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I. INTRODUCTION 

As known, pion production in NN collisions, in particular the channel NN-+ d1r, 
has been investigated by many theorists and experimentalists over the last decades. An 
earlier study of this reaction [1,2] and [3] show that the excitation of the t.-isobar is a 
crucial ingredient for explaining the observed energy dependence of the cross section. 
A lot of papers are based on multichannel Schriidinger equations with separable or 
local potentials [4,5], [6,7] and [8]. However, this study was performed within the 
nonrelativistic approach. Early attempts to develop the relativistic approach were 
made in [9,10], [11,12]. Both the pole graph, i.e. one-nucleon exchange, and the 
rescattering graph presented below were calculated in this papers. As shown (see, 
for example, [12]), this diagram can result in a dominant contribution to the cross 
section of the discussed process. By the calculation of this one, some approximations, 
in particular the factorization of nuclear matrix elements, neglect of recoil etc., were 

introduced which lead to an uncertainty of the final results. A more careful relativistic 
study of the reaction pp -+ d1r+ was made in [13-16]. The pole and rescattering 
graphs were shown to be insufficient to describe the experimental data; high order 
rescattering contributions should be taken into account. However, in this approach 
there was no successful description of all the polarization observables, especially the 



asymmetries Ayo, iT11 . Really, analyzing reactions of the type NN ➔ d1r, there occurs 
a problem related to the off-mass shell effects of nucleons inside the deuteron. When 
the pion is absorbed by a two-nucleon pair or the deuteron, the pion energy is shared 
between two nucleons. So, for example, the relative momentum of the nucleon inside the 
deuteron increases at least by a value ~ ,jmµ = 360M eV if the rest pion is absorbed 
by the off-shell nucleon what corresponds to intra-deuteron distances of the order of 
~ 1/ ,jmµ '.:::'. 0.6fm. This means that the absorption process should be sensitive to the 
dynamics of the 1r N N system at small distances. In this paper we concentrate mainly 
on the investigation of the role of these effects and the contribution of the P-wave of the 
deuteron wave function (17,18]. The sensitivity of all the polarization observables to 
these effects is studied, and it is shown that some polarization characteristics can change 
the sign by including the off-mass shell effects of nucleons inside the deuteron. The 
detailed covariant formalism of the construction of the relativistic invariant amplitude 
of the reaction N N ➔ d1r and the helicity amplitudes for this process are presented 
in chapter 2. We analyse in detail both the pole graph, one-nucleon exchange, and 
the triangle diagram, i.e. the pion rescattering graph, in sections 3. The inputs by 
this consideration, the covariant pseudoscalar 1r N N and deuteron d ➔ pn vertices, are 
discussed in detail. The discussions of the obtained results and the comparison with 
the experimental data are presented in chapter 5. At least the conclusion is presented 
in the last section 6. 

II. GENERAL FORMALISM 

• Relativistic invariant expansion of the amplitude 
We start with the basic relativistic expansion of the reaction amplitude N N ➔ d1r 

using Itzykson-Zuber conventions [19]. In the general case, the relativistic amplitude 
of the production of two particles of spins 1 and 0 by the interaction of two spin 1/2 
particles has 6 relativistic invariant amplitudes if all particles are on-mass shell and 
taking ?-invariance into account. It can be written in the following form: 

vu,(P2) e1,U3l(d) 

~ M~2 ,u1 (s,t,u) = Vu,(P2)Xµ(s,t,u)uu,(P1)e/3\d)cp" (1) 

Uu1 (pi) CfJrr 

where Uu, and vu, are the spinor and anti-spinor of the initial nucleons with spin 
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projections o-1 and o-2 , respectively; eµ(d) is the deuteron polarization vector, cp" is the 
1r-meson field; s, t, u are the invariant variables determined in Appendix I. 

For example, for the pp ➔ d1r+ process, this amplitude should be symmetrized over 
the initial proton states, and therefore it takes the form: 

- /J - 1 [ /J /J /J l Mu,,u, - ,/2 Mu,,u,(s,t,u)+(-1) Mu,,u,(s,u,t) (2) 

The second term in (2), corresponding to the exchange of two protons, is equivalent to 
the exchange of the t- and u- variables. • 

The amplitude Xµ for the process N N ➔ d1r can be expanded over six independent 
amplitudes [19]: 

(X Pµ X p~ v Pµ ii v ( ii ii ). v p~ ii) X = "f5 I'Y + X2- + 3- + ,1.4 -- + ,1.5 'Y - - -1 + ,1.5-- · 
µ µ m m mm µm m µ mm 

(3) 

• Helicity formalism. 
To calculate the observables; differential cross sections and polarization character

istics, it would be very helpful to construct the helicity amplitudes of the considered 
process N N ➔ d1r. So, we use for this reaction the helicity formalism presented in 
Ref. [20]. Let us introduce initial nucleon helicities µ 1, µ 2 and the final deuteron.\, and 
helicity amplitudes M~,,µ, (W, '19) depending on initial ener_g;y W in the N - N c.m.s. 
and scattering angle '19 analogous to (13]. This amplitude M~,,µ, (W, '19) corresponds to 
the transition of the N N system from the state with helicities µ 1 , µ 2 = ±1/2 to the 
state with ,\ = ±1, 0. 

With respect to discrete symmetries, we have from parity conservation [20]: 

M>. = 'J') (-1)(µ,-µ,)->.M->. = (-1)µ,+µ,+>. M->. . µ,µ, .,p -µ,-µ, -µ,-µ, (4) 

Time - reversal symmetry leads to 

M>. = (-1)(µ,-µ,)->. Mµw, 
µ2µ1 ). ' 

(5) 

where 7/P = ~(-1)•r••-•2 = (-1); TJ;,s; are internal parities and spins of particles. 

Introducing 6 helicity amplitudes as [13] 

AS -M-±. AS -M-o . AS -M-±. 
'±'~ - ++' 'J:'~ - +±' ":l': - +-' 

which satisfy the following symmetry equations 

<I>1,3('19) = -<I>1,3(1r - '19); 

<I>2,5('19) = <I>2,5(1r - '19); 

<1>4,6('19) = <l>5,4(1r - '19) , 

one can calculate all the observables over a range of 0 < '19 < 1r /2. 

(6) 

(7) 

All the amplitudes M~
2
µ, (W, '19) should vanish at forward and backward angles, and 

therefore we use the amplitudes introduced by Ref. (20]: 
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_>.. (. ,a)l!'+>.I( ,a)lµ->.I _>. 
Mµ,µ, (W, -8) = Sm2 Cos2 Mµ,µ, (W, -8), (8) 

where (µ = µ1 - µ2) and M~
2
µ, (W, -8) are the non-vanishing amplitudes at ,a = 0 and 

,0 = 7L 

Let us present now the relation of helicity amplitudes { <l>;n=l to the invariant 
functions {X;lf=i · We choose the axis z along the nucleon momentum Pl· Using 
expansion (3), one can get the following form of the helicity amplitudes: 

ip, = ±\1'2 {]!_ (~x.a + cd - c xa) _ 2P(cd - c) 'f kc x.a} , 
a m m 2 m 4 m2 5 

;p2 = _}:_ {xs _ ~ (~x.s + Cd - c x.s)} 
M 1 mm 3 m 6 

-: {~ (: x2a + Cd:i c xt) + 2ff~mM
2 x;} Cos-8, 

ip, = v'2 { (!!...,r 2~x.a) 2P2k ( Sin2
-B/2) xa} 

6 m 1 'f m 5 'f m3 Cos2'8/2 4 

~ 2 p { Cd (' s pk vac _a) ck2 vs} 
""5 = m M X1 + m2"'4 osu - Mm2"'6 . (9) 

where xP\s, t, u) are symmetric and antisymmetric combinations x{~} = (X;(-8) ± 
X; ( 7r - -8)) / ,;'2. All symmetry properties (7) are satisfied by these amplitudes. 

The helicity amplitudes are decomposed into partial waves by (see (13]) 

- >. ~ 2J + 1 ( 1 )>. 1 Mµ,µ,(W,-8) = L-
2

- M (W) dµ->.(x); 
J µ2µ1 ' 

(10) 

where x = Cos-8, and the azimuthal angle cp is taken to be zero. Using orthogonality 
relations for the d-function, one obtains 

( 
J )>. fl J - >. 

M (W) µ,µ, = 1-i dµ,->.(x)Mµw, (W, -B)dx (11) 

and from symmetry relation (6) one can find that <I>! = (-1)1+1<1>{ 
6 4 

III. REACTION MECHANISM 

• One-nucleon exchange (ONE) and 1rNN-vertex. 
Within the framework of the one-nucleon exchange model, the amplitude Xµ can 

be written in a simple form: 

P2 fµ d 

=rn_ ---_: Xµ = g+hN(n2)f µ(d)SF(n)r ,r , 

P1 r" 1r 
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(12) 

when' f 1,(d) is the deuteron vertex pn -+ d with one off-mass shell nucleon, SF(n) = 
(ii - rn + ·i0)- 1 is the fermion propagator; -thf' Yalu<' of the coupling constant is g+ = 
v'2.rJ° = ,/2,g, g2/41r = 14.7. and n2 = (d - p2 ) 2 = t: thP function hN(n2

) desrribes 
th<' vertex NN1r where one nuclf'on is an off-mass shP!l. but thP othf'r on<' and thP pion 
are on-mass shell particles [13]. Thr vertex f 1,(d) can IJf' n•latf'd to th<' <lf'utpron waw 
function (VWF) with the help of thP following equation [21.22]: 

- f 1, )111,. ( n1,)ii-m w1, = 
2 2 

.
0 

= ip,(thµ + .,;2(t - + -?:iUh, + .;.,(t)- -- . 
n-m+z 111 mm 

(13) 

ThP fonnfactors ip; ( t) arP relatrd to two larg<' 1·omponPnts oft hP 'DW Fu and w ( corre
sponding to the 3S1 and 3 'D 1 states) and to small rnmponents l't and l's (corrPsponding 
to the :ip1 and 1P1 states) as in (17]. 

Lrt us discuss now the prohlPm conn<'<'tPd with the form of the 1rNN wrtex r 1r· In 
the general case, it can be expandPd m·er four cornriant quantities if all particles are 
an off-mass shell (23]: 

(F JJ1+m F]Ji-rn h+mJJ;-m) r" =,5 , +F2---+ :1--+F4------ ; 
rn rn m 111 

(14) 

here Pi, JJJ arc the four-momenta of initial and final 1111c!Pons, { F;(t; pf. p}) };1= 1 arP som<' 
functions depending on the relativistic invariant transfer t = (Pi -pf )2 and their massrs 
JJT,1 or the so-called pion formfactors. In our case, one nucleon (PJ = n) is tlw off-mass 
shell only, and therefore we have two terms in eq.(14) instead of four bPcause the third 
and the fourth ones are vanishing, taking into account the Dirac equation for a frep 
fermion. Then, eq.(14) can be written in the form: 

( 
ii+ m) PS PV ir r" = ,s F1(t) + F2(t)-- = >.F (ths + (1 - >.)F (ths-, 

m 2m 
(15) 

Note, according to the so-called equivalence theorem (24] the sum of all Born graphs 
for elementary processes, for example the pion photoproduction on a nudPon and 
the other ones, is invariant under chiral transformation. This means that starting 
with the Lagrangian appropriate to the pseudoscalar (PV) coupling, one Pnds up in 
the Lagrangian appropriate to the pseudoscalar (PS) rnupling by performing a chiral 
transformation. This equivalence theorPm is related to the processes for !'!Pment,u~· 
particles. But in our case, for the reaction N N -+ ci'lr there is a bound state, a 
deuteron, and therefore reducing this process to the one where only elemPntary partir!Ps 
participate, we will have the diagrams of a higher order ovPr the coupling rnnstant 
than the Born graph. So, the equivalence theorem cannot be applied to our rnnsidPrPd 
processes. Therefore, the vertex r" in our case can be written in thf' form of <'q.(15) 
which is actually a linear combination of pseudoscalar and pseudoV!'d.or rnupling with 
the so-called mixing parameter >.. 

For the on-mass shell neutron (n2 = m2 ) and the virtual pion, we haV!' r ~ = 1,,. 
Finally, using equations (3), {13) and (15) (n = p' +11), om• mu find the following forms 
of the invariant amplitudes { X; H=, 
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t- m2 

X1 = g+ {F2'PI - 2(F1 + F2)rp3} -
2
-; 
m 

+ [ . { ) } t - m
2

] X2=g m F1(r,:>1+'P2)- F2(rp2+rp3-rp4 -2F1rp4 
2

m 2 

X3 = im [Fi(2rp1 + rp~) - {F2(r,:>2 + 2rp3 - rp4) - 2F1rp4} t ;m:2
] 

{ 
t - m

2 
} X4 = X6 = - g+m F1'P2 - F2 

2
m2 rp4 

m { t- ~
2 

} Xs = g+ 2 F1rp1 - F2 
2

m2 .rp3 · (16) 

Note, the amplitudes { X; }r=1 satisfy the following equations: X2 -A'.1 + 2Xs = 0 ; X4 = 
x6. 

The dN N vertex has been studied by Buck and· Gross [17] within the frame
work of the Gross equation of nucleon-nucleon scattering. They used a one bo
son exchange (OBE) mod!)! with 1r, p, w and a exchange. In their study, they sug
gest that the formfactors FPS and FPV have the same t - dependence, in particular 
F'P8(t) = F'PV(t) = h~(t), and consider>.= 0.0; 0.2; 0.4; 0.6; 0.8 and 1.0. In each case, 
the parameters of the OBE model were adjusted to reproduce the static properties of 
the deuteron. They found that the total probability of the small components of the 
DWF: P,mati = J0

00 p2dp [vf(p) +v;(p)], increases monotonically with growing>. from 
approximately 0,03% for >. = 0 to approximately 1.5% for A= 1. 

The function hN(t) is the nucleon formfactor caused by the virtual nucleon and can 
be taken by the Breit-Wigner-type form suggested by [25] and.[13]. 

hN(t) = m - ER . - . 
,Ii - ER+ if(t)f.2 ' r(t) = 20:8( ,Ii - m - µ)exp { 

• fJ } 
y't-m-µ 

(17) 

'at a= 0.26 GeV ; fJ = 0.40 GeV ; ER= 1.42 GeV. 
Let us analyse the contributions of functions rp1, rp2 determining the form of DW:F 

to the invariant amplitudes X;. It is interesting to conside'r the case when the off-mass 
shellness of the nucleon is small, e.g. rp3 = cp4 = 0 and >. = L In this case, we have 5 
relativistic invariant amplitudes { X;H=2 instead of 6. 

• Second-order graphs 
Let us consider now the second order graph corresponding to the rescattering of 

the virtual 11"-meson by the initial nucleon. This mechanism of the N N ➔ 1rd process 
has been analysed by many authors, see, for example, [12,13]. Our procedure of the 
construction of the heiidty amplitudes corresponding to the triangle graph is different 
from the ones published by [12,13], and so we present the proof of the forms of these 
amplitudes briefly. · · 
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P2 fir 7/ f°'µ d 

: 'i"..7' 3 x•P = _!L__ f h ( 2):Fµ ( ij, 7/o = ✓if-+ m2) d37J -----L--'""--~ µ (21r)3 "q 2 _ 2 2 (18) 

!
el --- 7r q µ 7/0 

JJ1 
irN 

where hir(q2) is the pion formfactor corresponding to the off-mass shell 7f-meson in 
the intermediate state; its form has been cliosen in the monopoly one hir(q2

) = (A2 
-

µ 2)/(A2 
- q2) as like as in [12,26]; here A is the corresponding cut-off parameter. The 

general form of :Fµ can be written as follows: 

:Fµ = r"s~(7J)f' µSJ'(k)J:~, (19) 

where J;¼ is the amplitude of 7f N elastic scattering; it can be presented as expansion 
over two off-shell invariant amplitudes g1r, = (A+ B'if) which depend on four momenta. 
We compute A and B from the on-shell 1rN partial wave amplitudes Tz'.t(sirN) under 
the assumption 

Tz±(SirN, tirN, U,rN) ~ Tz'f(s,rN) , (20) 

where T/1t ( s" N) are taken from the Karlsruhe-Helsinki phase shift analysis [27]. How
ever, in the partial wave decomposition of the invariant functions, full off-shell angular 
momentum projectors are used for the lowest waves in the manner discussed for the 
N N ➔ N N1r reaction in Ref. [28]. 

Using the covariant form of the deuteron wave function \[Iµ (13), the matrix :Fµ (19) 
can be decomposed into a suitable set of invariant functions : 

2'"'~ . :Fµ = m L..Jµ(i)a; ; (21) 

the matrices Iµ(i) and functions a; are presented in Appendix III. 
We are faced with a three dimensional integro - operator over the loop momentum. 

i•P = L rrym 7J2d7] 11 h,r(q2)dCosfJry {2,r 
(21r)2 lo 2~ _1 q2 _ µ2 )0 drpry · (22) 

The square of energy sirN, the momentum transfer UirN and the square of virtual pion 
mass q2 do not depend on azimuth rpry: 

S,rN = (PI + q)2 = s - 2yS7)o + m2 
; 

U,rN = (PI - q)2 = t ; 

q2 = 2 (m2 
- c7Jo - PT/3) (23) 

Note, at Tp = 0.578 GeV we have: 

o s - (m + µ)2 +m2 . ----- . 
7/m = 

2
VS ; 7/m = J(7J';.)2 - m2 ~ 0.366 GeV. (24) 
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In this kinematic region, the square of the pion four-vector q2 is space-like and the pion 
is moderately far from its mass shell (0 > q2 > -0.3 GeV2] whereas an active nucleon 
is close to its mass shell [0.83 > k2 > 0.63 GeV2]. 

Triple integral (22) over azimuth '-Pr,, polar angle -{)'1 and the magnitude of three
momentum 1] must be done numerically for which we used a Gauss method. There are 
6 triple integrals over a complicated complex integrand for each scattering angle. 

IV. OBSERVABLES 

Using the helicity amplitudes discussed in section 2, one can calculate all the ob
servables: differential cross section, asymmetry, deuteron tensor polarization and so 
on. 

It is convenient to introduce hybrid reaction parameters (HRP) for the reaction 
N N ➔ drr as [13,20,29] 

(a/3 / LM)Mad = Ep(-l)MTr [a0 a13 M:,µ, Tif(sd)M;,µ,] E-1 . (25) 

with co = Ex = l; Ey = E, = 1, a,. and ap (a, /3 = 0, x, y, z) the Pauli spin operators 
for initial nucleons and TKf(sd) the spin-one tensor of rank L :C::: 2. The normalization 
of the 1-lRP is such that (00 / 00) = 1. All quantities are in the Madison convention. 
Then, the differential cross section is related to E as 

6 m -2da 1 da 
E = 2 L / <I>; /

2 
= 4t (4rry's) dO = ao dO ' 

I 
(26) 

where p and k are the momenta of initial proton and final deuteron in the c.m.s. There 
are 4 x 4 x 9 = 1441-lRP. However, since parity invariance reduces the number of inde
pendent amplitudes to six, there are only 36 linearly independent bilinear observables. 
They have the following symmetry properties and relations: 

(a/3 / LM) is { _real } if no+ ny + L is 
imag. 

no,y is number of ao,y ; 

( a/3 / LM).i = (-1 )M (/3a / LM)1r-.i ; 
(a/3 / LM) = (,.(13 (-l)L+M(a/3 / L- M), 

(o = (y = 1 ; (x = (, = -1 . 

{
even} 
odd ' 

(27) 

Let us present now the expressions for the following observables in the c.m.s. using <I>;: 

Ayo= 4Jm(<I>1<I>4 + <I>2<I>; + <I>a<I>~)E-1, Aoy(0) = Ayo(rr - 0), 

A,x(0) = Ax,(7r - 0), Axz = -4Re( <I>1 <I>4 + <I>2<I>; + <I>a<I>~)E-1, 

A,,= -1 + 4(/<l>4/2 + /<I>s/ 2 + /<I>6/2)E-1, 

Ayy = -l + 2(/4>1 + <I>a/2 + /<l>4 + <I>6/2)E-1, 

Axx =A,,+ 2(/<I>i + <I>a/2 - /<l>4 + <I>6/ 2)E-1. 
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(28) 

The expressions for the deuteron tensor polarization components are the following: 

iT11 = -V6Im [(<I>i - <I>i)<I>2 + (<I>~ - <I>~)<I>s] E- 1. 

Tw = [1 - 6(/<I>21 2 + l<I>sl 2)E-'] /V2, 

T21 = vGRe [(<I>; - <1>;)<1>2 + (<I>; - <I>~)<I>s] E-1. 

T22 = 2V3RP(<I>;<I>a + <I>:<I>G)E- 1 = (1 + 3.-l.yy - V2T20)/(2V3) . (29) 

V. RESULTS AND DISCUSSIONS 

In order to investigate the effect of small components of the VWF, we haw calcu
lated the differential cross section drr / dO. polarization rharacteristics .-l.;;. Ayo- etc. for 
pp ➔ drr+ as a function of scattering angle at proton ki11Ptir energy Tp = 5 781'1 e, · cor
responding to pion kinetic onr T" = 147,Ucl. becaus<' at this en('rgy the probability of 
.6.-isobar production by the two·_ step mPchanism is rathPr sizeable. All thr calculated 
quantities are in the Madison conwnt.ion and com1mrPd with the ('XperimPntal data 
[14,30] and partial-wave analysis (PWA) by R. . .\. Arndt et al. [31] (dotted curw). The 
cut-off parameter A and the mixing llll<' .\ corresponding to thP 1r NN wrtex are chosen 
by the best fitting of the experimental cross sprtion drr / dO data. WP haw d1erkPd that 
the polarization curves change very littlP if we vary the cut-off paranwter .\. 

Note that the contribution of the triangle graph is wr~· largp at int<'rmPdiate initial 
kinetic energies and much smaller at lower energiPs. It is caused by a large YaluP of 
th1.\ cross section of elastic 1r N scattering because of a possiblP crPation of the ~-isobar 
at this energy. One can stress that the application of Locher's form VWF [15] does 
not allow one to reproduce the absolute value of the diff Prential cross sPrtion (see FIG. 
1.) over the whole region of scattering anglP -{)_ But using the Gross approaeh for the 
VWF, one can describe da/dO at.\= 0.6 - 0.8 rather well. 

The next interesting result which can be seen from FIG. (2-6) is a large scnsitiYit_y 
of all the polarization characteristics to the small components of the VWF. TIIP 
asymmetry Ayo (FIG. 2.) and the vector polarization iT11 (FIG. 3. ) eakulatPd 
within the framework of Grass's approach particularly show this large sensit.h-ity. ThesP 
quantities are interference dominated and sensitive to the phases. The results for iT11 

have a wrong sign with Locher's form VWF [14]. On closer inspection, W<' obs1'ITP 
that the first term in eq.(29), (<I>i - <I>i)<I>2, is very big due to constrnct.iw int1•rfrn•nn' 
<I> 1 ~ -<I>:1. It is caused by the N 6 configuration in a relatiw S ,,·av(' hm·ing /IP 
spin zero (11J2 state). The 11J2 partial-wave dominates making <1> 1,2,:1 larg<'. hut tllP 
results are the same contribution to <1>{=2 and <1>{=2 (with oppositP signs caused b~· 
the relevant Wigner d-function signature). Since the contribution of <I>.15,n is nPgligible, 
the sign problem for iTll is therefore very sensitive to the <I>{= 0 (or 'So) partial waw. 
As iTll is very nearly proportional to <I> 2 , the phase of <I>2 dPtPrmines the sign of iT11 • 

The right structure of the observables starts to appPar gradually in the thPorPtinil 
curves as one increases the mixing parameter .\ in the Burk-Gross model, that is to 
say, as one increases the probability of the small compommts in th<' VWF. \Ve han• 
checked that this structure originates indePd from the small rnmponents v1 and "• in 
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eq.(13). · If we make v1 = v5 = 0 in the Buck-Gross model, then all curves become very 
similar to Locher's ones. Similarly, if we vary the 1r NN vertex given by eq.(15) by 
considering>. between O and 1 but keep Locher's VWF, then the curves change very 
little again. 

The proton spin correlations A;; are presented in FIG. ( 4-6). Actually, the data 
on A,, (FIG. 4.) is the measure of the <1>4,5,6 magnitudes because the deviation of 
A,, from -1 is determined by these amplitudes (28). According to the partial-wave 
decomposition, <1>4 and <1>6 are the amplitudes containing only triplet spin states in the 
pp channel. One can conclude that the magnitudes of the spin-triplet amplitudes arc 
somewhat small. As for Ayy (FIG: 5.) and Axx (FIG. 6.), the terms proportional to 
<1> 1 + <l>3 can be neglected because there is a phase relation <1> 1 ~ -<1>3. Therefore, the 
deviation of Ayy and Axx from -1 is determined by <1>4,6 again, whereas <1>5 does not 
contribute to the numerator of Ayy· 

One can also see a large sensitivity of the observables A;; to the used form of VWF. 
The application of Grass's approach by the construction of VWF (17] results in the 
shapes of these characteristics which are different from the corresponding ones obtained 
within the framework of Locher's approach (16]. 

Note, the energy dependence of all the observables within the framework of the 
suggested approach is the subject of our next investigation. 

VI. SUMMARY AND OUTLOOK 

A relativistic model for the reaction N N -+ dn has been discussed in detail using 
two forms of the VWF (14] and (17]. One of them (14] was already used in the analysis 
of the pp -+ dn process (13] also taking into account the two-step mechanism with 
a virtual pion in the intermediate state. The difference between our approach and 
the model considered in (13] is the following. We have analysed the sensitivity of all 
the observables to the form of 7r N N-current and the choice of the VWF relativistic 
form. First of all, from the results presented in FIG. (1-6), one can see very large 
sensitivity of all the observables, especially of the polarization characteristics to the 
choice of the VWF form. The inclusion of the P-wave contribution in the VWF 
within the framework of Grass's approach (17] results in a better description of the 
experimental data on the differential cross section and the polarization observables. 
The next interesting result is related to the extraction of some new information on the 
off-shell effects due to a virtual (off-shell) nucleon. Comparing the observable with the 
experimental data (see FIG. (1-6)), one can test the assumption, suggested by (18], of 
a possible form of the pion formfactor and conclude that one cannot use the mixing 
parameter >. = 1 as like as in (14]. 

One can stress that the one-nucleon exchange and the pion rescattering graphs 
have been studied only in this paper in order to investigate very important effects: 
off-mass shellness of nucleon and pion, and P-wave contribution to the VWF. The 
interactions in the initial N N and final dn states can be in principle contributed to 
the total amplitude of the considered reaction. However, it will be as a separate stage 
of this study because a more careful inclusion of elastic N N and d1r interactions at 
intermediate energies is needed. 
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Finally, let us stress that there is in principle an alternative approach to study the 
VWF at small distances based on the non - nucleon or quark degree of freedom (32-34]. 
However, the main goal of our paper is to show the role of the conventional nucleon 
degrees of freedom in the deuteron by analyzing the processes of the type NN-+ dn. 
Therefore, we didn't analyse the application of quark approaches to this reaction. 

Acknowledgements. 
We gratefully acknowledge very helpful discussions with V. R. Pandharipande, R. 

Machleidt, S. Moszkovsky and E. A. Stroko.vsky. 

VII. APPENDIX I 

• Kinematics of N N -+ d1r. 
The S-matrix element of the reaction S!

2
u, =< 1rd, outlP1P2, in > is related to the 

corresponding M-matrix element by the following equation: 

S/3 l . m 
u2u1 = (2 )2 -,====64 

(1r + d - p _ ) M/3 
7r vc1c22c,r2cd I P2 u,u,' (30) 

where (3, a 1 and a2 are the spin indices of deuteron polarization and spin projections 
of initial nucleons. 

As is well-known, Mandelstam's variables 

s = (Pr + P2)2 ; t = (d - P2)2 ; u = (d - P1)2 , 

are related by the condition: s + t + u = M 2 + 2m2 + µ2 = h. 
Let us introduce the following variables: 

p = PI + P2 P2 = S 

P = (Pr - P2)/2 , p' = (d - 1r)/2. 

Note, 

s l s t+u 
P2 = m2 __ < o. p'2 = -(M2 + µ2) __ < o. p'2 +p2 = __ 

4- ' 2 4- ' 2 

(31) 

(32) 

1 t- u 
(pP) = 0; (p'P) = 2(M2 

- µ2) ; (p'p) = V = -4-:::; 0 . (33) 

Let us now introduce two space-time four-vectors orthogonal to P and p : 

1 Nµ = -- € iv ppu J-p2P2 µvpuP P ; (Np')= O; 
1 . 

Lµ = J-p2P2€µvpuNvpPpu = (p' _ .!!_p )- (p'P) . µ p2 µ p 2 Pµ, 

N 2 = L2 = { (p'2 _ v
2
)- (p'P)2} p2 ~ :::;o; (LN)=O. (34) 

Then, one can get the whole system of orthogonal unit four-vectors { e),"l }!=0 , three of 
them are space-like : 
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e(l) = l = ~ · e(2l = n = ~ · e(3l = e = _l!!!__ · µ - µ FD, µ - µ ✓-N2 , µ - µ Fr, 

and one of them is time-like: 

p 
e(O) = _µ_ 

µ ,.j"p2 . 

They satisfy the following conditions : 

gµve (u)e (p) = 
9

up. 
µ V > e (u)e (p)g = 9µv , 

µ I.I up 

(35) 

(36) 

(37) 

Therefore, any four-vector aµ can be expanded over this unit orthogonal system, i.e.: 

aµ= (ae(u)) eµ(p)9up; a2 = (ae) 2. (38) 

For example, we can expand the matrix four-vector Xµ (1) over these basic vectors: 

Xµ = Xiei) = x1lµ + x2nµ + X3Cµ , Xi = -xµe~) = 15 (a;+ b;D ; (39) 

VIII. APPENDIX II 

• Pauli's representation of N N -+ d1r. 
In the c.m.s., we can use the next Pauli form of the reaction amplitude 

M~
2
u

1
(t,u)=w~u,(xe(i3l)wu,· (40) 

The vector of the reaction is parametrized in the following form: 

6 

x = "I:,x;(p 2,nff) · T = x1,;, + x2n + ix3 [ax,;,) 
i:::::l 

+ix4 [o' x n) + ix5 (o'n) [n x ,;,) + ix6 (o',;,) [n x ,;,) ; (41) 

where: <;,=ff, n = -ed ; e,,2 = n 2 = 1 ; z = (n,;,) . 
And, finally, we have the following connection with invariant expansion (3): 

. p ( £ £d - £ ) 
X1 = -- -X2 + --(X4 - 2X5) ; 

mm m 

k ( £ ( £ £d - £ )) 
X2 = - M X1 - m m X3 + -;;-X6 

p £d - M ( £ £d - £ £d + M ) - --- -X2 + --(X4 - 2X5) + 2--X5 z; 
m M m m m 

p (£d ( pk ) t:k
2 

) X3 = - - X1 + -ZX4 - --X6 ; 
m M m2 Mm2 

p (£d - M ( pk ) t:k
2 

) X4 = -- --- X1 + -zX4 - --X6 z 
m M m2 Mm2 
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k ( £2 ) - - 2 X.1 - (X4 - 2X.,) . : 
m 1n 

p (Ed - Al ( pk ) EA:
2 

) 
X5 = -~ AJ X1 + m2ZX4 - Afm2x6 ; 

kE-m(E ) X6 = ---- -X4 + (X4 - 2Xs) . 
m m m 

(42) 

Hdicity amplitudes ( 4) can be related to the corresponding Pauli amplitudes {x;}?=i 
(41): 

<I>, = ,/2 (=nf - X~ + x~Cosi9 + x~) ; ., 
<]) 2 = x~Cos19 + ,; ; 

- { ., " •. , ( Si11
2

i9 /2 ) } <l>t = (X3 ± X,i) + 2x., Cos2i9/2 

<I>5 = 2x:;Si111'J . (43) 

IX. APPENDIX III 

In this appendix we give explicit expressions for helic-it.y amplitudes (4) for tlw 
rescat.tering diagram. The evolution of the expression for x:;' (18) is straight.forward. 
The spin structure operator F,, (19) here 

J_,r =~ -'I~(.)-r (-iJ+m),,. (k+m)(, _) 
2 .rµ ~a, 1, 1. - " -,, 1, .-i+B1r 

m i=l '/11. 1ll 
(44) 

is a 4 x 4 matrix in the spinor space and carries the label of deuteron polarization. Thr 
first six of the operators i 1, ( i) do not depend on the integration variable: 

- - • - - J/1, . - - JJ;, . 'I1,(l) - 1s1µ, 'I1,(2) - '"'ts-, 'I1,(3) - ,,,-, 
11/. 711, 

- - -P1, . - C. - _p;, . - - -'I1,(4) - 151r-, 'I1,(u) - '""(r,7r-, 'I1,(G) - 1 r, 1111r. 
m m 

The next three of Iµ(i) depend only on 17: 

- ( ) 1/1, - ( ) ijr7i, - ) ( ij fj ) I,, 7 = '""(5-; 'I1, 8 = 152; 'I1,(9 = "fr, 11,- - -111 
m m mm 

The remaining iµ(i) are: 

i1,(l0) = 15 ijp~, ; 
m 

'I- ( ) ijp,, -
I' 13 = '""(5 2 71" ; 

m 

- I 
- ( ) _ 1/JJ,, • - ) _ 11,, _ . 'I1, 11 - '""(r,- , 'I,,(12 - '}r,-71" , 

71/. 11/. 
- I ~ 

- _ 'l/]11, _ • - c. _ , 1/1Ji1 _ 
'I1,(14) - 1 r, 2 1r , 'I1,(lu) - 1,, 2 1r 

111 111 

- ij -'I,,(IG) = 1s11,-1r . 
1/1, 

13 

(45) 

(46) 

(.ti) 



With little algebra, one finds 

( 
q2 ) m2 - t k2 - m2 

a1 = A 2 - 2 'P1 + B---<pi + A 2 ','.':1 ; 
m m m 

a2 = -2Arp1 = a3 ; a4 = - 2Bc,:;1 = as ; 
1 q2 k2 - m2 

a5 = --A<pi - Bz'Pl + B--2-'?3; 
m m m 

q2 m2 - t k2 - m2 
a7 = -2A(2<p1 + <,?2) - A 2 <p2 - B-- (<,?1 + 1P2) - A--2- (cp3 + <p4) 

m m m 
m 2 - t · k2 - m 2 

as= 2A(<p1 + <,?2) + B--<p2 + A--
2
-<p4 ; 

m m 
m2 

- t k2 - rn2 

ag = A<p1 + B---rp1 + A--2-<p3 ; 
2m 2m 

aw = 2Arp, = au ; 
1 q2 k2 - m2 

a12 = -A (2cp1 + 'P2) - 2Bcp, - B 2 <p2 - B 2 (2rp3 + rp4) 
m m rn 

a13 = 2Bcp, = a14 ; 

1 k2 - m 2 

a 15 = --Arp2 + 2Bcp, + B--
2
-rp4; 

m m 
1 k2 - m2 

al6 = --Arp1 + B 
2 

cp3 . (48) 
m rn · 

Calculating all the spinor matrix elements, one comes to the following explicit 
expressions for the helicity amplitudes of the rescattering.diagram (S = Sin{); C = 
Cos{)) : 

xi =M!+ =c M:_ 

~ { p ( E 110 ) pE,r ± kc } S = I[ ± - -a2 + E,ra4 + -a10 - ---a5 lo 
m m m m v2 

(e±11) { E 110 } 1o2d111 ± i112C) ± P110S - -- -a7 + -as+ E1ra12 - v ..::---~~--ag 
m m m m 2 

{ 
EE,r-pkC kc . PE1r-kEC}{ p S (e±11) } 

+ 110--cc--- - - (111 - z112) S + 113---- ±-a13- - --a15 
m 2 m 2 m 2 m v'2 m 

{c" [ 111 ± i112C] k S } - - (e±11) + ---;=~ - 110-- a15] ; 
m v'2 m v'2 (49) 

X2 = M~+ = - M~-

=I[-- a,-- -(a3-2ma5)+E1ras+-au ~ k{ c(c 110 )} 
. M m m · m 

P { Ed ( € 110 ) 2ffd - M
2 

} - - - -a2 + E,ra4 + -a10 - ----a5 C 
m Mm m M 

(eo11) { € 110 } { p (1IO€d 113k) . 112ffd } - -- -a7 +-as+ E1ra12 + 2 -. --C + -- - z--S ag 
m m m m mM mM m2 M 

- 110--=--- - - (111 - z112) S + 113-----,=---- --a13C - -. -a14 + --a15 { 
ff,r - pkC kc . PE1r - kcC} { PEd ck (eo11) } 

m2 m2 m 2 mM mM m 

Cd - € { . 2ffd - M 2 M } 
+ 2--(eo11)a15 - z112 M S + - (111S + 113G) a,6] ; 

m m m· (50) 
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Xt = M!_ = - M'.'.'+ 

~ "'( Cos
2
{)/2) { ( p ) p

2
k ( Sin

2
{)/2) } = I [ v 2 Sin2{) /2 . ;;-a1 ± ka5 ± 2 m2 Cos2{) /2 a4 

p (e±TJ) {111 - i112 + k s} - --- ---as a12 
m m m 

r,;113 ( Cos
2

{) /2 ) 111 - i112 ( p
2 

) S 
+ 2v..:: m Sin2{) /2 ag ± -m-- 2ag ;t m2 a10 v'2 

+ -{(111 - z112) C-113S} ±-a13- - --a15 k . { p S (e±11) } 
m · my'2 m. 

- 2-(e±11)a15S ± --- €- Cf p- -a15· pk 111 - i112 ( C,r k ) S 
m2 m ·. m m v'2 
rn ( Cos

2
{) /2) { c ( c,r ... · k) p ( , e" k)} 

+ v..:: Sin2{)j2 m 113m =r=110;;- + m 11om 'f113m a15 l (51) 

xs = M~- = M~+ 

~ p{Ed( ~k) ck
2

} p(~o11){111-i112 } = I[ - - a1 - -a4C + --a5 S ~ --- ---as+ka12S 
m M , --m Mm m .m m 

1l3€d 111 - iT]2 { Cd ( p
2 

) €pk } + 2--agS - --- - 2ag + 2 a10 C - - 2 -au 
.mM m. M . m mM 

k · · { PEd - · •. Ek.. · (eo11) }· pk 
- - {(111 - i112) C -113S} --a13C - --a14 + --a1s . - 22 (eo11)a15S 

m · mM -mM m m .. 

{ 
2ffct - M 2 

( p E · . ) cpk . } , 
+ mM . 110;;-S-;;-{(111-z112)C-113S} +2m2M(111-i112) a15]. (52) 

. - . - . . 

Here 

1 . . k Cd 
(e±TJ) = ± v'2 (171G ± z172 -173S); (eoTJ) = T/o M + M (171S ~ 173G). {53) 

In the spectator case, the integro-operator takes the form {22). -The calculation is 
carried out numerically as described in the text. 
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FIGURES 
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FIG. 1. Differential cross section da/dfl for pp--+ dn+ as a function of scattering angle 
in the c.m.s. at Tp = 578MeV when the cut-off parameter A and mixing one >. varied 
simultaneously both in the deuteron wave function and in the n N N vertex. The dashed 
(>. = 0.6; A = 1), solid (>. = 0.8; A = 0.6) and dot-dashed (>. = 1; A = 0.6) lines correspond 
to the Gross W.FV (17]. The dot-dot-dashed line corresponds to the results with Locher's 
W.FV [16] (>. = 1; A = 1). The dots represent the partial-wave analysis by R. A. Arndt et 
al. (30]. The data are from (14,15,30]. All spin observables are in the Madison convention. 
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FIG. 2. Assymetry Ayo• Notation as in FIG. 1. 
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FIG. 3. Vcct.or polarization iTu. Notation as in FIG. 1. 
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FIG. 4. Spin correlation Azz· Notation as in FIG. 1. 
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I1.rmapHOHOB A.IO., llbIKaCOB r.11. 
PeJI.SITHBHCTCKHe H IlOJI.SipH3aUHOHHb!e .SIBJieHH.SI 
B peaKUH.SIX mna NN ➔ d 1t 

E2-98-296 

B paMKax pen.SITHBHCTCKOro no.uxo.ua npose.uett .ueTaJibHbIH attaJIHJ npoueccos 
THna NN ➔ d 1t. 3a MexattHJM peaKUHH 6panach KorepeHTHa.SI C)'MMa .attarpaMM 
O.!lHOH)'KJIOHHOro o6Metta H nepepacce.SIHH.SI. TioKa3atta BbICOKa.SI qyscTBHTeJibHOCTb 
I1OJI.SipH3aUHOHHbIX tta6J1IO,!laeMblX K BHeMaCCOBblM 3<pCpeKTaM BHyrpH ,!leH'I'pOHa. 
HeKOTOpb!e IlOJI.Slptt3aUHOHHbie xapaKTepHCTHKH MOryr ,!lcl)Ke H3MeHHTb 3HaK nocne 
yqeTa 3THX 3cpcpeKTOB. HccJie,!lOBaJIOCb TaK:)Ke BJIH.SIHHe P-BOJIHbl .ueiiTpotta. PeJyJib
TaTbl pactJeTa IlOJIHOro tta6opa tta6n10.uaeMblX cpaBHHBaIOTC.SI C 3KCnepttMeHTaJib-

HblMH .uaHHbIMH no peaKUHH pp ➔ d 1t +_ 

Pa6oTa BblilOJIHetta B na6opaTOpHH BbICOKHX 3Heprnii 0115111. 

npenpttHT 06'Le)lHHeHHOro HIICTHT)'T3 ll)lepHLIX HCC/le)lOBaHHH • .!ly6Ha, 1998 

Illarionov A.Yu., Lykasov G.I. 
Relativistic and Polarization Phenomena 
in NN ➔ d 1t Processes 

E2-98-296 

A detailed analysis of processes of the type NN ➔ d 1t is presented taking 
into account the exchange graphs of a nucleon and a pion. A . Jarge sensitivity 
of polarization observables to the off-mass shell effects of nucleons inside 
the deuteron is shown. Some of these polarization characteristics can change 
the sign by including these effects. The influence of the inclusion of a P-wave 
in the deuteron wave function is studied, too. The comparison of the calculation. 

results of all the observables with the experimental data on the reaction pp ➔ d 1t+ 

is presented. 

The investigation has been performed at the Laboratory of High Energies, 
JINR. 
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