate and the branching ratio is crucially
model dependent,

I must quote along these lines a very interesting development of the
C.L.A. model by de la Vaissiére (33) in the F P-e,Tc+Tt*TC']L~
reaction at 3,6 GeV/c - Where he includes in a simple way, following the
ideas of Ranft (35) a certain number of resonances in the multiperipheral
chain

Table IT

P— {69 P (£
+ E
p—=p"(f9) P———1{"(p9

2 Body stales

P\ fGOFP— % P

3 bod)l stales E_____ T 4 [E— s;’ (g,%) E,__.._ 7T

PA)U- p_,’_.\n-ﬁ PA?'(f,%)

Abody states —

Table II shows the graphs entering in the analysis. Assuming some simple
mass dependance for the coupling constant of different resonances, neglec-
ting the exchange of Axlines, this still rather crude model 1s able to
reproduce quite nicely the mass and angular distribution and looks very

promising Fig. 7 and 8.

The Regge exchangecould be formulated in some other ways and one
of the most attractive is the Veneziano one.

Many applications of this model have now been made to annihilation
processes (3%, 35, 36, 37, 38, 39, 40,4I), to be compared with the same
F.S.I. analysis (I5, 42, 43, U4, 45).

Though the Veneziano model may not be, strictly speaking, a model
for analysis, and some believe it to be the real dynamics which underlay
the strong interaetion, some studies were conducted in parallel over the
same sample of events and a review of the convergences, as well as diver-
gences, may cast some lights on its utility as a tool for analysis,

In the table III, IV, V have been sketched the main parameters im-
plied in the analysis and the conclusion reached by the authors, as well
as some features of the F.S.I. analysis to be compared, this for the three
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reactions F h — T
PP T
F p—> w et T
TABLE III
G40 PP~ (s)

T L T lt T

! 3
S~ (Mg S>(he) 5~
A\ n 'l “Y" Yl

Total Amplitude L= £|ZA,"+ (1-9)| = A:| + & Background
As, = P B uFi+ B Fe
Fo
Fo = V(112, 0x ) + V(112 , )
Fo =V (112, &, &Ko)

V(111,00 0e) + V (111, %, , X e)+ V(111,00 y)

A relafion befween the (3 exclude an unwanted yr resonance ot 8704
A, = 5, G, +¥,G.+ ¥, G,
G. = V(12,0 ) =V (112,005 , K, ) + V (112,&, ,Ku)
G =V (223,0,,00) +V (223,x,Xe) =V (223,005, X u)
Go=V(213,,,%x,)+V(213,0u,K )
Trajeclories .
p=0() = 039 +1.06t + L 018 (t-t.)"
p=ok(t)=0:39+1.06t + L 013 (t-t.)%
A= (soru) = 0-20 +1.06 x + L 0-18 (x -x.)"2
Fit wilhoul salellites (only F and G.) = 70/35 cells

Fit with satellites X2 = Lo/3s5cells
Results of Fit

Vanabiano F.s.1.
Fitted paremelers 'S../;s. = 0-60 1.20

B.=¥, =1

/54= 1-9+0.3

[>=1-9t03

{1 =11%*0»

¥.=1-8*0-4

'S.,—» A-‘.TC ~ 1 5
3,5 A,T
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TABLE IV

}?m — XTI e
Tc* (iog .
Se= (&)5>

b T

Total Amplntude L = OL} A(S,t)la
A, = [0885(s)-0-03u] TU-0) T"(1-X(v)

T (2-0(s) - K (r))

O (s) = O-483 +0-885s + L 0.23(5-4,})72

Trajeclory

Hy pethesis P and .?o are c‘ecou‘oicd

Fitted parsmeters a (Normslisation) and width of €°

TABLE V
P - wrt
N mlt x PP . (9,{)“ n
% = () M'@ 5, = (B)N'B)
i w A w
A.S° —_

= % B+ B, +f3, B, + 3, By
Bo = V(112,K;,&K)+ V (12, ,K,)+ V(12, Ky, Ky)
By = V(223,00 ,0¢e) + V (223,00, 00 )+ V (223,%Ku,X )
By =V (224,d,, K)+V(224,K,X)

By= V(224,,,&Ky)

. v
Trejeclories X 5 (X)=-0.56+1.06x +0.28 ¢ (x-x)?

o« g'(x¥)= 0-39+1:06x+0-28 L (x -x.)%
Axg, has 5 independent spin Ampl-ituc\ms

Ass, = €4uesy[-gP As—RFP A - Rl PY AL+ B RPA <RI A
Good 19.1' only wilh safellites -especially in's, - 10 parameler J;it

Rcsu\tw? Fir
Vencblaho

F.S.1
‘59/‘351 ~ 0-09

B comes .From *s,

B+?A
“o" mep due Vo &°

0.25
B comes .From *s,
B+ Oy
G ood 1 s'-anoa‘
Ac\cc‘ua\’e cS., rcrroducc
the diP and Bump

Strucru re

Dip al 950 M%? and
bump sl 1.05 G x nof

V‘Qlﬂl‘oduc¢d
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Some assumption have been added to the original Venezianc formu-
lation

- The fact that pp or Fr1 at rest annihilate in well defined initial
states simplifies the application of the Veneziano formula from a 5 point
to a 4 point function and avoids most of the troubles coming from the N
and N spins.

N A L A

N /?r W /e-l/ L

at the expense of dealing with an "Off mass shell" boson. As Lovelace re-
marks (34) the Regge trajectory exchanged cannot depend on the external mass,
but the relative amount of the amplitude may vary and its significance is
not obvious.

- The resonances are normaly represented by zero-width poles - This
unrealistic and non- unitary technique is turned round by introducing an
imaginary part to the trajectory- For instance

ocr(/s) = 0.39 + 1.06 s + L 0-18 (A—A,)i/z

This 1is of course just a trick and may appear as just an arbitrary
parameter , but on the other side it does not allow an individual adjust-
ment of the width along the same trajectory.

- We see also that all attempts to fit the data, in order to get
goodness comparable to the one obtained vy F.S.I, have to decouple some
trajectory, the in 'f_Sn—»BTL ;5 or: introduce satellites terms, in F\D—Yflﬂ-'ﬂ:
(table IV) where the part of the satellites is larger than the leading
trajectory.

This tendency is emphasized by Altarelli and Rubinsteim (35) or
Barger (36):in the Fr1—> T ILTIL fit they introduce a general form
of formula

H(s,t) = =S Cam T (n-x ) T (m—-o(r)
(4,t) ; ;O T (n+m =-0c(8)— K (¥))

An important question is how far we should go in applying Veneziano,
Should we look more for general features, or should we try to reproduce fin-
er details at the expense of adding many parameters and questionable assump-
tions. In fig. 9 you can see for instance the difference between a fit with
only leading trajectories and with satellites.

I have the feeling that the first solution gives a more general
insight into physics, especially if we relate crossed reactions, On the
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other end 1t may help also to reproduce some features that were not easy
to obtain by the isobaric model, for instance the shape offfin pp > I
(Fig. 10).

It is worth mentioning that the results of Veneziano analysis are
not always consistent with those obtained by F.S.I. I do not mention the
p n — I analysis, where Jengo and Remiddi (37) have shown that intro-
ducing the ' and E°hypothesis in the isobaric model gives a prediction
not too far from Veneziano Fig. II. But consider for instance the A2
production in pp— n 7' W, the F.S.I. model gives

Se = A, ~ 5
’5, »A,

Whereas Veneziano gives 1 (39)

And in pp —> KK 1® , F.S.I. gives

150 ——7A2TC

351 ‘_>A2]Ta
Whereas Veneziano gives 0 (LI).

~ 7

Another example pp —» W JU' T~ in F.S.I. gives wp — 25 % and

v

evidence for at I250 MeV/cz, Veneziano gives essentiely no uj?
production , replaced by w £€° and a F‘ at I250 MeV/cg. Where is the truth ?

CONCLUSION

Now at the time to reach some conclusion, I feel rather embarassed.
First I apologize for all the nice and important work I did neglect, but
this talk does not intend to be an exhaustive survey, rather it should
raise question and discussion.

It is trivial to say that in spite of some progress we are far from
having a clear view of what to use as a model for analysis. The same could
be said for the whole field of strong interaction.

My feeling is that dual models may be the more promising, as they
permit connexion with many crossed channels1cp, K P «e..s Veneziano forma-
lism is a way to tackle the problem, first results are not too discoura-
ging and work could be continued along these lines, Some attempts are now
being done to go beyond the four-point function, and it looks worthwhile
to extend the duality ideas to annihilations in flight and more complica-
ted final states, with NJt and KK nm. Data are already in our hands.
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FIGURE CAPTION

Fig. I : Extracted from (I5)

Histogram of the effective mass n*m in DPp — wn" 5~
at rest. Bumps are hidden by p°and f° contribution. The
dip at =~ 950 MeV/c2 is clearly visible.

Fig. 2 : Extracted from (I5)_

Shape of the 0, phase shift introduced to best fit the

data.
Fig. 3 : Extracted from (32)
°phase shift from the three-body analysis of
PP-—» xR at rest,
Fig. 4 : Extracted from (23)

Histograms of transverse momentum distributions, for
various multiplicities at 5,7 GeV/c pp annihilations.
Solid lines are the fit with C.L.A. model.

Fig. 5 : Extracted from (23)

Histograms of single pion angular distribution in the
c.m, Jt_ and reflected x* distributions are added. Dashed
lines are from the model.

a) 2 nt 2 wm” t 3,28 Gev/c
b) 2t 2 ®~ Jt.at 3,28 gev/ec
c) 2Jc:2n. at 5,7 GeV/c
d) 2 ’*¥ 2 W x°at 5,7 GeV/c

Fig. 6 Extracted from (24)

Effective mass 2 )x*2 x~ distribution selected for 2 =21
systems having two =n* 3 mass combinations in the various
M x*x~ indicated. Curves on a,band ¢ are phase space
predictions. Curve on d is (phase space + B.W.) fit.

.

Fig. 7 : Extracted from (25)

Effective mass distribution of Tt'IU from pp—»> T W IR
at 3,6 GeV/c. Dashed line is the prediction of the simple
C.L.A. model without resonance, Full line best fit with P
and f.

Fig. 8 : Extracted from (25)

Outer left : Angular distribution of n* in the production
c.m, in pp—» X' W' at 3,6 GeV/c. Dashed line is the
prediction of the model.

Three righ : Angular distribution of the %t % combinations
in the center of mass system with several selection cri-
teria., Full lines are prediction of the model.

Fig. 9 : Extracted from (39)

Effective mass distribution for QJc and *'L° in the reac-
tion pp —» n WX~ at rest.

Solid lines are Veneziano best fit. Dotted lines are the
results of Veneziano fit without satellites terms.
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Fig. I0 : Extracted from (37)

Comparison between various models and the experimental
7' " mass®*distribution in Pp

Model I = Basic Veneziano
Model 2 = Virasoro formulation
Model 3 = Simple isobaric formula

Fig. II : Extracted from (37)

Comparison between the Veneziano model and the B.W.
model with some initial assumptions, for the mass squared
distributions in Ppn — b A AN 1§ at rest.
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