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Abstract

We calculate, using Feynmanh diagrams, the contribution of

pion exchange currents to the 7D » 7D scattering in the re-

gion where the A33 resonance is dominant. The results show that

the contribution of this mechanism to the differential cross-sec

tion, although small, is comparable with that of the double scat

tering.

Key-words: Deuteron; Pion; Exchange currents; Elastic scatter-

ing; Differential cross~section, Intermediate energy.



1. Introduction

Most cof theoretical models used to describe the "D elastic

scattering are based essentially either on the Faddeev Integral

-—
-~

. — f s m . . ~ . I
Eguations | 1_ or on the Multiple Scatterinc Series: 2_ . In the last

Q2

years and in parallel to the increasing sophistication of the

[io]

theoretical models [3], a great number of experiences have been
performed generating measures of high precision [43. However,
in the region of intermediate energies, neither models of Faddeev
type nor models of Multiple Scattering Series type succeed to

describe satisfactorily the experimental data for energies higher

—

than 180 MeV and large scattering ancgles 5, seeming to in-

dicate that other mechanisms like the baryonic resonances [6],

|'_

-
]
|

the absortion of pions 7_ | or the exchange currents 18], can

become important. The first two mechanisms, when included to
Faddeev type models, don't make the agreement between theoret
ical and experimental curves better E9]. The role of the ex-
change currents has been analised over all in the region near
threshold, aiming to determine the scattering lenght[ﬂﬁj, while
there exist very few articles in concerning the energy region
between the threshold and the resonances [11,123. The goal of
this paper is to estimate the relevance of the exchénge cur-

.

rents in the region where the L,, resonance is dominant.

Besides the diagrams of single (SS) and double scattering (DS)
{(see fig. 1), usgually considered, we will calculate the cur-

rent exchange diagrams (EC) containing at least one 2 raeso-

33
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| 11+ (see fig. 2). The difficulty in calculating the

n

nance &
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EC rams forced us tc make certain approximaiions, mainly
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concerninag the internal loop integrals. In order to estimate
coherently the relative weight of each diagram we will mantain
basically the same set of approximations also for the single
and double scattering diaarams. We will use as starting point

—

the impulse approximation f:l3J and a semil relativistic for-
malism in which the scattering amplitudes are calculated from
covariant expressions, while the proton-neutron-deuteron (pnd)
vertex is decribed via non-relativistic phenomenclogical wave
function.

In Section 2 we present the expressions for the amplitudes
and explicit the approximations used to calculate the dif
ferential cross-section. Our results are discussed in section

3, while in the Appendix we present the details of the cal-

culus sketched in section 2.

2. Scattering amplitude

Usually, in reactions involving one deuteron, the calcula
tions are performed in the rest frame of the deuteron, where
the non-relativistic limit for the pnd vertex is taken. Here,
as we have deuteron in the initial (D) and in the final state
(D') we will use the Breit (or brick wall) frame, that treats

the deuterons symmetrically:

where . ig the momentum of the inciden* Geuteron.



we outline here tne calculations for the EC diagrams. The
& DS are obtained in a very similar
is section.

amplitude for the S5S an
a1s

way and will be given at the end of t
The guadrimomenta of the particles are defined in figs. 1

(mAL)

/

and 2. We take a pseudoscalar (Y5) coupling for the pion-nu-
vertices. Form

and pion-delta-delta
prescription l:l4].

cleon-nucleon (7NN)
factors are introduced according to Wolf
The covariant amplitude corresponding to the N4 diagram
(fig. 2a) is
a“f a“f
NA& - 2 i+ m P 1 e Re
,IJ.\‘“ - J[ 1 . r]-_\r\ (Ii{ ) . I‘\' . (QI)}\]—
. Jozays 2w =Nt - ph) TR i g
i(F +m) Lo i +m) T i(M 4+ m)
- = INT ¥ 5 . — i N
(P° -m"”) TR (N -m?) pnd 3 (M° ~m)
[y ¥ -
T. L,}\ l

where m(u) is the mass of the nucleon (pion) and MA=n%-nLA/2;
m, =1232 MeV being the resonance mass and I, its width Ei47.
. .
and gpnd are, respectively, the

The guantities Ioux’ Sona
pion-nucleon-delta and proton-neutron-

are the polarization and

o

pion-nucleon-nucleon,
¢. and

!

deuteron coupling constants;

the relativistic vertex of the deuteron:

T - 32w 2 S 22
. F1 (NSM )\}‘, FZ(N M )f_u
i3 are normailzed such as

T o o < fa ik
whEers > form ifactors T
5
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The operator S . is the spin part of the Rarita-Schwinger
BR¥
propagator | 16_ .
-
1, T2 .. . 1. v 0]
S \(Q)’ ={(f +m ) : — Q0 Q. -3g .t v v, "‘H‘(Q -y Q 1) ,
SRV S a4 "-'ITLA z [ RS PR A (SRR PR _

We have chosen as loop variables the momenta relative o

Fermi motion:

£ 1,

1 et ’2‘(1\4‘M)
1 g '

f2 = ':?(N "M)

As the deuteron is composed of two weakly bound nucleons,
we will consider them as free in the spin factor. Moreover, in

order to perform the integral over the "energy" £ ; we will
b4

use the Gross approximation 1:17] and put one of them on-mass-

shell. This corresponds to make the following substitutions:

¥ +m=2m > u (N)u_(N)
i n n
n
L > = iT L G(M - 4w+ M?)
M? —m? Mo ©

. . 0 3 . . 1= =
Taking the non-relativistic limit for the pnd vertex | 18] we
have

] - 1 1/2 ;
- . 3 n,m,zx
o & (n— v () = 5=(32 ne %) /20
1 s O - 1 Ve

b (Nﬁ _mé; ‘/2 3 .

p Jmo 7 . - . 5
where " (£) 1is the phencmencliogical wave-function of the
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. N 1
as=ireron, for whichwe use the McGee parametrization 19 I.

With the approximations above, the amplitude become

. 1 1 1 . 1 . 1 2.1)-
(m? +M2) 172 (m2+171'2)1/2 (K2-p%) (PP -m") \L)— Q')
where
= v (=M)y -M" 2.2)
Fm'm 9NN m( M) 5V (=M") (
— Z = 31 7Iu t \“/ 4 -+ , N 2.3
G+ =9 yn Togs Uy (N")K Suv (0 )Kl\}’ m)wsun( y A )

As the wave-~function has a rapid exponential fall-off we
will take out the integral the spin factors, evaluating them

for some value of %i(i = 1,2) appropriately chosen §:20].

Here, we take %1 = %2 = 0 | 127. So, the amplitude reads:
3 1 . ]
T =~ I a—— ] oF, G, 15,050 (2.4)
2173 (m? +A2/4)spins mmon
where
A\ . \! " t 1
7, B =ffd3f1d3f2w;? TE N E) —— —2 =
i “ o (P -m®) (MP-Q' ) (K-u?)
L 1
(2.5)
The detailed calculations of F , , G , and I.,.are given
m ' I n'n ATA

in the Appendix.

The amplitudes corresponding tc the other EC diacrams are

-

7 3 2 e~ L - T, P P B o 3 R
1 2.4) provided we mzie the followino substit

m

o miven mwvieg.

o
M1
]

2]

{



..6_
ticns:
Diagram AN (fig. 2b)
- 2 ) ' 4 A .
ann gT’NNgWN/\ - {N )Y5 (F +m)KiSL‘\J(Q)I\ un(I\J)
Diagram 44 (fig. 2c¢)
— 2 = T Kl‘PL O YA SN u ()
Gn'n gTTNAg"ﬁAAun'(I\ ) qu&(& )\’55 (Q) K\, n(“\'}

and 1/(M; -07) instead of 1/(P? -m®) in (eg. 2.5)

217

For the pion-delta-delta (g_, ) coupling constant we take [ i

4

The amplitude for the SS calculated with the same set of ap

proximations 1is

ss _ _ . mn'm;n'n
TX‘X = -4m E ‘m'm n'nT it
spins
where Sm‘m = 1(0) if m' = m(m' # m) and
_ - K'PK'j
Govy U (8D A+ Bl—s—)ju_(N) (2.6)

- —_

with G, Dbeing the pion-nucleon(7N)amplitude 7227 (see Ap-
pendix! ané I, ,. the deuteron form factor 23 . We remove
G from the integral T for £ = /7 rder  thna*t &}

o i‘f ~ronl Thig 4l e R IOoY =« L/L, in oraQaer Ciid o e
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guantization axis for the TN interaction coincides with the one

- -

. ! = s
cf =D reaction | 121 (N &

e
1
-N' = A).

I

The covariant amplitude corresponding to DS, with our ap-

proximations, reads

3 © M n
’ 217 (m®+ A%/4) spins m
where G , and G_, are the 7N amplitudes and
m m nn
A \] . 3 - L U | -
D, =ﬂa:fld~f,,w§? T(E )T () (2.7)
- (¥ -9
1

This integral is calculated in the Appendix. For the DS we

-5
=

remove the 7N amplitudes from the integral for £, = £ =0.

2
Finally, the differential cross-section in the center of

mass system 1is

| 2
=1 ) TS5 4 TD,S_ + 'I'E?
64n?s i A A A

Q1Q
ola
!

1y

where T??) is the sum of the EC amplitudes and S = (K +D)°.

In our formulae the isospin factors are implicit,

3. Conclusions

We show in fig. 3 and 4 the differential cross sections cor
responding to the contributions of the S§S (continuous curve),
DS icashed curve) and EC (dash-dotted}) a

Tt = 254 MeV and 292 MeV respectivelly. As erxpected, The

+



single scattering is dominant for almost all the angular range
from & = 0% to 180°%, However, as one can see, at these energies
and large angles (6 > 50%) the exchange currents give contribu-
tions of the same order or even greater than the double scat-
tering.

The angular behaviour of the EC differential cross-section
(figs. 3 and 4, dotted curve) can be understood as follows: the
EC amplitude has a spin factor Pm,m {eq. 2.2) proportional to
the momentum transfer that vanishes in the forward direction
(see Appendix). Besides that, the spin factor Gn,n(eq. 2.3) has
a spin-flip part G,_ cancelled for the diagrams N/ and AN and
small for the diagram A4, while the spin-non-flip parts G++Vare
all proportional to the vector S whichisrmnmd'UJK and zero at ¢ =
1809 (see Appendix). This explain why the EC contribution is sig
nificative mainly in the region & ~ 909%.

We show in figs. 5 and 6 the experimental data of reference
4] at QT= 254 MeV and 292 MeV and the differential cross-sec
tions obtained adding coherently to the SS (continuous curve)
the DS (dashed curve) and the DS + EC (dash-dotted). As wesee
the cross—-section is dominated by the single scattering but the
inclusion of the DS and of the EC introduces up to 20% of change
at large angles. The main effect of the EC is to produce a
steeper cross-section in the region where the minimun occurs
(¢ ~ 90°). The discrepancy betwgen our results and the experi-
mental data, even at small angles, is due to the approximation
used for the loop integral in the single scattering amplitude.
In fact it is well knov?§:24: that at these energies, to fit

the data it is very important to keep the 7N amplitude in the



integral (2.6;. BHowever as our goal was to estimate the weight
of the EC relative to the SS anc DS we decided to choose the
same set of approximations for all diagrams. A more refined
model for the SS, which is overestimated here, will certainly
increase the role of the EC.

Finally we point out that the inclusion of the deuteron D-
wave in the EC amplitude (eg. 2.5) affects very little the re

sults | 25 (see 2Zppendix).



I
bt
<D

!

Appendix

A - Spin amplitudes

Pion~-nucleon (TN)

The spin-non-£flip (G++) and spin-flip (G__) parts of the 7TNam

plitude (eg. 2.6) in the Breit frame are given by ]:25]

NO Kn
G++= -E-(A +m'§]*— R)
O
1514
G_;_ = = i ...___..!_A_‘..L R
m

where A and B are the Dirac invariant amplitudes {:22], K(N) is
the pion (nucleon) gquadrimomentum and g = K +N.
We choose the z axis as the direction of N and the y axis as

the direction of g.

Exchange current (EC)

For the spin amplitudes Fm'm and Gn,n defined by eqg. 2.2 and

eqg. 2.3 we have (without the coupling constants)

where | is proportional to the momentum transier t:



CBPF =NF~(053/84

S =
= T T 4nm
and
= ' vy 11 [N
G_. = Cldn‘(N'>\Edn(N) + Cyu (WNEN u (N)
or
Byt oy Do (3] 28 i o)
= { ([ - i | — ¢ J / b
Gn‘n Cl 2m X7z f C |5 2m kn’ an + I/\n'gz){‘n

where x (¢) is the Pauli spinor (matrix); C, and C, have dif-

ferent expressions according to the EC diagram considered. For

the NA diagram (see fig. 2a):

— l 2 > ~ ] 2
c, = F[MmC, + (u® +4RK.N)C,+ (2K'.N + 4N.N)C_ + (mu? + 4mK.N)C ]
C =irc +mC. + (2K'.N + 4N'.N - 4m )C. .
2 3-73 5 ‘ o R
where
Ué Q.Ki
c, = I—UZ(Q.Ki -mm, )+ - [m(m +m,) +2KN] + (m+m,)C,
- (m+—mA)
_ K T e b 7 ¥ ———————— P
Ca C7 + 2K, N - Q.K' + - (mmA+ Q.I«\i)
A A
\ (m-+mA)
C5 = u° - mA 0.K
C, = (m+m,) - L Q.K'
6 A m, :



For the AN diagram (see Fig. 2b) we have the following

relations:

f\ \ 7/\
Gul\ _ UI\

++ + +
AN _ _ oA

+ = +-

For the AA diagram (see Fig. 2¢):

- 1 - -2
€, = 5(Cy-mc, + mCy -m*C,)

= K
c3 c11 + 2 .N)C12 + (m + mA)C13
4 (K.N) 2
C4 n (3K. 0 + ZmA) + (m + mA)C12 + C14
m
A
Cs = m +myc, - ¢
c, = 21k o- (m +m, )m, ]
6 mA- AT A
C7 = (m + mA)C11 +U“C13 + 2(K.N)C15
4 (K.N) -
Cp = -——" (x, ) ue
8 : (K. Q) (3m +~5mA) + C12 + (m +mA)C14
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5 (m+ m,) .
m—(ZQ Q-KQ) A+ ——— (20'. O-7R.0Q + 4%) + C16 + 2C17
Ja mA

N

__]_-_ ' [} _ 2 oL - 2 - -
(2K'".N +4N'.N -4m“) (29'.Q- 7K.Q +4mA) + (m +mA)C C18 2C20

mz 17
L4k 06m? ~20'.0 4 (124 4K.N) (20'. Q- 7K. Q + 4nm?)
e

[

|6K.Q(2K' . N 4+ 4N'.N - 2m®) - (u® +4K.N)(20'.Q-7K.Q

2 - | - - 2 Y- _
4m,) - 4K.Q(2Q'.Q-K.Q + 12m,K'.QJ - (m +m,)C, 2C. g

1 ~ -
- = [2K.Q(K.Q +20'.Q) +m% (2K.0~2K', 0 +4K'.N - BE.N - 5,.7]
m: A
A
4 | .
— (2N.N + K'.N - K.N - 2m‘)
m
A
26-9) 15 (k. 0) (0'.0Q) ~m (2K.Q" + 2K. 0 = K.N = 5K'.N - 2NN
m, .
A
uf -m% o+ "%E(Q'.Q +m3) (¥ - 4E.N) $K'.K(5m -20'.Q)]
mn = Jil
A

Sy
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=

e , . - - o~ L2 2
Copn = ¥L‘2K.QiQ’JQ- KeQ -my (K", 0 - F, Q+4N\N +u” -6m”)
- pu

Double Scattering (DS)

In the DS amplitude we have to calculate the integral (eq.2.7)

- 2 3'F"“ ; ? l
I jd fld‘ZL“/'(?Z)h)\(‘l) 2 2
K2 -y
1
Taking
-> ___];_—>
£, 7 = 9z
-
R G
2 T T T3 T 9

we have, in the coordinate’ space,

I,iy = ZWéf};]ei{Kllr[J(l;))d!;l

where
Jlr]) = Jeis'rw*G)w(%)df

and we can write

wni

. —>
i8.r1
e = 47

L
:
E =

53, 3112y, Boyy (B

Ht~1¢

0 m

where jE(X) is the spherical Bessel functions and Yy m(Q)the

spherical harmonics.



ino +*he & =r2 D waves and czllinc &,K,r the modulus

5
v
vy
w
o

of the vectors S,¥ anc ¥ respectively

1

-]
"
XS]
i
o))
w
—
=
=
H
jan
4
m
H
@)
i}
{
£
3
W
o)

- z 4 A’S.) +
' 3 S ’ :m “. 429”‘
J ;b:—é
2 -— N
& S ) . - 3
+ Uo(-1)Tab'y, (S){|{h(Erjuirio(rli (Sr)dr + (-1)7ibb
(SR ] <oy b - -

oo o 0 0 h(k TRt () S (e a 7=\/ = ¥ (-1)"bb’
Vo Sd L T Mg v U Mk rijw (r)z (Sx)dr+.4 V 7 z

; B=-2
2,210 —a,0i 4, B>y (S)[H(K}ﬂm‘(r)j (Srydr;

2,p5) |1 4 T

and kb{b') are the Clebsh~Gordan coefficients for

the initial {(finall dQeuteron:

mn 1l,m +n>

RIS
N b

. \ R S e s
and uf{w}) is the S{D) McGee wave function |_19 /. In addition,

'

¢ T A -~ m — nh
P - b . rl
iRy



Exchange current (EC
The integral that appears in
piitude {eg. Z.5) is
7
- . ',;: ﬁi[ s =z B I
Rl ”ﬁd Tpatt v g
where P=P(f ), 0=C(f,) and K;
i <

We don't

cially when

et T3 -
The

WLl

only consider

is

-16-

cutside the integration regi

the

o

calculation of the EC am-

the D-wave is considered.

know how to sclve analiticaly

integral spe-

So, first step we

the pion pole

varies siowly (M and M’

are now on-mass-shell) we can disregarc the f1-dependence of
Ri(fl,f7), and consequently decouple the integrals. Then we have
s * 1 1 . 2 1
T - (Q“f o (F o a*f v, (£
AT 275 2 2 2 : 2 17371 2 2

This integral is calculated in detail in Ref. :26].

incliuding

the deuteron

D-wave.

might have considered a second alternative to solve this

The startin oint is
gp

- =
to remove completely the pion pole of the integral for f1=£7=0.

The new integral is now

integration can be calculated analvt

is then performed numerically.

similar to that

from the one presented here

*,J..
9]

53}

-
(>4

_

ci the DS. The angular
11v anc the radial part
it obtained is nct very
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Fig. €

Single (85) and Double Scattering (DS} diagrams in

Exchange currents (EC} diagrams for 7D = 7D scattering

leon-delta {Nz):; b) delta-

0

in the 4,. region: aj) nu

.Y

f

lta (AL,

m

nucleon (AN); c) delta-4d

Differential cross-section for =D~ 7D scattering at

LAB.

T, = 254 MeV. The continuous, dashed and dash-dotted

curves correspond respectively to the §S, DS and EC

isolated contriputions.

LAEB.
idem for T:h = 292 MeV.

Differential cross-section for %D »7D scattering at

LAB. -
T, = 254 MeV. The experimental data are those of
ref. !_47]. Continuous curve: SS; dashed curve: S5 +

i

DS; dash-dotted curves: SS + DS + EC contribution.

Idem for T:AB'= 292 MeV.
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