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Structure in two-pion production in the dd— aX reaction
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A model for thedd— a7 reaction, based on two paralldN—d reactions, is extended to incorporate a
complete set of input amplitudes. While low-energy cross sections are underestimated, the rich structure
observed in thex-particle momentum distributions for 6:8T;<1.9 GeV/(the Abashian-Booth-Crowe effgct
is extraordinarily well reproduced. In addition, a recent measurement of deuteron analyzing powers agrees
quite well with our predictions, both in frequency and magnitude of the oscillafi&656-28139)01805-1

PACS numbeps): 25.45~z, 13.60.Le, 25.106:s, 25.40.Qa

[. INTRODUCTION antiparallel pions are simultaneously favored by th& in-
teraction, which is very unlikely. The mass of the central
On many occasions, interesting physics has been obtaindslimp is also changing monotonically with beam energy. It is
from detailed studies of momentum distributions from thus impossible to explain the ABC enhancement in terms of
nuclear reactions. Excitement once arose from the unexsome peculiarity of thers interaction and one has to in-
pected width of3-decay spectra, which led Pauli to postulate clude effects resulting from the presence of other particles in
the existence of the neutrino. In most cases, however, interetiie reactions and consider the structure of the single-pion
has focused on details of the distributions, such as an erproduction mechanism itself. In all three reactions there are
hancement or a suppression at a certain missing mass, ordications that the ABC effect disappears at low beam en-
skewness, or other irregularities. These deviations fronergies[10—-13, suggesting that the subprocesses in any ex-
phase space mark the discoveries of new particles and resplanation should be strongly energy and angular dependent
nances, an increased propensity for a particular partial wavén order to reproduce the quite different dynamics observed
or some other peculiarity. Regardless of the problem at handn the different energy regions.
further investigations often proved fruitful and well worth  For thepn—dX reaction, on which theoretical investiga-
the effort. A particularly interesting problem of this kind is tions have mainly focused, the most promising approach is
the striking phenomenon observed in several experiments athe AA model[14]. Here two independent pion productions
the pn—dX [1-3], pd—3HeX [4,2,5, anddd—aX [6,7]  are achieved through the excitation of both incident nucleons
reactions. In all three cases there is a peak just above thato A isobars via meson exchange, with the deuteron then
two-pion threshold with a missing massMy  being formed through a final state interaction of the recoil
~300-320 MeV£2. Since its position and width vary with nucleons arising from thA decay. By using the energy and
kinematical conditions, it could not be a new particle or reso-angular dependences Af excitation and decay, the authors
nance. The only alternative is some sort of kinematical eneould reproduce the shape quite well, but underestimate the
hancement in double-pion production. The experiments reeross section at larger angl¢8]. A double-nucleon ex-
veal that the effect only occurs in the isospj=0 channels change model, also proposed in the 19705] and using
of the two first reactions; thed— aX reaction leads to a separate diagrams for the three different peaks, showed a
purelyx=0 state, which is probably the reason for the moremuch poorer angular distributiof8] and the authors were
pronounced peaks in this case. In association with the peakscapable of obtaining an absolute normalization. In his sur-
at low 77 mass there are also broad bumps at maximaley of all ABC experiments and models, Bafi}6] tried to
missing masses. These are most clearly seen inpthe improve the originalAA model and to extend it tgd
—dX anddd— aX reactions, which could be due to more —3HeX but with little success; his model has, in particular,
symmetric kinematics. These characteristics are collectivelproblems in reproducing the spectra away from the ABC
known as the Abashian-Booth-Crow&BC) effect[4]. The  peaks. Better results were achieved in a chiral bag model
suggestion of the original authors that the peaks are due to[47], taking into account 80 diagrams to fourth order in the
large 77 s-wave scattering length was soon ruled out by7NN coupling constant, but this model still failed in the
separate experimenf8] and theoretical calculatior{®]. In  details. A model based on excitation of th¢*(1440)
addition the central bumgunknown at the timpcannot be  (Rope) resonance has recently been proposed for the lower
explained in this way, since it would mean that parallel andenergieq18]. The calculations are in good agreement with
data[10], but the contribution from\ A excitations is negli-
gible. The situation at low energies is thus improving and

*Electronic address: grdstg@tsl.uu.se might form a basis for a renewed investigation of the ABC
TElectronic address: faldt@tsl.uu.se effect in thepn—dX reaction.
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maximal, and this is the reason for the central bump. How-
ever, it then needs a lot of Fermi momentum in the initial
deuterons and/or final particle in order to get the deuterons

to stick together so that, despite the kinematical enhancement
of this configuration, it is suppressed compared to the paral-
lel case.

Both the ABC effect and the central bump are simulta-
neously explained in our model by the stropgvave domi-
nance in the&NN— d reaction, with the former being helped
by favorable kinematics.

FIG. 1. _Feynman diagram for tlled— a X reaction showing the IIl. FORMAL DESCRIPTION
momenta in the overall c.m. system.

The considerations of the previous section are immedi-
factory implementation of a model for the ABC enhance-ately transformed into the Feynman diagram of Fig. 1, where
ment in either thepn—dX or pd—3HeX reactions. On the the momenta of the particles are defined in the CM. In the
other hand, theld— aX reaction has not been subjected to following paragraphs the different parts of the corresponding
any theoretical investigation because of its perceived commatrix element are established using a description in terms of
plexity. In a preliminary study19] we were able to repro- nonrelativistic wave functions. The derivation of phase space
duce very well the angular dependence measuredjat formulas is also given.
=1.25 GeV[6] using a version of A A model where inde-
pendent single-pion productions arise from tWN—dr
reactions occurring in parallel. In this work, only the domi-
nantNN— d input amplitude was kept and we now lift this ~ The phase space calculations for thé— a7 "7~ reac-
restriction by including a complete set of amplitudes. Thistion are performed relativistically starting from the general
makes it possible to reproduce all the major features obexpressiori20]
served in thedd— aX reaction throughout thé region,

A. Relativistic phase space

including also the recent measurement of deuteron analyzing 2111 2 d’k, d%k %k, (2m)*
powers[7]. The main idea behind the model is explained in 7= |Vin| 2E1 2E, (2m)2w,20,2w, m

Sec. Il. The general description is then given a precise for-

mulation in Sec. I, to be followed by some remarks about X 8*(p1tpr—ki—ka—K,), 1)

the numerical calculations in Sec. IV. Our predictions are
compared with data in Sec. V, and conclusions and outlool@,hereEi ,pi andw; ,k; are the energies and momenta of the

are given in Sec. VI. Some formulas for theN—d reac- jnitial and final particles, respectively. The particle is de-
tion, in particular the relations between the partial wave anggcted in the laboratory frame and thie,|=p/E and
spin amplitudes, are collected in an appendix. a3k, /o, =[k2dQ,dk,/w, ], SO that

II. MODEL FOR dd— anw

d20' 1 kilab d3k1 d3k2
Our model for thedd— a7 reaction is based on a (ande) f
simple, semiclassical picture and illustrated as a Feynman
diagram in Fig. 1. The two-pion production in tiel colli- X 5M Pyt pa—ki—ky—K,). 2
sion is viewed as two free, parallel, and independsin
—dr reactions taking place between separate pairs of nucle-
ons from the two deuterons. Tleparticle is then formed by va
fusing the two final deuterons.

An intuitive motivation for this model can be obtained by
looking at the possible configurations of final particles. If the
deuteron andx-particle binding energies are neglected, the
local NN—d# c.m. frames obviously coincide with the

M|

wb 32027)5Myp Patan) ©1 @2

The remaining integrand in Ed@2) is relativistically in-
riant and the resultant integral is most easily evaluated in
the 7r7r rest frame, where the pions go back to back. Denot-
ing with an asterisk quantities evaluated in this frame, a
straightforward calculation gives

overall c.m.(here called CNlso that the two deuterons have d3k} d3k} o<k . L . .

the same energy, though not necessarily the same directions.Z= f — 5 IM PSR +K3) S(My— 0] — w3)

However, because of the stromgwave dependence of the @1 @2

NN—d reaction, the deuterons and pions are preferentially k*

emitted at small angles to the beam direction. When deuter- = Mo dQ* | M* |2, 3
i i X

ons are emitted parallel to each other, they are easily bound

together into anx particle. Because of the kinematics, the

associated produced pions then have small relative momenfdne missing masdy in the dd— aX reaction is, in our
and hence small invariant mass. This corresponds to the situmodel, the effective mass of the pion-pion system,.. In
ation at the ABC peaks. In the second case of antiparalleerms of this andk* = 3 (k} —k3), the differential cross sec-
deuterons, the pions go back to back; their invariant mass ison is
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( d2o ) 1 kzlabk* wave functions. In a nonrelativistic pole model tdepn

= vertices may be parametrized as
dQ,dk,/ o 32(27)% MaMxP®@ giap

-1 V2
—a-ei)(2w>3’2%<q?+a§)cp<q{), (11)

A

where the averaging over the initial spins and summing ovejyherey(q) is the deuterors-state wave function in momen-

the final is now included. L tum space,q’ =(q°,q%y) the relative momentum of the
The description has so far concentratedronm~ produc-  ;cleons, boosted in the direction to take the relativistic

. . . . 0 .
tion. Simple isospin arguments suggest thér° production  mqtion into account, and, the deuteron polarization vector.

should be exactly half that of the charged pion but the Narrhe narameten.= JmB.. wheremis the nucleon mass and
rowness of the ABC peak and the significant pion mass dif—Bd thpe deuteror? bindinglenergy

ferencgs make it necessary to evaluate the kinematics SePa~The dd: o vertex is parametrized in a similar manner by
rately in the two cases.
In order to implement the phase space considerations of

1
xfdn*g > M2 (4) Mg=
S

“ I
pin,pol.

the previous section, the matrix element has to be expressed _ —_1 , 320 A 2, 2\ gt
in the 77 rest frame so that a Lorentz transformation is ”‘_( \/§e'e (2m) 752\ 2mMq (e + @) Y (o),
needed between the CM antlr systems. Since in general (12

the a particle emerges at an arbitrary anglg, with respect

to the beam direction, this involves a rotation. The right-\yheree and e’ are the deuteron polarization vectoyg,,,)
handed CM coordinate system is oriented withztaxis in 5 the o:dd Sstate wave function in momentum space,

the beam directionf), the x axis in the plane spanned oy =q,—q,—(k;—k,) is the relative momentum of the deu-
and thea-particle momentumk_,), and they axis parallel to  terons, andv*=mB,,, with B, being thea-particle binding
pxk,. A new coordinate system is introduced, by rotatingenergy. As a result of the large mass of thparticle and the
about they axis, such that the newaxis coincides with the relatively low pion momenta, there is no need to consider a
a-particle direction. A Lorentz boost is then applied in the Lorentz contraction factor in this case.

a-particle direction so that, in the new system, the pions

emerge back to back. Explicitly this gives 2. Pion production vertices
kK The matrix element for the fredN—d reaction is ex-
Z(@1—w))=— atz! 5) pressed in terms of the partial-wave amplitudes given in the
2 L T2 m,, Appendix:
1 , M,=K=*o Q, 13
E(ki_ k)z() = k:; COSGCM+ ’y,n.k:, Sin HCM y (6) i : i QI ( )

whereK; is the sum over all initial spin-singlet amplitudes
and o Q; is the sum over all triplet amplitudes. Note that,
since we are now usinN— d rather thanmd— NN, the
deuteron polarization vectors should be charge conjugated
1 . . compared to those in the Appendix and the triplet terms
5 (Ki—k3) = — K sinfoy+ vk, cosbey, (8)  should change sign. The signs for the triplet terms, refer-
ring to the upper and lower vertices of Fig. 1, arise from the
inversion of the direction of the incident nucleon momenta in
the two cases. The values of the amplitudes were calculated
gom the saiD databasd21] using the normalization dis-
cussed in the Appendix. As seen in Fig. 2, the nine ampli-
tudes retained in the Appendix reproduce #rD predic-
1Lb_ bl _r/L* x 2 * \291/2 tions for thew* d— pp differential cross section to within a
2lki— k| =LK, coset ¥,k sinfem)*+ (ky)7] '9 few percent. For comparison the cross section calculated
©) purely with theD,p amplitude, renormalized to fill the for-
ward cross section, is also shown. This single amplitude,
which was used in our preliminary study9], shows the
manifest pionp-wave dominance which is the main origin
whereb indicates directions perpendicular to the beam. for the ABC enhancement in our model.
In addition to considering far more input amplitudes, in
B. Vertex parametrizations the present analysis we retain also the explicit energy depen-
dence prescribed by the databésee Sec. IV, in the earlier
work we extracted the thresholkdfactor and then assumed a
Since large Fermi momenta are not required in our modelconstant reduced amplitude. The energy dependence of the
we shall only retain the dominastate parts of the nuclear D,p amplitude is hence different in the two analyses.

1
5 (K—kp) =KE U

wherexyz refer to the CM and'y’z’ to the w# systems,
andy_.=(w;+ wy)/m__ is the Lorentz boost factor between
the two. The transverse and longitudinal components of th
pion momentum difference become

3(Ki—K3) ==K, sinfcy, + v,K cosey,  (10)

1. Split-up vertices
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yield significant contributions. The integrations owgp and
= 181 MeV 0,0 are then done by contour integration in the lower half
S plane, yielding
2 - N
. N dQ2on1oP —(2m)*
“ T A .o F2Fa 3 1
g (2m)? (2po) (i + ard) (a3 + af)
3 2
= ~ , (18
NSl Y2(ai+ @) (g5 + ag)
o T .
AR where the last step assumes thgt E4~2ym.
“l‘:\ The deuteron propagators are
P | (19
0 I N S NN NN RO B dd'’= "2 5 .
0 10 20 30 40 50 60 70 80 90 Qg —Mytie
¥ (deg) where Qd d'—[po (Q1o Q2o) @y, 2, (A1~ 02) — Ky 2.

FIG. 2. Differential cross section for the™d— pp reaction at Sinced +a®~ —3(Qg—mg+ Qd’ —mg), the product of the
T,.=181 MeV, calculated with nine amplitudédashed linecom- deuteron propagators and tHel: « vertex reduces to
pared to the differential cross section obtained fromshe data-

base(solid ling). The cross sections fotD,p (uppermost dotted 32 [om
line) and the singletdot-dashed lineand triplet(lowest dotted ling MoPaPa= \/—'E € |(2m) —-m? +|e
amplitudes are also given. d
1
C. Matrix element +— |y, (20
Qi, —m3+i 6) “

The matrix element deduced from the Feynman diagram
of Fig. 1 involves integration over two Fermi momenta  The denominators in this expression can be expanded as

4 4

:J da, & ot (14) Q(Zj,d'_mg:[Ed_wl,Zi(qu_qZO)]z
(2m)* (2m)* 212

—[*=(d1—d2) —ky,—mg]

whereM,; is composed of the nonrelativistic reduced vertex

functions and the propagators stripped of their spin structure. ~F2my

1
Var (A1 Gp) +5 (01~ w) |- (21)
In an order suggested by the diagram,

In the last step, the relation
M= 2 M,PaPgTr(My PSM . P,;Mg PSM . Py),
int. spins 2 1 2 2
(15) Q10— G20= — p_o[p. (1+02) — 95+ 0a2]~ —Vq- (91 +0p)
(22)
whereP; are the propagator$/, the matrix elements repre-

senting the vertices, and the sum is over the spins and polafas been used, while quadratic terms were neglected. Using

izations of the internal particles. Moreoverdenotes charge these linearized forms, the principal value terms cancel in the
conjugation. sum of propagators in Eq20) to leave only ad-function

The denominators of the nucleon propagators are factofterm:
ized to make the pole structure explicit:

-1 —im
| _= 32 5
. |2m M Pde’ \/§€ € )(2’7T 2m lﬂam g
14~ . —
(d20,20™ po_'E)[on,lo_(a§+qg,1ip'Q2,1)/po+|E] w1 @y
(16 ) qi+q§+—). (23
Zl)d
—i2m Assuming that Fermi momentum effects may be ne-

c _
23 (420,10~ Po+i €)[Az0 10t (@3+ 3, p- G,/ Po—i€] glected in the spin couplings, which is a good approximation
17) in the ABC peak regions, the matrix element is written as the

product

Since the Fermi momentay) are generally quite small
L m
compared to the incident deuteron momenta, only the poles M=—i —WK (24)

closest to the origin atg; 0= (1/pg) (ai+as , 7 p-d1.0) vd
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where the spin kernél and dimensionless scalar form factor

W are given, respectively, by

k= 3 edTr (ﬂ (Kl—a-Qn(ﬂ)
int. spins \/§ \/E \/5
X(Ky+ o Qy) (25
and
W= J:T J dsq;fsqz<pd<q1)qod<q§>¢£<qa)
X & qi+q§+w12;:)2) (26)

D. Summing over spins and polarizations

The spin kernel of Eq(25) can be simplified somewhat
by expanding the product and taking the trace. This results i

the spin-decoupled form

—1 . _
K=—=[A(€ €)—iB-(e1X€)—€,-C-€&], (27)

V3

where the spin-0, -1, and -2 amplitudes are

AE% (€ €)(KiKa+3Q1-Qy), (28)
EE% (€ €)(K1Qa+KyQy), (29)

E% (6 €)(Q1Q+Q:Q:-2Q:-Qy), (30
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To avoid the tedious algebra associated with nine partial-
wave amplitudes occurring bilinearly in eaamplitude the
above sums and contractions were in practice carried out
numerically.

E. Form factor in configuration space

The form factor of Eq.(26) is most easily evaluated by
transforming to configuration space:

W=

| ¢ a2z b, y2) 4 ~by2) Wi,

1
vam,,

i
xexr{— E(kl—kz)'xa

[
ex;{ - 4—Ud(wl—w2)

X(21+2,) |, (33

wherex,= (b,(z;—2,)/2).

Since the wave functions have been taken to be spheri-
gally symmetric, the angular integration over thevariable
can be performed explicitly. Furthermore, only the even
parts of the exponentials will contribute, so that

2

\J2m,

X!

W:

f b db dzdzdy(b, yz;)®4(—b,yz,)

Z1— 2
b,%)Jo(%lk?—kglmcoﬁ(ki— )
1
X (23— 23)]co 4_vd(w1_w2)(21+22) - (34

F. Reduction of cross sections due to flux damping

The fluxes of initial and final particles are reduced be-
cause of multiple scattering. Any detailed microscopic esti-
mate of such effects would rest upon assumptions that are
difficult to justify quantitatively. For example, in any

and the sums are over the polarizations of the internal deuws|auber-like approximation, correlation effects would be

terons.
The unpolarized matrix element squared is then

> |K2=4(3|A12+2|B]2+|]?), (31)

ext. pol.

Where|5|252i,jcijcfj and the sum is over the polarizations
of the external deuterons. The deuteron vector and tensor D
analyzing power#\, andA,, are obtained from the sums

2, KijPyki, 82

very large for the light nuclei that we are considering. We
therefore limit our ambition, attempting a crude estimate
through an overall scale factor. This should at least give a
hint of the magnitude and direction of the damping. Since
our model is based upon twdN— d 7 reactions, it is natural

to estimate the reduction in flux through the factor

_ ool dd) ( Ol T)
2[ ool PN)+ ol PP)] | 201 7d)

2
; (35

where the last factor is squared since there are two emerging
pions.

The assumption behind this formula is that in the initial
state the flux reduction due to multiple scattering is the same

where P;; are the spin projection operators in a Cartesianin all dd reaction. A similar argument is valid in the final

basis[22]. Since the dominantD,p amplitude by itself

state, assuming the particle to be add aggregate. The

gives only a contribution to thel amplitude, this would lead values of total cross sections needed were taken fi2®h
to Ay=A,,=0. The analyzing powers are therefore very sen{NN), [24] (dd), [25] (=d), and[26] (7a). Interpolation

sitive probes of the importance of nondominaswN—dmr
input amplitudes.

between different data sets was often needed and the values
used are collected in Table I, together with the calculated
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TABLE I. Distortion factorD calculated according to E435) for differentdd energies. The total cross
section data are from Ref3-26. The estimated reduction factor is compared to the scale factor needed to
fit our predictions to the data.

T4 (MeV) 787 940 1084 1250 1412 1938
ogq(Mb) 118 122 128 137 145 152
3(Tpn+ opp) (Mb) 28 33 36 39 42 44

0 a(Mb) 100 235 328 332 275 135
o g(mb) 42 96 176 229 185 71
D(estimate) 1.50 1.38 0.77 0.46 0.48 0.78
D(fit) 2.2 0.90 0.72 0.73 0.80 1.0

reductionD. The latter is compared to the factor needed toclose to the ABC peaks, where the two pions have identical
scale our model calculations to fit the data, as shown in th&omenta. The single amplitude used in our previous work
figures. While our simplistic estimate goes in the right direc-was extracted in this wal19].
tion, it does not account for all the deviations from the data. Energy-dependent input — where the amplitudes are cal-
There is, however, considerable uncertainty in the pion diseulated separately for each point of integration — is an at-
tortion at the lower energies. tempt to take the Fermi motion in theparticle into account.
There is no unambiguous way to do this and so we have
adopted two slightly different methods. One, based on the
previous technique, but calculated at each point separately,
The evaluation of cross sections and polarization obserwvill be called the E1 prescription. The second approd?)
ables was done in two steps. The form factor of 84) was  uses the same pion momenta but now assumes the deuterons
first obtained using standard Gauss-Legendre routines wittp have half thex-particle momentum. The two clearly co-
50 points in each of the three dimensions and tabulated iincide at the edges of the missing mass spectra, but have
steps of the parameteks,,,, ¢*, and cog. In the second different characteristics in the central region. Their relative
step the spin sums and contractions were done at each uferits will be discussed in the next section.
these points, followed by the integration over phase space,
including the tabulated form factor. V. RESULTS

IV. NUMERICAL CALCULATION

The predictions of our model are compared with the
A. Wave functions Saclay unpolarized cross section data of Réf.in Figs. 4

The Sstate Parig27] wave function is used to describe and 5. Shown are the raw results from the E2 prescription
the deuterons, whereas theparticle is represented by the and also those obtained by smearing E1 and E2 over a
dd: « cluster function of Forestt al.[28]. It is shown in the ~Gaussian experimental resolution in theparticle momen-
latter work that the nucleon-nucleon distributions in tae tum with a relative standard deviatier(k,)/k,=0.5% [6].
particle and the deuteron are very similar for short distanceghe calculations are scaled to fit the data with factors listed
(r<2 fm), with a constant scale factor of 4.7 between them.

Since pion absorption on deuterons occurs mainly when the 100
nucleons are close together, we need the nuriheof pairs T, = 1.25 GeV
of such “small” deuterons in ther particle. Assuming the 9=0.3°

neutron-proton distributions inside the two deuterons of the
«a particle to be independent of each other, we therefore nor-
malize the wave function tdl ,=2.3.

Since the shape of the:dd function is similar to a
Gaussian, expf %), it is easy to test our dependence on it
by varying the parametes. The result of this tedfusing the
constant amplitudes of next sectjost T4=1250 MeV and
0,=0.3° is shown in Fig. 3. While the ABC peaks remain
largely unaffected, there is large sensitivity in the central ] =
region. Calculations at 11.0° and also at 787 MeV show less 0 16 18 2 22 24 28 28
variation. Hence this uncertainty is associated with high ke (GEV/C)
missing masses.

d’c/d0dk, (ub/GeV sr)

FIG. 3. Comparison of cross sections calculated with different
a-particle wave functions. Solid lines correspond to the Gaussian
wave function with the paramet@ (defined in the tejthaving the

The values of the partial-wave amplitudes can be eXvalues (from bottom to top 0.55, 0.64, 0.67, 0.70, 0.75, and
tracted from thesAiD databas¢21] in several ways. The first 1.0 fm™!. For comparison the calculation with the Forestal.
and simplest is to use constant amplitudes evaluated at theg] wave function(dashed lingis repeated. The data are from Ref.
kinematics corresponding to the edges of the spectra, i.€6].

B. Partial-wave amplitudes
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My (GeV/c?)

0.3 05 0.5 0.3

75

50

FIG. 4. Angular distribu-
tion dd— aX at Ty
=1.25 GeV. The smeared E1
(dashed ling and E2 (solid
line) calculations are compared
5 o4 o4 o to the data of Ref[6]. For E2
T T 1 the raw calculations(dotted
line) is also given. Our predic-
tions are fitted to the forward
- (low k,) ABC peak with a
b ! scale factor 0.71; cf. Sec. lll F.

n
[4]]

d’c/d0dk, (ub/GeV sr)

L
1.5 2 25 1.5

Koo (GeV/)

in Table I. This scaling is independent of the choice of am-the two assumptions. Unfortunately the range of data in the
plitudes. The agreement with data is remarkably good, botlsaib databas§21] does not extend to the energies needed for
in angular distribution and energy dependence. The diffe_rEl at 1412 MeV and for E2 at 1938 MeV. The close agree-
ences found between the scale factors and the flux dampingent between E2 and the calculation with constant ampli-
estimates could be attributed mainly to the crudeness of thgides at 1412 MeV justifies the use of constant amplitudes at
estimate and the uncertainties in its input data. the higher energies in Fig. 5.

The slight discrepancy at the central bump for small  The underestimate at 787 MeV is probably an indication
a.ngle.s. could be due to the produ.ctlon of three pions or to 0U&s 53 more severe problem within our doullemodel. There
simplified treatment of the Fermi momenta. A broadne- 516 1o measurements at even lower energies, one close to
son[23] would also enhance the cross section here. An estig Lashold atT,=570 MeV [13] and another at 650 MeV
mate of the possmle_ contribution from productionpime- {}2]. In both cases the data are structureless and consistent
sons could be obtained from a measurement at 1.95 GeV. . .

. . with pure phase space, with total cross sections-(B70)
[29]. The ~cross —section is, however, so  low ~43 nb ando(650)~600 nb, respectively. In our model a
~1 wub/(sr GeVk)] that it should be invisible in all the : ' ' .
[ HbI( )] ! . NVISIVIE | ﬁronounced ABC-like structure should be clearly visible at

plots, except possibly for 1.94 GeV where one might see ) ) )
hint of a peak. As illustrated in Fig. 3, the central region is oth energies. However, our predicted total cross sections are
also sensitive to the precise form assumed fordhearticle a factor of about 20 too low and it therefore seems that there

wave function. Inclusion oD states in the wave functions IS SOme other mechanism which is mainly responsible for the
would give effects for large missing mass as well since itsmooth behavior near threshold. This extra contribution
corresponds to large Fermi momenta. might account already for our underestimate at 787 MeV.
Apart from a small change in the ABC peaks, the main The deuteron analyzing powers measured by the SPESIII
difference between E1 and E2 is found in the central regionSPectrometer at Saturij&] are seen in Fig. 6 together with
The reason for this is the different kinematics used in the tw@ur model predictions integrated over the spectrometer ac-
cases — E1 tends to overstate the energy in the central ceptance. The slope of vector analyzing powér in the
bump and thus attains the maximN—d cross section forward direction is calculated according to the experimental
already at 940 MeV, while E2 has its maximum at 1250average procedure described in Ref. The differences be-
MeV. This accounts for the E1 overestimatit@mpared to  tween the E1 and E2 calculations are clearly seenAfpy
E2) at low missing masses and underestimating at high maxiwhile they are rather marginal féx,, . This greater sensitiv-
mal missing mass. At 1250 MeV and 11.0° the missing masgy of A§ could be due to its dependence upon the relative
is not high enough to be sensitive to the difference betweephase between singlet and triplet amplitudes and also the
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importance of the strongly energy-dependent and dominardf the details of our model adds further strength to the con-
!D,p amplitude. The E1 predictions are shifted by an arbi-clusion that it supplies the correct dynamics in the double-
trary —2 rad ! in the figure to show the close resemblanceregion.
to the data structures. Any small extra terms in the amplitude The low-energy data present, however, a more delicate
could cause such a shift. For both analyzing powers, thersijtuation to interpret. We do not think that it is possible to
are again discrepancies in the central region, presumably fgprce the present model to reproduce pure phase space at low
the same reasons as for the unpolarized cross sections.  energies. Since the-wave dominance oRKN—ds extends

All calculations were done using the C500 solution of 4imost down to threshold, theewave pions needed to furnish
[21] but, in order to check the stability of the result, they isotropy could not be produced via that subprocess. The

were repeated for the SP96 solution as well. The two sets Qi 555455 contribution of isovector nucleon-nucleon pairs,
results are very close and the small differences found arg, for example,pp— pp?, is known to be much smaller

completely overshadowed by th? larger gncertainties ir'herthan isoscalar pairs both near threshold and throughout the
ent in the procedures for extracting amplitudes.

peak [30]. There must therefore be another production
mechanism present, which is dominant at low energies but
VI. CONCLUSIONS which assumes lesser importance at higher energies where

the ABC is seen clearly. In order to improve our understand-

For the first time a quantitative model has been proposethg of the dynamics in this kinematical region, we suggest
for the ABC effect in thedd— aX reaction. Despite its sim- that further experiments should be done at deuteron beam
plicity, and without benefiting from any free parameters, it isenergiesT4<0.8 GeV. In addition to inclusive polarized
able to reproduce all the main features of thgarticle mo-  and unpolarized cross sections, exclusive reactions are also
mentum spectrum observed throughout the dodblegion.  needed so that angular distributions of pairs of the final par-
It is hence clear that, at least for this reaction, the ABC effecticles can be constructed. Such data already existpfibr
is indeed a kinematical enhancement in the independent pre=3He#* 7~ [11]. Since all such quantities can be calcu-
duction of twop-wave pions when these emerge with paral-lated within our model, they provide extra confirmations and
lel momenta. tests of it.

The analyzing power predictions are equally impressive Given its quantitative success, it is natural to ask if our
and reproduce quite nicely the frequency and strength of themodel could be extended to include other reactions as well.
oscillations for bothA,, and A§. Since these quantities are A simple extension would be to calculate the double-photon
sensitive to the nondominant input amplitudes, and in parproductiondd— a7y via two np—d+ reactions. This could
ticular their relative phases, this more thorough examinatiofbe an important background in the measurement of the
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APPENDIX: PARTIAL-WAVE AMPLITUDES AND
CLEBSCH-GORDAN COEFFICIENTS EXPRESSED BY

M, (GeV/c?)

0304 05 0.5

SPIN AMPLITUDES

We find it simpler to estimate the doukde-contribution
to the two-pion production using a spin-amplitude descrip-
tion of the 7+ d— pp reaction rather than employing partial
waves. We therefore give here expressions for the lower par-
tial waves in terms of the Pauli spin matricaes)( the deu-
teron polarization vectorsef, and the proton and pion mo-
menta p and k). The partial waves are denoted by
2Sop* Y(Lpp) sl -, WhereS,, andL , are the spin and orbital
angular momenta of the proton-proton system in the final

state,J is the total angular momentum, ahg is the pion
angular momentum in the initial state. The operat®ror-

! below in the normalizationfdQ= Tr|O;|?=2%X4m (2],
+1).

1. Singlet amplitudes

The singlet amplitudes are

O(*Sop) = —k- € (A1)
<(§ 5
0<1D2p>=\[§{3<6 Kp-eo-ke (A2
15 . . . ~ o~ A
0<1D2f>=g{z(p-k)(p-e)—[S(p-k>2—1]k-e},

(A3)
-0.4 | L ! ! | |
1.6 1.8 2 22 24 26

3 A nian A ~ Ao A
Kaas (GEV/C) 0(1G4f)=2{35(p~k)3(|0~6)+3(k-6)—15[( K)*(k- €

FIG. 6. Predictions of forward analyzing powers compared to +(|5.|2)(|5.e)]}. (A4)
the SPESIII measuremenitg]. Both the El(dashed ling and E2
(solid line ca!culations are.given. The experimental acceptance is 2. Triplet amplitudes
incorporated in the theoretical resul{a) Average slope of vector ) ]
analyzing power, . The similarity in shape is more evident after The triplet amplitudes are
shifting the E1 prediction by-2 rad ! (dotted ling. Data are 3
obtained for a range of energies 1.x16;,<1.127 GeV, while cal- 3 _ \/: o
culations are done at 1.122 Gef) Tensor analyzing powek,, at OCP1s)= 2I € (pxo), (AS)
T4q=1.116 GeV.

: . OCP,d)=— —i{3(k-e)k-(pX o) — € (pX )},
charge-symmetry-breakingd— a#° reaction, observed at (*P1d) 2 {3(k- ek (px o)~ e (pXa)}
Saturne in the doubla- region[31]. We are currently inves- (AB)
tigating this possibility. /i

15 . . N A A
OCPd) == —~i{(p-K) o (kx &)~ (a-K)k- (px )},
(A7)
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+(a-k)p-(kxe)1},

7

7 ~ - ~ A
O(°Fsd)= Ti{[5(p'k)z—l]f'(pXU)JrlO(p-k)

(A8)

X(p- €)k-(pX o) —2(k- e)k- (pX a)}. (A9)
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3. Clebsch-Gordan coefficients wherey/s4 is the c.m. energy. The matrix element is then of
In the o-€ expressions for Clebsch-Gordan coefficients,the form
the nonrelativistic two-component spinar and its charge
conjugatern.= —ia?%* are introduced:
M= < Pp‘ > A0,

T +d> , (A16)
I\ —1 m —1 m, )« 7]Jr —10'~ eMt 7 (A10)
2 12 2 cl /2 2

where 4; is the complex amplitude for a particular partial

-1
) ol —o- eV , (Al  Wwave.
> 7}2( V2 e In the formalism of thesaD databas¢21],

11
2MipMe
1
2

-1
(00[1pt11pp) Efwl) - elh2), (A13)

1 1
1)\—m1> <—>7]£<—0'- 6()‘)) N1, (A12) do 1 2
2 V3 =2 (rtd—pp)=— |2

where the helicity amplitudeld; are linear combinations of
partial wave amplitude$. The relation between the-e and

<1)\|1M11M2><—>€(}‘”‘ (_Tz'f(upx 6(;@)_ (A1) SAID partial-wave amplitudes is then

4. Relation to the saip formalism _ 2_77 2S .4 (A18)
The o-€ formalism uses the normalization m Pk

2 pl _ _ .
=~ > |IM|% (A15) since all the spin-momentum structures and relative phases

do
—o (7 d—pp)= -
dq 4(21m)%s,4 K 3 spins are incorporated in the-e formulas.
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