Revista Brasileira de Fisica, Vol. 6, N© 2, 1976
Particle Production on Deuteron near Threshold
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W have studied, in the context of impulse approximation, the effects
of Fermi motion and threshold energy constraint on the incoherent par-
ticle production on deuterons. In this paper, we present a simple
analytical model, and its application to the reacti,on K+ + Kour+p ( n),
with the neutron as a spectator. It is shown that, while the effect
of Fermi motion reduces the production rate, in qualitative agreement
with experimental data, the threshold energy constraint has a negligi-

ble effect.

Estuda-se, no contexto da aproximacdo de impulso, os efeitos do movi-
mento de Fermi e do vinculo imposto pelo |imiar sobre a producdo inco-
erente de particulas em déuterons. Apresenta-se, aqui, un modelo ana-
litico simples e sua aplicacdo a reacdo K d - kot p(n), onde o neutron
€ tratado como espectador. Mostra-se, ademais, que, se por umn lado, o
efeito do movimento de Fermi faz baixar a taxa de producdo, o que esta
em concordancia qualitativa com os dados experimentais, o vinculo cor-

respondente ao |imiar da reacdo tem efeito desprezivel.

1. INTRODUCTION

The phenomenological study of particle-deuteron interactions is impor-

tant from at least three different points of view: (i)to test the va-
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lidity of theories and models for the three-body problem, and for scat-
tering by composite targets; (ii) to extract data on the particle - neu-
tron interaction: {(iii) to obtain information on the interaction of
short lived particles, and resonances with nucleons. Following any of
these goals, & great deal of experimental and theoretical work has been

done in the last few years.

The coherent differential cross section, at higt momentum transfer, whe-
re the double scattering dominates, is the most useful source of infor-
mation concerning objective (iii) (Ref.1}. For objective (ii), however,
the incoherent differential and integrated cross sections are generally
used, because the measurement of the final nucleon momenta, after the
deuteron break up, gives us a criterion to define the spectator nucleon.
Conceptually, the spectator is the nucleon which did not interact with

the incident particle; operationally, it is simply the slower one.

In the spectator model, the production rate on deuteron, Ep, defined in
the half phase space where the neutron is a spectator, can be written
as an integral of the production rate on the proton, ap, over the deu-
teron momentum spectra, with some kinematical factors. I{f we neglect
the dependence of the proton cross section on the internal nucleon mo-
mentum, we have the simple result Ep = ap. Vice-versa, changing proton
by neutron, we can do a direct measurement of the neutron cross section,

when we go to the half phase space where the proton is a spectator.

From the point of view (i) bmentioned above, it is worthwhile to check
the spectator model. The comparison of Ep with the value of ap, measu-
red using a hydrogen target, shows that Gp > Ep by 20%to 30% (Refs. 2,
3). The same percentage is used to correct the neutron cross section
extracted from deuterium®. This disagreement has been qualitatively
attributed to deuteron effects, such as Fermi motion, off mass shell
and multiple scattering. In a recent paper, we have taken into account
double scattering and final state interaction, using Glauber theory and
closure approximation to calculate the pion production rate deuteron*"*.
That model has reduced, to within the experimental errors, the discre-
pancy between the value of the K+p—>K°1r+p cross section in hydrogen, and

+
the same quantity extracted from the reaction Kk doKOn p(n) with the
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neutron as a spectator, for incident momenta higher than 1. up to 4.6
(Refs.3,6).

At lower momenta, however, very close to the production threshold, the
validity of Glauber's theory is not quite good, and it would be inte-
resting to explore an alternative explanation to account for the expe-

rimental results.

In this paper, we are interested in studying, in the context of the
spectator model, possible threshold effects on particle production in
deuteron break up by incident -mesons. We divide these effects in two
kinds: Fermi motion and threshold energy. The first effect arises from
the dependence of the elementary particle-nucleon amplitude on the nu-
cleon momentum. This dependence is negligible when the amplitude vari-
ation is small in comparison with the width of the deuteron momentum
spectra. Near a resonance, for instance, this cannot be true: the Fer-
mi motion has been shown to be important in wd scattering in a resonan-
ce region’. Above threshold, the production amplitude, starting from
zero, varies strongly. This fact could also make the Fermi motion con-
tribution important to the deuteron cross section. The second effect
is closely related to the first one, and its triviality comes from the
condition that the energy of the particle-nucleon system should be gre-
ater than the reaction threshold energy. When we consider Fermi motion,
the two body energy depends on the nucleon momentum, which can provide
more energy (say if the projectile and the nucleon momenta are anti-pa-
rallel) or less energy (if the two momenta are parallel, say) than in
the static target approximation. Moreover, as the scattering is virtu-
ally inside the deuteron, the energy is not well-defined, and depends
on our choice of an effective nucleon mass. This kind of threshold
constraint modifies the limits of the phase space integration, and it
has been shown by Atwood and West® to be important in the photoproduc-
tion on deuterons. Therefore, we have taken this into consideration in
the present study. As shown in the following discussion, while the
Fermi motion actually contributes to reduce 6_ in relation to ap the
deuteron momentum spectra makes the threshold energy constraint ir-

) + o T
relevant for the reaction K d » K’w p(n).
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2. THE SPECTATOR MODEL WITH FERMI MOTION

The main features of the spectator model, that is, the single scattering
impulse approximation in deuteron break up, are reported in reference®.
W use here a rather simplified version of it, in which we neglect spin,
isospin and deuteron D-wave. Their inclusion is straightforward, and we
intend to take them into account in a forthcoming paper on the single
scattering analysis of the general process xd-YNN. They are, however ,
not relevant for our present purposes, since the relative effects we
intend to discuss here are quite independent from spin and isospin ef-
fects. The differential cross section of a deuteron break up reaction,
in the laboratory frame, is given, in the single scattering approxima=-

tion®, by

& - f &plf,(51,0) YPI(-P) +

+ F2(82,q) Y(-q+D)b(-p+q) |? . )

The functions in Eq.! are: the elementary amplitude, fi(si,q), for pro-
duction on nucleon i; the ratio, y, between nucleon and deuteron flux
factors; ¥, the deuteron wave function. The kinematical variables are:
the square of the center of mass energy, 8 s of the projectile-i . nu_—Jr
cleon system, and the momentum transfer g. W& can interpret p and q = p
as the final momenta of nucleons 2 and 1, respectively. As the deute-
ron is at rest, —51 = 'é is ihe Lnitial mornentum of nucleon 1, when 2
is the spectator, and p, = -gq + p is the initial momentum of 2, when 1

is the spectator (Fig.1}.

W can write, in good approximation,

Y(Ei) =1 - (B /Kmy ) % . Ei

B (2)

where % and Ek are momentum and energy of the projectile, and m, the

N
nucleon rnass. The two body CM energy is a function of the projectile

and nucleon momenta: § = 3(7<,p7.). If we take p, =0 in f. and iny,
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we have

%:%—4’ %:"‘ zp(g)Ref:fz’ (3)

1
where 0(q) = f d3p¢(-;)¢('3 + E) is the deuteron form factor.

In Eq.3, the energy argument of the amplitudes fi is s, = s(k,0). It is
easy to see that do,/df, in (3), arises from the term Ifllzfd3p|w(—_5) |2
As w(-g) is concentrated near p=0, do,/d2 comes from the phase space
region where the final momentum of nucleon 2 (spectator of the interac=
tionwith 1) is small (p=0). Analogously, do,/dQ comes from the region
where the final momentum of 1 (spectator) is small ('3 - El = 0). The
interference term is controlled by the form factor p(Z;), whose maximum
value occurs at g=0, and it decreases for g#0. Therefore, this term is
only important in the boundary region where both final nucleons have
almost equal momenta (E = a = E). If we neglect the interference term ,
we can select the events occuring in one of the nucleons. In the spec-
tator approximation, the differential cross section for the nucleon, for
instance, is given by do,/dQ = do/dQ|
we have

+ -,. After integrating in §
r<|q-p| grating ’

o, =0 |

pel - 31 01 00)- “"

Let us now consider the Fermi motion, that is the p-dependence of f,

and vy in (1). Instead of (4), we have:
5, = Jd% o (s )Y (D) [W(-B) % (5)
wi th
s, = e(k,py) = 5, + apy - % . Ez s (6a)
-> -> . . .
and p, = -p . For a physical nucleon a = Ek/mN’ but if we take the in-

teracting nucleon off mass shell, assuming the spectator on mass sheill’,
then
EZ< + mD
"N
where m, is the deuteron mass.
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3. PRODUCTION NEAR THRESHOLD

Using (2), and making a linear approximation to
a (s,) = 0,(s,) +oj(s;)lap®+ 2kp ), where o] is the first derivative

of o, and p, is the component Of B parallel to %, we arrive at
G, = 0,(s,) + 0}lsy) J dplu(p) |2 (op?+ 2akpy),  (6b)

with a=E‘k/kmN. W have taken § as an even function, and therefore ex-
cluded the odd integrais in _5 It is further convenient to use a single
Gaussian deuteron wave function ®

=h 2

Y(p) = Ne P

with N = (2b/m)¥ and b = 66(GeV/c)2. In this case,

G, = 0,(s,) + al(s,) %-(220—‘ + ka). (7).

Near the threshold, g, increases, and so oj > 0. To explain the beha-
viour 31<01(so), it is enough to note that the term inside parentheses

is negative. From {6b), we can see that

3o __ ko
T ot kascgn3

is always negative, as we naed it. Moreover, the linear approximation
to o, is very naive, and we have to check this prediction in a more re-

alistic case.

We then, assume that o, can be parametrized, above threshold, by the

smooth _function of S namely,
01(31) = 4{1 - exp[-B(s, - sT)]} . (8)

which describes the rise of the cross section from zero, at the thresh-
old Sr» Up to a value A. This hypothesis allows us to perform, analy-
tically, the integration in (5):
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oy = Z’MNzrpdp Ip

e_szz (1+ap, ) {1-exp [-B(SO-BT'FQPZ*ZkPn 1, 9
0 P '

which gives
Sy =A {1 = Sexp[-B(s,-87)]} , (10)

with

$ = (-23;”-)3/2 (1 - 2%’5) exp(B*k?/B) . (1)

This result shows that, for 8=1, we go back to g,= a (80), and for §>1

we have the agreement with 0, < o, (8,).

As we hope to have,in general, B8<<b, because the deuteron wave function

is very sharp, we take 6>1 in all practical cases.

Before applying our formula to a physical situation, it is better to
examine the threshold energy condition, 8,8y From this condition and
(6a), we see that the cosine of the angle, between projectile and nu-
cleon momenta, has to obey the relation
2
Sy — 8¢ + ap,y

c0$6,< o = x(p,) *
2kp,

{f we change the variables -; = —51 in (5), the above constraint means
that we have a physical upper limit to cos8; when we integrate in ;1 .
in (9), this gives a lower limit to the integration in p, - The presence
of the deuteron wave function as a factor in the integrand, however, ma-
kes this new restriction irrelevant. The point is thaf (11) is effec-
tive only for <1 and this, in general, happens at high values of p; .
The role of Y(p,) is just to drop the high momenta contribution to the
integrand. V¢ can picture the situation clearly in a concrete case.

4. APPLICATION AND CONCLUSIONS

+ +
As an application, we have considered the reaction K d +~ K p(n). The

fitting of the k+p + K7 p production rate, measured for a hydrogen
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Fig. 1 =

The impu. e, approximation description of deuteron break up

+!

0,5 | P
Gev/c
-1
Fig.3 - Upper limit for x as a function of the nucleon momentum p for
the incident momentum 0.9 Gev/c, applying to the threshold energy cons-
traint, and the deuteron wave function.
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Fig.2 - Theoretical curves are: parameterization of the K p+K%n p cross section; ===-=< calculation ot

the K d>K°7 p(n) cross section using the spectator model with Fermi motion. Experimental points refer to
+
I -+ K'p, §—> K+d.



target (Fig.2) determines the parameters of our formula (8): A=5.12 mh
2

B =4.8 Gev °.
Instead of the actual threshold energy, ST’ we have used an effective
value for it, which has been empirically obtained from the point where
the experimental production rate practically vanishes. This empirical
value is different from the theoretic&l one because the cross section
in the neighbourhood of the threshold cannot be described by a function
as simple as (8). The effective 81 corresponds to an incident momentum
ke = 0.86 Gev/c.

V¢ have calculated the deuteron cross section using formula (10)  with
a given by (6b). The result is shown in Fig.2 in comparison with the
experimental data. W can say that, in this simple model, the Fermi
motion contributes to make 31 < ol(sn) near the threshold. it is, ho-
wever, important to rmake some comments on the significance of our cal-
culations. First of all, in the measurement of; there were cuts in
the phase space: events with spectator momenta higher than 0.25 Gev /c
are rejected because they are in disagreement with deuteron wave func-
tion prediction 3. Ve have not included explicitly such a cut in our
analytical calculation, in which we integrated (9) over all phase space.
However, the presence of the deuteron wave function in the integrand (5
practically cuts all contribution from higher momenta. This damping of
the wave function makes also irrelevant the, threshold energy condition

(11)

In Fig.3, we see the behaviour of the upper limit X of cos6 , at inci-
dent momentum 0.9 Gev/e. As X is less than 1 only for nucleon momenta
greater than 0.;25 Gev/c, where Y - 0, we can disregard the threshold

energy constraint in the phase space integration.

in conclusion, we should like to call attention to the fact that al-
thougt the Fermi motion seems to contribute actually to the K d+K°7T+p(n)
cross section, it is not relevant enough to lead to a quantitative agre~
ement with the experimental data. Besides, at higher momenta, not very
far from threshold, the spectator model fails completely to explain the

experimental values of ap/c'f indicating that other effects, such as in-

P

terference and multiple step interactions have to be considered °.
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Society, Belo Horizonte (Minas Gerais), Brazil.

REFERENCES

1. K. Gottfried, CERN 72/17 (1972).

2. B. Musgrave, Conference ON Phenomenology <in Particle Physics ,
Caltech, 467 {1971).

3. AA. Hirata et al., Nucl.Physics B33, 525 (1971); G. Giacomelli et al.
Nucl. Physics B42, 437 (1972).

4. RJ. Glauber, Lectures in Theoretical Physics (Interscience N.Y.) vol.
1, 315 (1959).

5. G. Alberi and LP. Rosa, Nucl. Phys. _B_fﬁ_, 218 (1974).

6. K. Buckner et aZ. Nucl. Phys. B45, 333 (1972).

7. 6. Faldt and T. Ericson, Nucl. Phys. 88, 1 (1968); RH. Landau, Phys.
Rev. D3 81 (1971); J. Wallace, Phys. Rev. D5, 1840 (1972); E. Ferreira,
L.P. Rosa and zD. Thomé, N Cimento 21A, '187 (1974).

8. WB. Atwood and G.B. West, Phys. Rev. D7, 773 (1973).

9. G. Alberi, E. Castelli, P. Poropat and C. Sessa, INFN 72/3, Trieste
(1972) ; G. Alberi, INFN AE/73/1, Trieste {1973).

10. E. Ferreira, LP. Rosa and zD. Thomé, Lett.N. Cimento 9, 707 (1974).
11. G Giacomelli et al., Nucl. Phys. B20, 301 (1970).

137



