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Antideuteron production and the size of the interaction zone *
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The description of (anti)deuteron production in high-energy collisions in the framework of the coalescence model provides a
method to measure the size of the interaction zone. This method is compared with that based on pion interferometry, and then
both are applied to pp collisions at \/§= 53 GeV. The data on antideuterons from Y decays are also discussed.

The space-time characteristics of the interaction
zone of high-energy collisions are traditionally stud-
ied by means of the pion interferometry method (for
a review see ref. [1]). The aim of this note is to dis-
cuss another method (the coalescence-model
method), which is often applied to high-energy colli-
sions with nuclei, where the information about the
size of the interaction region is obtained by compar-
ing the production rates of nucleons and of deuterons
[2-4]. Observation of (anti)deuterons in high-en-
ergy pp collisions [5,6] and e*e~ annihilations [7]
allows to apply the coalescence-model method also in
these cases.

It has been realized in the sixties that the coales-
cence of nucleons due to final state interaction is re-
sponsible for the deuteron production [8] (an anal-
ogous observation concerning antideuterons was
made immediately after their discovery [9], see also
refs. [5,10]); however, only more recent studies [2-
4] have established the relation of the coalescence
model parameters with the space-time characteris-
tics of the interaction zone.

The (anti)nucleons produced in a high-energy col-
lision are emitted from a finite space-time region.
Their momenta are not precisely determined because
of the uncertainty principle. Therefore, two (anti)-
nucleons which are close to each other in phase space
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can form an (anti)deuteron (no additional third body
is needed ). Assuming the factorization of the matrix
element into parts corresponding to the (anti)-
nucleon-pair production and the final state interac-
tion one finds, see refs. [2-4], the Lorentz invariant
cross section for (anti)deuteron production ex-
pressed through the Lorentz invariant cross section
of (anti)nucleon-pair production as
do? 2 dg®®
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with E,=F,=1F and p,=p,= 1P, m is the nucleon
mass and « is the following overlap integral #':
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where @q4(r) is the deuteron wave function and 2(r)
is the relative distance distribution of the (anti)nu-
cleon pair in the interaction zone at the instant of the
pair emission. The coefficient 3 comes from the av-
eraging over the polarizations of the (anti)nucleon
pair and summing over the (anti)deuteron polariza-
tions. The emitted (anti)nucleons are assumed un-
polarized. Eq. (1) additionally assumes that the
(anti )nucleon-pair production cross section weakly
depends on the (anti)nucleon relative momentum
when compared with the momentum dependence of
the (anti)deuteron wave function. (The relation be-

#1 In the first version of this paper a coefficient (27)* was miss-
ing in eq. (2), and consequently the quantitative results pre-
sented there were partially incorrect.
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tween the free nucleon and deuteron production cross
sections appears to have first been obtained by Mig-
dal [11] who studied the reactions NN-»NN= and
NN-)dﬂ:)

In full analogy to the (anti)deuteron production
one derives [4] the production cross section of two
particles (e.g. pions), which takes into account the
final state interaction between these particles.
Specifically,

do™ dé™
E,—4—— = - E —_—
El 2d3p1 d3p2 '@(pl p2) lE2 d3p1 d3p2 S (3)
with
R= _[d3r |62x(r) 172 (r) , (4)

where ¢, (r) is the two-particle wave function of rel-
ative motion. The expression following the function
2 on the right-hand-side of eq. (3) is the two-parti-
cle production cross section which neglects particle
correlations due to the final state interactions. Eq. (4)
has been derived under the assumption that the two
particles are emitted from the source at the same mo-
ment of time (in their center-of-mass frame). (Sak-
harov [12] found a formula analogous to (3) study-
ing the final state interaction in electron—positron pair
production. )

Now, let us apply eqs. (1)~(4) to describe anti-
deuteron production and two identical pion correla-
tions in proton—proton collisions at \/§= 53 GeV.

Unfortunately, the cross section of (anti)nucleon-
pair production is not experimentally measured. It
can be approximated as

dotP 1 do® . do?

EIEE2d3_p2, (5)

El E2 d3p1 d3p2 - Oinel
where oy, is the total inelastic cross section which
equals 35 mb [13]. The ansatz (5) assumes indepen-
dent from each other production of two
(anti)nucleons. In the case of nucleon emission in
nucleus—nucleus interactions this assumption seems
justified but it can be strongly violated when produc-
tion of antinucleons in pp collisions is considered.
Therefore, eq. (5) is expected to give rather an upper
limit of the cross section of antinucleon-pair
production.

The inclusive cross section of antiproton produc-
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tion measured at =90° in the center-of-mass frame
has been parametrized as [14]

do?
EE =Aexp(—Bpr), (6)
where 4=2.29 mb GeV~2, B=2.49 GeV~'and pris
the antiproton perpendicular momentum. Further-
more, it is assumed that the cross sections of antipro-
ton and antineutron production are equal to each
other.

We use ¢4(r), ¢, and Z(r) in the following forms:

o 1/zex (—ar)
¢d(r>=(ﬁ) = (Ta)

v
G2n (r)=(})"?[exp(ig-r) +exp(—ig-r)],  (7b)
1
@(r): W@(R—-r) N (70)

where r= |r| and ®=0.232fm~! [15]. Eq. (7b) rep-
resents a symmetrized wave function of two nonin-
teracting pions with relative momentum gq.

Substituting the parametrizations (7) into egs. (2),
(4) one finds

o 5 1—exp(—2aR)
=5 ——

o = :

(8)

A(g)=1+ [sin(2gR) —2gR cos(2gR) ],

(9)

where g= |¢|. As is traditionally done in the pion in-
terferometry analysis [ 1 ] we have introduced ad hoc
the parameter A in eq. (9), which according to our
derivation should be equal to 1. This parameter vary-
ing from 0 to 1 represents the degree of source cha-
oticity with A—1 corresponding to the compietely
chaotic (independent) pion emission. The source
lifetime parameter is not present in the correlation
function (9) because it has been assumed that both
pions of a pair are emitted from the source at the same
moment of time. We have made this simplifying as-
sumption to treat antideuteron production and pion
correlations in exactly the same way. In fact, one could
avoid this assumption [4] in both cases. However,
the analysis, which is then much more complicated,
cannot be performed because of the rather scarce an-
tideuteron data.

Substituting egs. (5)-(7) intoeq. (1) we get a for-

3
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mula for antideuteron production cross section in
which R plays the role of a free parameter. In fig. 1
this formula is confronted with the experimental data
[5,6]. To show the sensitivity of the method we pres-
ent in fig. 1 the cross section calculated with three
values of R. One sees that eq. (1) predicts the slope
of cross section as a function of transverse momen-
tum in full agreement with the data.

In fig. 2 we compare the correlation function (9)
with the data [16]. In fact, the two-pion correlations
are studied in ref. [16] as functions of transverse and
longitudinal relative momenta (gr, ¢.) measured
with respect to total pair momentum. However, no
significant difference is seen between the dependence
on ¢, and gr. Therefore, we assume that #(g) =
Z(qr) and we identify gy with ¢ in fig. 2. We have
chosen the value of A=0.5 (cf. ref. [1]), and, as pre-
viously, we show the correlation function for three
values of R.

In fact, the parameter R cannot be identified with
the interaction-zone radius since R corresponds to the
relative distance of two particles. However, if one
treats the parametrization (7c) as an approximation
to a gaussian distribution (with the same average ra-
dius squared ), the source radius, defined as the square
root of average radius squared, equals \/ER, where
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Fig. 1. Lorentz invariant cross section of the antideuteron pro-
duction in pp collisions at \/§=53 GeV versus perpendicular
momentum. The data are taken from refs. [4,5].
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Fig. 2. The correlation function of positive pions from pp colli-
sions at \/§=53 GeV versus relative momentum. The data are
taken from ref. [16].

we assumed that the particle positions in the source
are independent of each other.

One observes that our value of the source radius
found from the pion interferometry, which agrees
with that given in ref. [16], is smaller by a factor 4
than the value obtained from the antideuteron data.
In our opinion, at least part of this difference is due
to the ansatz (5), which probably overestimates the
cross section of antinucleon-pair production. If it is
indeed the case, the real value of R is smaller than 4.3
fm. Therefore, one has to know the cross section of
antinucleon-pair production to make the coales-
cence-model method a precise tool to measure the size
of the interaction zone.

Probably, the main limitation of the coalescence-
model method is the smallness of antideuteron pro-
duction cross section. Let us briefly discuss this prob-
lem. Assuming isotropy of the antiproton production
cross section in the center-of-mass frame of colliding
protons, one gets a conservative estimate for the total
antideuteron cross section by integrating the cross
section (1) with the parametrization (5), (6) and
R=4.3 fm over antinucleon momenta. Using the en-
ergy dependence of the cross section (6) given in ref.
[14] (measured for 23<\/§< 63 GeV) we can par-
ametrize the antiproton and antideuteron cross sec-
tions as
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0°=2.5(5/50)%3 mb,

0928(5/50)*%2x 10~*mb,

(10a)
(10b)

where /5, =53 GeV. If we extrapolate the parame-
trizations (10) to \ﬂv=800 GeV one finds o= 14
mb and 69=2.4 X 10~? mb. (Taking into account the
increase of g;, by a factor 1.6 between \/E= 53 GeVv
and \/§= 800 GeV [17], the latter cross section is de-
creased by this factor.) Therefore, at collider and
higher energies the antideuteron production cross
section seems big enough to perform effective mea-
surements.

Recently, antideuterons have been observed in
e "e~ annihilations at 10 GeV centre-of-mass energy
(7]. These antideuterons have been identified as
products of Y (bottomium) decays. The measured
antideuteron production cross section has been re-
lated to that of antiprotons by the formula commonly
used in the studies of the deuteron emission in nu-
cleus-nucleus collisions, see e.g. refs. [2,18]. Specif-
ically,

1do? 1 do™\/ 1 do?
e ot an
where o is the cross section for the Y hadronic decays,
p is the momentum per antinucleon, y is the Lorentz
factor, y=(1+p2/m?)'/2, and p, is the radius of the
sphere in the momentum space. If the difference of
the antinucleon momenta lies within the sphere, the
antinucleons are assumed to form the antideuteron.
The antideuteron data have been successfully de-
scribed by eq. (11) with py=130 MeV/c. The cross
section of antineutron production has been assumed
to be equal to the antiproton one.

Comparison of eq. (11) witheq. (1) [with the an-
satz (5)] provides the relation

o =(1/2%)3npd. (12)

The coefficient 2 has appeared here because of the
momentum per antinucleon used in eq. (11). Now,
one can relate the radii of the momentum-space
sphere to those of the interaction zone by means of
eq. (12). In particular, po=130 MeV/c provides
R=6.5 fm. Again, as in the case of pp collisions, we
have got a large (much larger than the radius of the
bottomium ) value of R. The reason might also be the
same — eq. (11) assumes that the ansatz (5) holds.
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We find it not very reasonable to discuss a possible
physics behind the large value of R unless the relation
(5) 1s experimentally examined.

The interaction-zone-size analysis exploiting anti-
deuteron data can also be applied to heavy-ion colli-
sions at the presently highest available energics. When
compared with deuterons and pions copiously pro-
duced in these collisions, antideuterons might be more
interesting since they are really produced objects and
carry information which is not so substantially ob-
scured by resonances as it happens with pions. Re-
cently, several authors discussed the importance of
measuring antiprotons and antideuterons in heavy-
ion collisions [19].

Let us recapitulate our considerations. The com-
parison of antideuteron and antiproton production
rates provides the (coalescence-model) method to
measure the size of interaction zone. This method is
compared with that based on the pion-correlation
studies, and then we apply the two methods to pro-
ton-proton collisions at \/§=53 GeV. The data on
antideuteron production in e *e~ collisions are also
discussed. In both cases we stress the need to mea-
sure the antinucleon-pair production cross section to
make the coalescence-model method a precise tool to
study the size of the interaction zone. Finally, we ad-
vocate the usefulness of the method at higher ener-
gies, where the antideuteron production cross section
is substantially bigger, and in heavy-ion collisions.

I wish to thank Ulrich Heinz and Peter Koch for
critical reading of the manuscript. I am also grateful
to Henrique von Gersdorff whose correspondence has
helped me to find an error which appeared in the first
version of this paper.
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