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The reaction NN = dnw is studied at intermediate energies in the a-isobar modef. A large enhancement for low s~
masses in the isospin-singlet channel (ABC effect), the overall suppression of the isospin-tripiet channei, and certain

other fcatures are predicted.

It has been known for some time that anomalous
enhancements arise in multiple-pion production reac-
tions with a light nucleus in the final state aithough a
compjete theory for these enhancements does not yet
exist. Those reactions which have been studied exper-
imentally are [1-5]:

p+n—=d+(m)0 (1)
ptp—d+(m)* 2
p+d—=r+(m)0 3)
prd—=t+(mm)*. (4)

In:these reactions for certain characteristic total
energies a large enhancement (with respect to the three-
particle phase space) is observed for the production of
neutral pion pairs of very low effective mass (= 300
MeV). This enhancement is noticeably absent, however,
in the analogous reactions for the production of charg-
ed pion pairs and the cross sections for these iast reac-
tions are suppressed overall as well. Thus, generally,
this anomalous enhancement, or ABC effect after its
discoverers 1], occurs only when the two pions are in
a state of isospin zero.

In the reactions (3) and (4), which historically were
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studied first, this observation led to attempts [1, 6] to
analyse the effect in terms of a low-energy pion-pion
interaction, for which the proposed scattering leagth
was between 1.0 and 3.0m_!. This was later contra-
dicted by theoretical predictions [7] as weil as by the
experimental scattering length {8] disclosed by stu-
dies of the reaction

r—+p—+n+nd+x0 )

all of which were consistent with the much smailer
value of 0.2 m7!. The origin of this anomaly has
still not been satisfactorily expiained.

The theoretical analysis of reactions (1) and (2) is
perhaps simpiez than that of reactions (3) and (4). If
we accept the conteation (9] that the reaction

N+N-;N+N+1t+t (6)

at intermediate energies proceeds predominantly
through the production of two A's by one-pion ex-
change as shown in fig. 1a, then the natural Feynman
diagram for the reaction

N+N-d+r+w . ' )
is that of ﬁ% 1b. For simplicity taking all the particles
to be scalar we write this amplitude, apart from iso-
spin, as ‘

*® A more detailed calculation to be reported later, which as-

signed to the nucleon, deuteron, and A their proper spins,
does not yieid qualitatively different resuits.
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Fig. 1. Feynman diagrams for the reactions NN — NNwxr and
NN —-dwx, .
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where My and /., are the masses of the nucleon and

pion, respectively, and I(Q; - ky, Q; ~ k,) is the
vertex function for the deuteron. @y and Q; are given

by
Qy2py —~«, Q3=py +x. 9)

' (3)

A(Q?) is the amplitude for 7N scattering through an
intermediate A, Since all particies are scalar we assume
that this quantity depends only on the total aN ceater-
of-mass energy and not on the momentum transfer
specifically. Writing this amplitude as 4(Q2) deter-
mines its dependence off themass shell as weil. Unless
otherwise designated all momenta are 4-vectors..

Evaluating the isospin matrix elements explicitly,
the amplitudes for the isospin-zero and isospin-one
channeis are given by

TT = 0) = (A3)(MP1, P2, k1. k2) + M1, P2 ks 1))
(10a)

(T = 1) = (10/9V6) (M(py, 2 k1, ky) — Moy Py, aoky ).

(100)
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Fig. 2 The reaction np — dew. The data of ref. {S] are compared
with the theory (broken line).and Lorentz-invariant phase space
(solid4ins). The peak matked =" corresponds to singie-pion
production. The 2zbscissa gives the deuteron recoil momentum

in the laboratory.
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In writing eq. (10) we have used the fact that the deu.
teron spatial wave function is symmetric and hence the
amplitude is invariant under simuitaneous exchange of
initial nucleon and final pion momenta. Thus, after
evaluating the isospin matrix elements it is sufficient
that only the pion-spatial wave function have the proper
symmetry. (A reiation essentially identical to eq. (10)
is obtained when the particle spins are treated properly.)
In the approximation that the deuteron binding en-
ergy is vanishingly smaii we have necessarily that

1 -~ 54XP -
oy rz-uz NP ~26P-P) (D)
in terms of an effective coupling constant g. In this
spproximation M becomes
’ M(P[.Pz.kpbg)' A(le)"(azz) (12)

where x is now comu:med to be (py —py—k; thy)/2.
To obtain a realistic parameterization of 4(Q2) we

equate it with the (3/2, 3/2*) partial-wave amplitude
for N scattering. In terms of the decay momentum q,
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Fig. 3. Calculated deuteron recoil-momentum spectra in the
laboratory for the isospin-zero and isospin-one channeis for
deuterons emitted at 0 deg. Note that in the laboratory ail
deuterons are emitted in the forward direction.

a scalar quantity, given by

q? = (4Q?)~! NQ2, MY, m?) (13)
with \(a, b,¢) = a2 + b2 +¢c2 — 2ab — 2ac — 2bc, the nN
scattering amplitude may be written [10]

Cal@)la

A(Qz D e——
) QZ_EA(q)Z

EA(Q) =Ma +i PA(Q)/Z
quz '

Cal@) ='7v1 (14)

+R3q2
with M, = 1.24 GeV, R = 6.3(GeV/c)~!, and v = 0.74.
The differential cross section is given by
3 3 3
do= 5@, +py —p—ky i) TI2
(2‘)5 fzwl 7R ZE‘ (pl P2 d-kl
(15)

where f= l/(4E,Ezlu,- 02') is the invariant flux fac-
tor. Integrating eq. (15) over the deita function one
obtains, apart from a multiplicative factor, the differ-
ential cross section in the laboratory

M, 2 -4m 2

M2

d g 12
dlpdl:ﬂu)hb =E:lp|l)hb Jeaym?

(16)
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where M, = /(py +Py—p4)? is the effective mass
of the two pions and £2, is the direction of the reiative
pion momenm in the xr-center-of-mass system.

The kinematic factor muitiplying in the integral in
eq. (16) is simply the two-body phase space. The cross
section will be enhanced relative to this phase space
when |T12 is large over the entire region of integration.
This occurs when the two A’s are simuitaneously near
resonance (le ==Q22 == MAZ) for all values of £2;..
Taking the width of the A into account, this requires
that the total center-of-mass energy satisfy the relation

Ecm 22My —Ty

or, equivaiently, that the incident nucicon momentum
satisfy

lpl Ilab 2 1.7 GeVl/e. (17)

Data at incident momenta satisfying relation (17)
are not very abundant. In order of appearance there
are the data of Homer et al. (2] and Hall et al. [3] at
1.7 GeV/c, the earlier Saclay data (4] at 1.6, 1.8, and
1.9 GeV/c, and the most recent published Saclay data
(5] at 1.9 GeV/c. This last satisfies best the above re-
lation and has the highest statistical accuracy as well.

The predictions for the reaction np - dww are com-
pared with the most recent data of the Saclay deuteron
group [S] in fig. Z The caiculation has simply been
normalized to the data; no attempt has been made to
treat the background. The theoretical predictions
for the isospin-zero and isospin-one channeis are
shown in fig. 3 with consistent normalizations. Can-
cellations in the amplitude arising from the antisym-
metry in the pion momenta lead to the suppression
of the reaction pp — dax seen by Hall et al. [3].
Fig. 3 shows the ABC enhancement for the deutes-
on emitted in both the forward and backward hemi-
spheres in the center-of-mass system. We note that an
enhancement is predicted for central values of the deu-
teron laboratory momentum (highest missing masses)
as weilk.

The origin of these enhancements can be understood

very simply*: Defining

K=k +ky, k=ky—ky, (18)

* This particular visualization is dus to R. Lacaze and H. Navelet.



Volume 438, number |

the squares of the invariant masses of the two A’s may
be written as

2=y +k +k)2j4, Q22 =(py +K — k)¥/4 (19)

where p, is the deuteron momentum. Since XK'k = 0,
these two quantities will be equal (and |12 will be
large) over the whole region of integration of eq. (16)
if and only if p4-k = O for ail 2. This condition.can
be satisfied in two ways:

1.) k = 0, in which case K2 = (2m,)2.

2)p4'k = 0but k% 0. In order that this be true for
all Q, we must have py = 0 in the rest frame of the two
pions. in this case the pion-pion rest frame and the over-
all center-of-mass frame are the same and the entire
kinetic energy of the system is taken up by the two
pions whose effective mass, \/1—<T. will assume the
largest possible value.

The low-mass enhancement (k = Q) corresponds to
parallel decay of the two A's which have approximately
the same invariant mass and little relative momentum;
this enhancement is therefore expected to be more
prominent when the total center-of-mass energy is nexr
or slightly less than 2M, (Ip; iy < 2.1 GeV/c). The
high-mass enhancement (p4 = 0 in the mw-rest frame),
corresponding to anti-parallel decay of the two 4’3, is
expected to be more prominent when {py f,,>2.1 GeV/c
since, in this case, the A’s must have relative momen-
tum.

The ABC enhancements are seen clearly in all the
data {2—5]. A high-mass enhancement is indicated in
the data of Hall et al. (3] and aiso in recent unpub-
lished data of the Saclay deuteron group {11} aithough
it fs much less pronounced than the central peak: of fig.
3. However, the experimental situation with regard to
the high-mass enhancement is unclear: reaction (1) has
never been studied with 2 neutron. beam but rather
through the reaction

d+p~>p+d+(sx)° (20)
asmuming that the proton in the initial deuteron acts as
a spectator particle. Fermi motion in the initial deuter.
on will broaden the experimental distributions and com-
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peting processes can introduce additiomal uncertainties.
In particuiar, the datz of fig. 2 are necessariily a mix-
ture of reactions (1) and (2) although the contribution
of the latter is not expected to be sigmificant either
from experimental evidence (3} or within the theory.
Furthermore, it has not been suggested before that
there is 2 high-mass enhancement associated with that
at low mass and hence the high-missing-mass regioa

has not attracted equal experimental attention. Only
Hanetuhzveobumdacanphumenmspeo
trum for the recoil deateron.

The two-nucieon process has a natoral extension to
that for three nucieons, reactions (3) and (4). 1t ro-
mains to perform an expiicit caiculation but it shouid
not be surprising to find many of the features of the
simpier reaktion reflected there. Expermmentally they
are even more pronounced [S]. The refative suppres-
sion of the production of two-pioas in a state of iso-
spin one is well known Ft]¢%In addition to-the-low
mass enhancementy a high-mass enhancement is very
prominent. ln anaiogy wlth the simpie case we would

expect the ABC effect to be most promounced when
the total center-of-mass energy is close to My + 2M,,
which corresponds to an incident deuteron laboratory
momentum of 3.3%GeV/e. This is not imconsisteat
with what is currently known about the energy de-
pendence of this effect (4].

Conclusion: the calcuiation presented here accounts
for the known features of the ABC effect in the reac-
tion NN = drw. Certain other features, 2 high-mass
enhancement and the dependence on total energy are
predicted. Existing data are not sufficieat to penmit a
detailed comparison of theory and experiment. We sug-
gest that réaction (1) be studied directly with z neutron
bezn with momenta from 1.7. xo2.2 GeV/c and the
entire recoil deuteron monientum-spectrum be made

‘the object of careful cbservation. With the asutron

beam intensities now svailable sach an experiment
shml'd’befeubh. T =

mluthoummufn! to Drs. Lzzare Goldzahl,
Resbett Lacaze, Henri Navelet, Mannggig"Rho, and
Gordon Ringiand for interesting discussions and thought-
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