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Abstract

Single pion production in nuclecn-nucleon collisions is calcula-
ted in the one pion exchang epproximation’, All the possible diagrams
of this kind are calculated in the "pole” approximation discussed in the
text: also the interferences between them are taken into account,

The lab, energy spactra of the final nucleons are calculated and
compared with the experimental data at 2,35 GeV,

This comparison shows a remarkably good agreement for small
values of the squared 4-momentum of the virtual piomn,

For higher values the qualitative behaviour is still reproduced ,
but the theoretical ebsolute values ars larger than the experimental

ones,



I. Introduction

We want to study the processes of single pion production in proton~

proton collisions, namely the reactions:

pip = Pt T (1)
prp = prp+ T (2)

by using the model which describes the processes as occurring through the

exchange of & single pion (Fig. 1).

This approach has been suggested by the fact that, in the last
years, evperimental evidence has been produced that in high energy inelastic
processes small momentum transfer of the recoiling target particle are strong-

1)

1y favoured .

This situation can be qualitatively explained through a mechanism
2), and for some particu-
3)

lar reactions detailed calculations heve been performed ‘. The situation,

of interaction due to the exchange of a single pion

however, is not yet completely clear, because in the guoted papersz) drastic
simplifications have been made, e.g. by neglecting some of the possible one-
pion exchange (0PE) diagrams and the vericus mutual interference terms, New
detailed experimental datu on single pion production in proton-proton colli-
gion have recently been obtained at 2.85 GeV c¢f the incident proton in the

4)

lab, system s

2

Tn the laborastory energy spectra of the final mucleons one finds again
strong peaks corresponding to very small momentum transfers., This indicates
again that the one-particle exchange plays an important role in the particular
processes (1) end (2)s We think it useful to calculate the spectra predicted

by this model in the whole physical region by taking into account all the



posgible OPE effects. By comparing the prediction of the model with the
experiment, we expect to find a sensibly good agreement in the region of

small momentum transfers, where the further approximations made in order to
obtain quantitative numerical results 5) can be well justified, These approxi-
mations consist in neglecting the influence of the Y“pion form factors" of the
upper vertex in Figs 1 and of the propagator of the virtual pion; and in
considering as zlzwindependent 6 the paritial wave amplitudes for the

"off shell" pion-nucleon scattering. (The scattering angle which enters in
the description of the lower vertex 5) is not taken on -shell, but its depen—
dence on 432 is taken into account), For the region of higher momentum
transfers we know a pricri that these spproximations are not good, but the
comparison of the theory with the experiment can always give us a suggestion
for approaching the problem of the OPE contribution when the intermediate
particle is very virtual., We expect in this region to obtain an overestimate
of the OPE contributicn, which in all probability is mainly due to the neglec-
ted effects of the "pionic form factor" in the upper vertex of Fig, 1. Alsc
the caleculation of the interference effects generally involves at least one

of the interfering terms considerably cff shell. In this paper, however, it
will be seen that these effects are not so important, and, in some cases,

they turn out to be negligible,

Section 2 will be dedicated to notations and kinematics, Section 3 to
the study of the lower vertex, Section 4 to the calculation of the differential

cross-sections end finally Section 5 to the discussion of the cbitained resulis.



IT. Notations, kinematics, Feynman graphs

We dencte by p " k,!, Py k2, a4 the energy-momentum 4-vectors
of the incoming proton, target proton, outgoing proton, outgoing neutron
(proton) for the first {second) reaction and outgoing pion respectively. We
indicate by /& the pion mass and M the nucleon mass. Forthermore, we
define the kinematical invariants

W2 = -(p-l*i-ka )2912 = w(k “+Q,

2 2 . e 2 2
= (kZ_p"l) $S = (pzuK.T) 9t - (pz."p.a!)

Among them the following relations nold

2 2 2 .2 2 .2
& +r2+u = s2+t +l) = W =M (4)

w, 1, u, are respectively: the total c.m. energy, the energy of k  and 4

2
in their c.m. system and the energy of p, and ¢, in their c.m. system.
2 2 2 2 - 2
AT, r7, 8, t are nucleon momentum transfer,
Five of the invarients (3) are sufficient to obtain a complete description of

the kinematics.

We will use also the following quantities:

a) In the cem, system of p, and q,X ' is the S-momentum of p, and g,
] t ¢ 1 t o
p1o, k'IO’ pZO’ kZO’ q'/ZO are the energies of p1, k’l’ \pz, k2, dy
respectively, £ is the angle between P, and P 4 !'3 the angle between

p, and k,, ®K '  the angle between p, and ks *f‘\is the D, azimuthal

1
“angle in a frame of reference wilh the 2z eaxis directed along p1.



b) In the c.m, system of P, and ko the same quentities will be denoted

by "y DY

N

C alOQ p2o »”\09 q20? (:f " 7 /’_4; " ? of " ? V " ¥ I‘eSPEC'tively.
Finally TL(P9) and T$(k2) will be the lab, kinetic energies of particles
s 44

P, and k2 respectively and k the Z-monentum of B, and k, in the

1
c.mi» systems We have )

/;\2 (' 82
I e m [ B
TL(kZ) = o0 ‘LL‘PZ) il (5)

The expression of the other kinematical quantilies ag functions of the

invariants are given in 5).

The T natrix ig defined by

f‘4
W Nid ) =K
é, . 11 Ie) 1 2+q2 p1 {1) . (6)
T e 1,\7/2}3 S 172 o1
7 APag™icPaoT20%20

Pygr k10’ Poge k20’ Aoy BF€ the energies in an arbitrary frame of reference.
[

The differential cross-section d4& is given by

3 .35 .3
, — a’p.da7k d’q
: e 4
2(2 n) K spin - < Poo*20%20

The bar over the summsiion index indicates the average over initial Spinsa

Formula (7) is equivalent toy

Fon .I\IA- = 2 i‘ )
a6 = s 2 }T_fil dcos § 4 ¥ auad® (8)
8(2 7 ) KW epin v
and alsgo equivalent to
1 = 2 x" 2.2
06 = s > |1 N 2 dooe £1a¥ra1as (9)
827 )"KW* epin I+ A



We shall use (8) for the k, perticle spectrum and (9) for the p, particle

spectrum,

The allowed phvsical region is determined from the following

relations
0 = yr €2l (10)
..12_ -
(r+p) = ugff% ""W2/°M i 1{(5‘*“"‘4“ %) "Agw-l} (12)

o,

1
. - -y <.
T in— /LL2“2M/;1L K | (- ,{3—-2 W Yot _f_ z’fi A2 =y
1] (13)
) m.2 2 2 zwz'[ 2
iw - ,u =Mt -4 +r{/w«> l(w 2V ) =AM | )

for the case ( ), aund by the relat:;.ons which we obtain by exchanging

Y' — \P", gt - g:“, U.2 -l l . [;\2 -3 52 for the case (9).
The four possible Feynman graphs are given in Pige 2.

Let ’l‘]i and Ti be the T matrix elements relative to upper and
+1
lower vertices of i graph. We have

Fofr g, TN TN TR STEN NPT A
. ~%<T1><T1> \TB/\TB/ <i2/\ 27 <T41<T4/ } (14)
] - { NG 2 - 5 - = - 2
Sl A%y / sd+/f e /1»,2 % A i
for the reaction (1) and

- AN / l\ rnu\ / l\ /it 1

[T /“1) {7y <y / &T3><T3> (15)

Tey = 2 2 Y

| 4 +,{A ’t+«4f vk M 7+ A

e s 7
for the reaction (2)(a The mimus signe are due to the Pauli principle 7.



ITI. DPion-nucleon scattering amplitude

Let p 4 and b, be the energy-momentum 4-vectors of the micleons,
and 4 and % those of the pions. We consider first the physical

2 2
processy then ¢ == A s The T matrix elements are of the following

form
<le:> = E(p2)(~A+qu2)u(p1) (16)

u.(pz) and u(p 1) are the nucleon spinors and A and B are given by

. . u + M U M
{p = am (r, Pl M 2 i i )
1 1 (17)
B o= 4% (f; ——= + f )
N 2 |
_ Poott PooH
with
P o '
- = t A = - ! t
f1= = f1+ 1y g(oos &) o f1 7 PrgleosEl)
o
£, = .1.1;1 (£, = f10) P (co‘s &) (18)

u is the total c.m. energy, is the mucleon energy and g' the

f
P20
scattering angle in the c.m. system p}! are derivative of Legendre poli=

nomials, When ¢, goes off shell (q% = A°) formila (17) is modified in

the following way



-

862, 2%) = 47| 2,08, 254) i - 2 (0, 5,8°) e
... T Yt 4l [ L
Y (@1 ;#)(ph ) V (01 -1 (ph 1)

(19)

ov—

(62,87 = 4 72,6, 4%7) o 20, 47 e
L V (230 (ph+10) \ (o} ) (ph

This definition leaves unchanged the bidimensional representation of the
T matrix elements 8) where the only é&d dependence is contained in f1
*¥%
and f2 ), In the expression (18) the whole tz dependence is contained

in cos g', which can be easily "extrapolated” off shell by means of its

definition
[0
opt pi ~ZHowt?
cos gt = = A ?O Tt (20)
2 k IJ1 L Dzl

while the amplitude fl+ are congidered ag 532~independent. This procedure

can be trusted at low :525 but it is at present the simplest one and gives

the extension of Chew and Low's formula j)to the whole physical region.

quantities (19) will be used in the calculation of graph . In

graph 2, 3, 4 we have as argumenis of A apd B uzrz, 1232, 212t2 respec—

10)

tively .

**)

See also (5) for a discussion of this subject.



The reactions occurring in the lower vertex are:

Frap —s Thap (21)
7o4p ~> Tam (22)
for reaction 1 and
o 0
7D = 74D (23)

for reaction 2.

Reaction (21) is in a pure 3,./2 isotopic state and the only important
3/2

wave is the p wave, For this reason for the calculations of <T >

relative to (21) we have considered only £

different from 0§ we use for
11) :

1+
it the one resonance level formula

< (24)

12)

with a = 5.91, 2{;\ = 0,0625, u, = 10314 in units of proton mass o
Reaction (22) contains a mixture of 3/2 and 1/2 isotopic spin states. With
. ) i 3/ /2 /2
increaging energy p,j, /2, DS/Z’ b 5/»2

In this case we have congidered different from O only

waves become, in turn, dominant.



f3/2 for u < 1,51 (25)
14+

f;{z for u 1.51 £ u < 1.69 (26) -
f;{z for u = 1.69 (27)

£ and ¥ have beexn calculated by empirical formulas from the latest

2= > 13)
experimental data o We cobtain
i‘s
1 2
£,.(0) = sommx Ty (28)
()i -5
rz = 68,2%07~31 5y 30112+485 s 21u~248,47
(29)
u2 = 1.619
1 r‘r‘ﬁ
f}‘(u) = -2--—51- — 1"---;::;- (30)
by i —=
0, = 7, 96U+48y 55U ~96 , 2Tut63, 27
(31)

3
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P3/2

vaves in intervals (26)

Reaction (23) containg also a mixture of isctopic spin statesg,

D3/2 and F5/2

waves

are dominant in interval (25),
z

and (27), but in the latter cases the P"/2 wave is not negligible with

regpect to D3/2 and F5/2

waves, because it enters multiplied to a factor
of 4 (when squared) For this reason the calculations relative to reaction
(2) are somewhat mors complicated than those relative to reaction (1)e In
the next section we will first congider weaction (1) and on this basis we

will obtain a good approximation for the calculations of reaction (2)0

Vi. Spin summation

By substituting in (14) the. <T‘j’j > calculated with the usual Peynmen
rules and the T f‘/ obtained from (16) and (20) , and finally by averaging

over initial and summing over final spins we obtain for the first reaction

2 ¢ 2 ;
Tfi = F1(u ’ %2, A.,32)+F1(u?, Qz,rz,t2)+1/9F1(Q Z;u 48 ,¢& )+

2,2 2
+1/9F1( (),Z,u , 5,1 )+1/?5F2(u2, 32 )+1/3r ( ngu ,s ' A )+ (32)

+1/’3F3(u2, QZ’, )-i—“l/jF Q2,¢ b )

with

_—-.....,

2 e éZ !
F, (W, (5, 4%,6%) = 28 u4\?§‘) s—75 R [:c'1ff-e~f1f*2‘cosé +2, 08 £ 142 ,£ ;
Ui (A% A5) ‘

2 42 2 2 7122 2 i
A2 2y 22h) e u { N

\ 1/2
NI

(33)
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-

¥

. -1 ™ -y
* I P Vor £Fa0a At | " ' t
L£1f1cosd\ + f4f fcos g +f2f1co=,g/?3 | (urM )+ }.. (p1 Oi—M)(k ! O+M) i1/2

_ (34)
* 1ef FEuf Foog et * ¢ Q)
Efzfzcosol +£,51#E fcos £ 14£, T cos J (u-21) §
2 g2 2 2 2 1 { T N
FB(U. s Q s A 8 ) = - gﬂ*@ N ‘2 R Z L\’AA*'-'/‘LZBB*_L -
A" (A% M) (8% ) -
“N (MBA*ﬁ»MAB*—FQBB;! (x! }p} cos § t+p! gl J4P FBA*-AB%: } SR (35)
B 4 £ 2 Py0%07 ™ T .

* 1 H " tant i A % ;

+Q |288%(x ' [p}| cosg “4pl gl )Hass M BEH {}
. 2 2 . 2

Here the £, are functions of u° and 4 ;3 ¥ are functions of u~ and

i
A% in (33), of W and ¥ in (34), of 2? ana 82 in (35).

We have

L= upéo( ig% | l‘g}l | cosg('-:kp%ok}}o%u 3k, }}.)."l ) cos £1= ' \_IE!] ‘ cos/},’

(36)
2\ 2, 2

L -~ ojoud T o t k! ]
(L‘Lp10 M )ﬂﬁ (M up'fo kTOPZO)

2 2 2
Ne=y! (E,'I | (Uk%"m +xt | ! [ cos/} ‘u(u»-»p!io)-p-M(/u -—p}loqéo)+

LRy

(37)

o ( A 2o 12,01 ot
+'f/2(d +2M°7 ) (% +p20q20)
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- § 11} P B lrnriet ont (ot ]
P“MLI‘Evmséﬁq3Mﬁ“”mmmﬁd%oﬁmkwﬂ.+

. 2 R
1 ¥ Ay t [ 1 41 t t ot et wry? 1 V.
+x? Y | cos /bt (upy ) Vet Jog | cosel " (2K} u)-q334 gk (h=pl it )+

2 1 et 1 ¥ 2_,, 1 t 2 12 1 3
+ Wagg (0] io 0 gabo i opio (X amhah) (38)
@ = 3t | [z2] cosoli- (03] cos s ekt (uepi oot (ks it )} (39)
(=t k! & o\ IRy P00 §

2 . . .
g€ 1is the renormalized pion~-micleon coupling constant

22
2 4TM8
£ = 0,08 (41)

The f1 terms came from squere moduli of the single graphs, the F2 terms
from interferences between graphs which differ for the exchange of both
initial nucleons, and the FB Serms from interferences between graphs which
differ for the exchange of the final mucleons. The interference terms

between graphs which differ for the exchange of both initial and final nucleons

vanish. The factor 1/3 and 1/9 are due to isotopic spin.

By putting (32) into (8) and (9) we get the spectra of outgoing
nucleons, In cage (8) the integrals of the first, the second and the fourth
term can be easily reduced to single integrals because the integrands are

»P‘—independent 5}0 We can get a similar reduction élso in case (9),
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The main contributions to the cross-section are due to the F 4 terms.
The F2 terms give a contribution about five times smaller, the F_, terms

3

give a negligible contribution, We note also that the F2 termé are the

smaller the larger is the rnumber of waves occurring.

Consider reaction (2). In this case we neglect the interference
terms F3, because they are the same gs in the previous case, apart from iso~
topic spin factors. For the other terms we use formula (33) (without the

B‘3 terms) with the following additional modifications:
a) A factor 1/18 in front of all the F, and F, terns

b} For F, terms f and f. are the same in the interval (25); in the

1 2
intervals (26) and (27) they assume the following expressions

— 1.
f -_6f1+cos.§, f2-

1
(42)
=2 1 '
f2 f1++3 fz_cosg_
and
’ =T, 1.2 t
j L.,1_6f1+cos;_£_ 3f3 cos & .
(43)

1 f,=21% 1++f'5~ «Z«(Scoszg_ 1.1)

respectively.
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V. Concluding remarks

Numerical results at 2.85 GeV for reactions (1) and (2) are shown
and compared with experimental data in Figs. 3, 4 and 5. The agreement is
very good when the squared four-momentum of the virtual pion is small (of
the order of few times the squared /T -meson mass), Not only the presence and
the exact position of the low and high energy peaks are correctly predicted,
but also their ebsolute normalization is reproduced within the experimental
errors. This, to our opinion, definitely suggests that the one~pion exchange
contribution plays an important role in the description of processes (1) and.
(2). Let us analyse the general behaviour of figures 3 and 4 referring to

reaction (1).

As we said already in the text, all the interferences between the
disgrams in Fig. 2 turn out to be small., Therefore, we can discuss, in a
first approximation, the four diagrams separately. The largest contribution
is always given from the graphs 1 and 2 of Fig, 2. Where the Tt comes
out with the proton and allows the formation of the pure T=J=3/2 TesOnances
The squared matrix element of graph 1 contains the factor 4 24 2+/bz,2)_2
which would give alone a steep maximum at A4 2 /M 2, The further ,

Az dependence of the cross—section,given from the phase space limitations
on the integration over the other dynemical variables, shifts this maximum
to A% 2}3, Due to the proportionality of A? 4o the 1ab. neutron
energy, this gives the low energy peak in Fig. 3« The high energy peak,
which exists again for low values of the squared four-momentum of the vir-
tual pion (rz this time), is contributed from graph 2, Its existence can
be understood as follows. Graph 1 gives a strong backward peak of the
neutrons in the c.m. angular distribution, Graph 2 gives a sy:mmetric

c.m. forward peak. The fact that these diagrams give a symmetric contribution
is simply an effect of the Pauli principle, stating that all the final
particles in & reaction in which the initial ones are identical, must have

a c.i, angular distribution symmetric around 900. The forward neutrons
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in cems will then give rise to the high energy peak in the lab. system,

while the backward ones give rise 1o the low energy peak. This effect

is enhanced to the presence of the 33 resonance in the lower vertices. For
the proton spectrum the argument is simiiar, though a little more complicated,
The protons from graphs 1 and 2 are coming out together with a 77+. Tendency
of formation of the 33 isobar will be shown. It should be clear that since
the c.m. angular distribution of the "isobar" ig the same as that of the
neutron and since the proton is much heavier than the pion (the kinetic
relative energy being small), its angular distribution will again be peaked
forward and backward, though less markedly then for the neutron. Therefore,
again, we should expect high and low energy peaks in the proton labe. spectra,
of course broader than in the neutron case., Practically the high energy peak
the broadening is so large that the peak disappears, but in any case we have

& coucentration of events at high energy.

Similer considerations hold also for reaction (2): in this case;
further complications arise from the fact that all the 4 diagrams have the
same weight and that in all of them d and f waves are presents The
qualitative features discussed above can be, however, edsily extended also to

this cases
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Fige 1 OPE diagram for the descrivntion of process (1) or (2). Fulx
lines represent nucleons, dashed lines represent pions.
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Fige 2 The posgsible OPR Feymanlgraphs for “the process (1) or (2).
In the upper certices are written the relative momentum transfer.
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