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Abstract. The elastic backward proton-deuteron scattering is analyzed within
a covariant approach based on the Bethe-Salpeter equation with realistic
meson-exchange interaction. Contributions of the one-nucleon and one-pion
exchange mechanisms to the cross section and polarization observables are
investigated in explicit form. Results of numerical calculations for the cross
section, tensor analyzing power and spin transfers are presented. The one-
pion exchange contribution is essential for describing the spin averaged cross
section, while in polarization observables it is found to be less important.

I Introduction

Presently a wide-spread program of investigations of the structure of the lightest
nuclei is under consideration. There are new proposals to study the polarization
characteristics of the deuteron using both hadron {1, 2, 3] and electro-magnetic
probes (cf. refs. [4]). The future experiments are very interesting since a complete
reconstruction of the amplitude of the process [1, 4, 5] and an overall investigation
of the nuclear momentum distribution [2, 6] seems achievable.

Among the simplest reactions with hadron probes are processes of forward
or backward scattering of protons off the deuteron. The intensive experimental
study of these reactions has started a decade ago at Dubna and Saclay (see, for
instance, refs. [6, 7. 8, 9, 10]) and is also planed to be continued in the nearest.
future at COSY [2].

The measured momentum of the fragments is directly related to the argument
of the deuteron wave function in the momentum space. In this way one hopes
that a direct experimental investigation of the momentum distribution in the
deuteron in a large interval of the internal momenta is possible. By using polarized
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particles one may investigate as well different aspects of spin-orbital interaction
in the deuteron and can obtain important information about the role of “non-
traditional” degrees of freedom (like A isobars, NV excitation and so on) in the
deuteron wave function.

Nowadays a renewed interest receives the elastic backward pD scattering with
polarized protons and deuterons. A distinguished peculiarity of this process is
that in the impulse approximation the cross section is proportional to the fourth
power of the deuteron wave function (contrary to the break-up and quasi-elastic
reactions which are proportional to the second power of the wave function). This
makes the processes of elastic scattering much more sensitive to the theoretically
assumed mechanisms and the deuteron wave function. Another peculiarity of
elastic backward or forward pD reactions is that the amplitude of the process is
determined by only four complex helicity amplitudes, and a set-up of experiments
for a complete reconstruction of these amplitudes is rather possible. For this it is
sufficient to measure 10 independent observables as proposed in refs. [5, 11].

First measurements of polarization observables, such as the tensor analyzing
power Thy and deuteron-proton polarization transfer xp_.,, have been performed
at Dubna [7, 12] and Saclay 8, 9]. Theoretically the elastic pD scattering has been
studied by several authors [13, 14, 15, 16, 18, 19, 20]. It has been shown that the
cross section can not be satisfactorily described within the impulse approximation
and that other mechanisms, such as meson exchange or triangle diagrams [18,
19, 20], may become important. It is expected that the role of virtual meson
production becomes important at moderate energies of the incoming proton, p ~
1.2 — 1.3 GeV/c (or equivalently, at momenta of the outgoing proton P ~
0.31 — 0.33 GeV/c), corresponding to the range of excitations of A isobars during
the interaction. Namely at these energies the experimental cross section exhibits
a relatively broad bump (cf. [21]), which may be considered as an evidence of the
A excitations in the process of elastic backward pD scattering. Consequently, an
investigation of the contribution of such diagrams to the unpolarized cross section
and to the polarization observables, which are more sensitive fo the reaction
mechanism, is of interest.

We focus our attention here on a study of the contribution of virtual meson
production in the elastic pD amplitude within the Bethe-Salpeter (BS) approach
by using a numerical solution of the BS equation obtained with a realistic one-
boson exchange interaction [22, 23]. For the triangle diagrams we consider only
the positive energy waves (the largest ones), because the negative P waves are
expected to provide a negligible contribution to the total amplitude. Within the
present approach the effects of relativistic Fermi motion, Lorenz boosts and spin
transformations of the relevant amplitudes are treated in a fully covariant way.
The total amplitude of the process is presented as a sum of the amplitudes of
the one-nucleon exchange mechanism (investigated in details in a previous paper
[13]) and the one-meson exchange diagrams. It is explicitly shown that the total
amplitude is time-reversal invariant.

Our paper is organized as follows. In section II we present the kinematics
and notation. Section III contains the relevant formulae of both the one-nucleon
exchange process and, in more detail, the triangle diagrams. Results (such as nu-
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merical calculations of the cross section. tensor analyzing power Ty, polarization
transfer from deuteron to proton £p-p, and from proton to proton kp—p) are
discussed in section IV and summarized in section V. Some important technical
details are presented in the appendices.

II Kinematics and notation

We consider the elastic backward pD scattering of the type
p+ D = p(fm=180") +D. )

The differential cross section of the reaction (1) in the center of mass of the
colliding particles reads

do 1 1 M2 ;
a7 = w5 § 2 Maie 1 @
spin

where S is the Mandelstam variable denoting the total energy in the center of
mass, and M is the invariant amplitude of the process. In the case of backward
scattering the cross section Eq. (2) depends only on one kinematical variable,
which is usually chosen to be S. Other variables can be expressed via § by
using the energy conservation law; for instance, the Mandelstam variable u is
u = (M2 —m?)?/S, the center of mass momentum reads p% = —t/4 etc. Here Mp
and m stand for the deuteron and nucleon masses, respectively. In the laboratory
system we define the relevant kinematical variables as follows

1
D = (MD70)7 q= 5(}’1 —P2) = (QO,CD, p’ = (Elab,p,)1 ]pli = Plab, (3)

and the components of the polarization vector of the deuteron with the polariza-
tion index M = +1, 0 are fixed by

1 1 1 1 0
Ea=——x |1 |, Ea=—| 1], &=[0]. €
V2 0 V2 0 1
The Dirac spinors, normalized as %(p)u(p) = 2m and ¥(p)v(p) = —2m, read
9P =
u(p,s) = m( _a_%f ) , v(p,s) = \/;I—TL:—E( meXs ) ; (8)
m+eAS Xs
where ¥s = —ioyxs. and xs denotes the usual two-dimensional Pauli spinor .

The general properties of the amplitude M for the elastic scattering of the
spin type 1/2 + 1 = 1/2 + 1 have been studied in detail and are well known
(see, for instance, refs. [5, 11]); here we recall only the most important character-
istics of M. In principle, the process of the elastic pD scattering is determined
by 12 independent partial amplitudes. However, in case of forward or backward
scattering. because of the conservation of the total spin projection. only four am-
plitudes remain independent and these four amplitudes determine all the possible
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polarization observables of the process. There are many possible choices of rep-
resenting these four amplitudes. In order to emphasize explicitly the transition
between initial and final states with fixed spin projections it is convenient to rep-
resent M in the center of mass in the two-dimensional spin space of the proton
spinors and three-dimensional space of the deuteron spin characteristics. In such
a representation of the amplitude it is possible, by using Egs. (3) - (5). to express
all the partial spin amplitudes via the corresponding quantities evaluated in the
deuteron’s rest frame. Then using the same notation as adopted in refs. [5, 11, 13],
the total amplitude is written in the form

MENE = xF Farar xs, (6)
with
Fumr = AEu&l)+Bméy)(nély) +iC (o - [€pr x E3])
+ 1D (on)(n- [€y % E1p)), (7

where n is a unit vector parallel to the beam direction, and A, B,C,D are the
partial amplitudes of the pD elastic scattering depending on the initial energy.

The cross section (2) for unpolarized particles is determined by Tr (F* F). The
four scalar amplitudes A, B, C, D are related to the partial spin amplitudes M:’:{}I

via
11 Lg
2 =A+C+D, M} =A+B5,
Pl 2
i_q ~-11
ME =A-C-D, M2 =v2C (8)
2 2

The differential cross section and polarization observables under consideration
read [11]

B = s T FFY), ©)
+ 2 _ e *1 _ 2
Ty = — % 4 (2Re[AB*] + ql;lfl(;f%f; [CD*] — |D] )7 (10)
6 (Re[(2.A4* + B* + D*)C] + |C|?)
liD_),p = ’I‘I‘(}‘f—r) b (11)
2 (3|42 + 2Re(AB*) + [BJ2 — 2|C|? ~ 4Re(CD*) — 2|D|?)
fror = T (FF) - (12)

with

Te (FF*) = 23 + 2Re[AB'] + [BF +6ICI2 + 4Re[CD"] +2ID).  (13)
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IIT Basic formulae

In what follows we investigate the contribution of the relativistic one-nucleon
exchange and one-meson exchange diagrams to the process (1) as depicted in
Figs. 1a - lc. Correspondingly, the amplitude reads

s M __ s’ M st M s’ M
My =Toar +Toir T (14)

Y . ! M
where 7;81(}[ stands for the one-nucleon exchange amplitude, and Tss’A 7 and

T;’ijy/ denote the contributions of the triangle diagrams in Figs. 1b and lc.

III.1 The one-nucleon exchange diagram

The contribution of the one-nucleon exchange mechanism in pD reactions has
been investigated within the BS formalism in detail elsewhere (cf. refs. {13, 15,
16, 17]). Therefore, we briefly recall only the main results for the one-nucleon
exchange diagram.

Using the kinematics shown in Fig. 1 the one-nucleon exchange contribution
to the elastic amplitude within the BS formalism is

T = a(p, &) T2, 0") $2 Dar (92, 0) u(p, 5), (15)

where I'(p;, p2) denotes the BS vertex function of the deuteron, So = (o +m)~L
is the modified propagator of the exchanged (second) particle (see Fig. la). By
making use of Egs. (3) - (5) the covariant amplitude (15) may be expressed in
the form (7). The result (only for positive BS waves) is [13]:

do 12m? 2
d—fg = —g (Ws%(PLab)’f-WJ%(PLab)) Prop (16)
Tp(Pra)\>
Ay = 16wmP?, (WS(PM,)——D(T/_;—“Q) , (17)
3
By = lﬁmeI%ab —2-Q7D(PLab) (2\/§WS(PLab)+¥pD(PLab))7 (18)
Up(P,
Co = 16nmP}, («_IIS(PLa,,)——D(T;“—"l) (WS(PLabH\/ﬁ%(PLab)) (19)
3 EFD(PLab)) ;
Dy = — 2 —Wp(P, (xpP — 2 (20
0 167mPfy, 7 0(Prab) | s(Prab) 7 {20)

where we employ the notion of BS wave functions with [16, 24, 25]

Gg++(po, |Pras]) . Gp++(po.|PLab])

Us({Prasl) = N ZEEERELD (P y)) = N TEER T, (o)
with py = Mp — 2Er4, N = 1/4m/2Mp, and Gs p(po. |Praes|) as the partial
vertices with positive p spins.

Note, that within the one-nucleon exchange approximation the BS formalism
with only positive-energy waves provides exactly the same form of polarization
observables as in the non-relativistic impulse approximation [5, 11}, whereas an
account of the negative-energy P waves leads to more complicate relations among
the polarization observables and the deuteron wave function [13].
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II1.2 The triangle diagram

Now we proceed with an investigation of the triangle diagram depicted in Fig. 1b.
The corresponding amplitude, in case when the exchanged particles are a proton
and a 7", has the form

1\' (phPZ) Apz+p—>7r++D’ U(p 9) (2‘2)

s M _ / \/_gw N’Iv ’)’o
(2m)

where g,y is the TNV couphng constant 4 is the pion mass, $ar(p1,ps) the
BS amplitude, and the operator AM 7o +p _xt+4p describes the off-mass shell process
pg +p— 7t + D', Besides the amphtude (22), there is another diagram with
neutron and 7~ exchange, which is related to (22) by an isospin factor of 1/2.
For the sake of consistency, the operator A which is a 4x 4 matrix in the spinor
space should be computed within the same framework of the effective meson-
nucleon theory as the BS equation is solved. However, this is a rather cumbersome
- and ambitiouse problem. To avoid uncertainties connected with calculations of A,
in this paper we express it via the amplitude f;"z/{; of the subprocess p+p — 7t +D
with real on-mass shell particles by
ols = (m, D'| Alps, p) = 8(pa, 52) AM u(p, s). (23)

§2,8

The BS amplitude $as(pi, p2) is related to the deuteron BS vertex

pr+m p2—m
@ — F —_— e,
M(p1,p2) F—m i) M (P1,P2) Pl —m? 1 30) (24)

It is seen, at first sight, from Eqgs. (22) and (24) that there are six poles in the
integrand (22): three located in the upper half-plane of gy, the other three ones in
the lower half-plane. Actually, the two nucleon propagators in (24) contain only
two poles, as it may be shown, for instance, by performing an explicit partial
decomposition of the amplitude ®$as(p1,p2) in the spin-angular basis [25], hence
the integrand (22) contains two poles in the upper half-plane and two poles in
the lower one.

Inserting Eqs. (23) and (4) - (5) into Eq. (22) and keeping in the amplitude
@p1(p1,p2) only partial waves with positive relative energy (the explicit form of
@p1(p1,p2) in terms of positive waves is given in Appendix Appendix A.) the
contribution of the triangle diagram reads

s M lgm’V’V Ejgp+m AL
sM Z/(Qﬂ)47r2-—u2+1cEv E, +mf2*5 2, D) (25)

I:GS"‘“"(QO, lal) — Gp++(go.lal)/v2
(Mp —2E;)? — 4¢% +ie

X:; ((UK:) (O'éM)) Xsa

4 3 Gp++(qo: 1dl) (€t (1 _ Eqtm (UQ)(UP)> %2} :

(Mp —2E,)? —4q% +ie Eigp +m g2

where K = q— (E;+m)/(Eiap +m)p’, Eg=+/a®> +m? and B = /P2, + m?2.



L.P. Kaptari et al. 7

Equation (25) may be simplified by observing that the amplitude Ts ’M is a
function of external momenta of the process (1), for which only one mdependent
three-vector may be defined, for instance the vector n from (7). Then one obtains

M - )
o3 = PR (a2, (om)(0€ps) + dTy (&) | Koo (26)
where we introduced two scalar functions as follows

G,MI _ igerN d4 1 2 B +m 1 (2,’,)
2,8 Var Yrr— 2 +ie B\ Ej+m n2 — 2 +ie

Gs++(cm,|ql)-GD++(qo,lq1) (I lcosg + Z2t™ 'I)

(MD - 2F ) 4q0 4 ie Ela.b +m
X sg, (pap27777D )
aM _i8gxnn [ d%q 1 Epgp +m 2 1 (28)
52, Ver J @r)in?—p2+ie\ Eg+m Eyn?—pu?+ie
Gp++(qo,]al) ( Es+m 0 o )
d 0+ 2 — 9
X (5 =25, — Gt & la|cos € + 7 +m§p | cos

X fsl\f,s(P,P%W: D’)

Then the invariant amplitude M S, M M s computed by using Egs. (6) -~ (8) and
(27) - (28). Within the BS formalism in numerical calculations of integrals with
BS amplitudes one usually performs a Wick rotation and all calculations are
done in the Euclidean space. This is possible when singularities in integrands
are well located and there are no poles in the first and third quadrant of gg. In
our case the pion pole is a “moving” one and accidentally, at some values of !qj,
it may cross the imaginary axis go thus hindering the standard procedure of a
Wick rotation. In this case one needs to compute either the contribution of the
residue of this pole or abandon the Wick rotation and to compute the integral
by closing the contour in the upper half-plane and evaluating the residue in each
pole appearing in the integrand. As mentioned, in our case in the upper half-plane
there are two poles, one from the nucleon propagator, another one from the pion
propagator. An analysis of the contribution of the pion pole has been performed
in ref. [20] and it is found to be relatively small, and with an accuracy of ep/p
(where €p is the deuteron binding energy) it may be neglected. Then the main
contribution to the integrals (27) and (28) comes from the residue at go = Mp/2—~
E,, where the exchanged proton is on mass shell. i.e. poyg = E4, and the neutron
is off mass shell. i.e. pjgp = Mp — E4. Here it is worth emphasizing that when
calculating loop and triangle diagrams in quantum field theory, after performing
integrations on gy in one propagator, the second one remains singular in q. These
singularities, known as Landau ghosts [26], are unphysical and they ought to be
removed by properly choosing a subtraction procedure. In our case these ghosts
may appear in the pion propagator after the integration of the nucleon pole is
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carried out and the remaining integral on q is extended to infinity. Within effective
meson-nucleon theories there are no rigorous regularization schemes to subtract
singularities in triangle diagrams. Usually they are removed either numerically. for
instance by using cut-off parameters in the integrations, or by choosing adequate
physical approximations. We proceed now as follows. At the nucleon pole the
pion propagator reads

72 —u2 = (Egp—p10)* — (0’ —a)* — 4 = (Biap+ Eg— Mp)? ~ (p' — q)2 — 2. (29)

Tt is seen that singularities may appear at large values of E,, which correspond to
large |q| in the integrals (27) and (28): however at such |q| the BS waves functions
and the subprocess p + p — 7 + D’ vanish so that in numerical calculations this
range of |q| should be eliminated. Following refs. [19, 20] we introduce in the
laboratory system the kinetic energies of particles on-mass shell, T, = E, —
m, Tigs = B —m and due to the fact that in the process (1) the momentum
of the outgoing proton is kinematically restricted (since P2,/2m? < 0.3 in the
whole range of v/S) we neglect in Eq. (29) terms o Pf,/4m* and o< g*/dm?, ie.

7w~ p? = (Tl + Tg)* = (' ~ @) — p? = —(p' ~ @)% ~ 2. (30)
Plugging Eq. (30) into Egs. (27) and (28) we obtain
2
M _ _ _gsNN /——/ q“dlqldcos® 1 [E+m
Bozs = (4m)3/2 (a—p 2+ 2B\ E,+m (31)

x (stao. o)~ Tolao la) ) (lalost + 2571w )

X fslzw,s(p7p2;7r7 DI):

. 69 NN ,——/ 2d[q|d0039 1 [Epgp+m
M .
N ] (a—pP+12 B\ Eg+m (32)

Eq+m
x oo la) (Jaleos 0+ 22 ip cos”6) £ (p,posm, D).

Our ansatz, Eq. (30), is very similar to that one adopted in ref. [19], however, there
is a difference in the treatment of the kinetic energy of the off-mass shell neutron.
In ref. [19] the neutron kinetic energy has been taken to be identical to the one of
the exchanged proton. This leads to a violation of the energy conservation of the
deuteron in the laboratory frame. However, at low and moderate values of P
numerically both approximations provide nearly the same results. Note that in the
extreme non-relativistic case, q* < m?, Eq. (30) yields 72 — 2 & —(2mTjgs + 12),
i.e. exactly the pion propagator used in ref. [20].

Finally, after an explicit evaluation of the spin matrix elements in Eq. (26)
(see also, Appendix Appendix B.) the amplitude corresponding to the diagram
Fig. 1b may be cast in the form

s A M
S = {00 (all + ) (8,003 ~ 6 1003)
S
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+ aé";':s (_\/55M1632%53"1i + \/5511[_15 1 s,__%)} , (33)

s2—3

with aﬁ”_f:s and dg:s given by Egs. (31) and (32), respectively.

For explicit calculations of the amplitude (33) the amplitude f;‘;{; (p, pa; . D")
of the elementary process pp — w.D is needed at an unphysical value of the mass
of the virtual pion, and so there is an ambiguity related to the value to be used.
Since the amplitude depends on two invariant variables, and the Mandelstam u
is common for both the process (1) and the subprocess pp — 7D, we choose the
independent variables for f to be u and s12 = (p +p2)%. Then assuming that the
amplitude does not vary as a function of the pion mass, one may reconstruct the
amplitude by using the experimental data for the real process pp — 7D at given
s12 and u. In our calculation we use the partial amplitudes f;?_,{'s(slg,u) from
the combined analysis of Arndt et al.[27], which are available via telnet in an
interactive regime (see references in {27]). In our calculations we need the partial
amplitudes in the laboratory frame where the vectors p and p, are not collinear,
while the experimental amplitudes are given in the center of mass of colliding
particles. Consequently, a Lorenz boost of the amplitudes from the center of
mass to the laboratory system is needed. As a result two additional rotations of
the amplitude (the Wick helicity rotation [28] to adjust the helicity amplitudes
in two systems, and a Wigner rotation from z axis parallel to (p + ps) to the 2’
axis along the vector p’) have to be employed (see Appendix Appendix C.).

The contribution to the invariant amplitude M from the diagram Fig. 1c is
computed in the frame where the outgoing deuteron is at rest and it is found to
be related to the contribution of the diagram 1b via

Tt =T 0 (34)
It is seen that the sum of the two diagrams 1b and 1c ensures the total amplitude
M to be time reversal invariant.

IV Results

In Fig. 2 results of numerical calculation of the differential cross section are
presented. The dashed line is the contribution of the one-nucleon exchange mech-
anism [13]. It is seen that within the impulse approximation a satisfactorily de-
scription of data cannot be achieved. The contribution of one-meson exchange
diagrams (dotted line) is significant in the region Py ~ 0.2 — 0.4 GeV /¢ (corre-
sponding to the range of the initial momentum p ~ 0.66 — 1.85 GeV/c). which
is the region (enlarged by ”Fermi motion” effects) where the experimental data
give evidence for A excitations in the amplitude p +p — =+ -+ D [27]. Beyond
this region the amplitude p+p —» «+ + D vanishes rather rapidly as also the tri-
angle amplitude does. The total cross section is represented by solid lines. where
the line labeled by (a) is the result of calculations with taking into account the
full BS solution (including P waves), the label (b) depicts the BS result with
only positive-energy waves. It may be seen that an account for A excitations
(through the p+p — n™ + D amplitudes) essentially improves the description of
the experimental data.
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Contrary to this, the polarization observables are less sensitive to the con-
tribution of the triangle diagrams. As seen in Figs. 3 and 4 the agreement with
data of tensor analyzing power Ty and polarization transfer xp_,p is not im-
proved. Fig. 5 demonstrates that also the polarization transfer «,_,, is essentially
unaffected by the triangular diagrams. To understand this insensitivity one has
to recall that within the one-nucleon exchange approximation the corresponding
expressions for the polarization observables (but not for the cross sections and
with positive BS waves only) are analytically identical for all the backward pD
processes, elastic, quasi-elastic and break-up reactions [13]. This is due to a fac-
torization of contributions from upper and lower vertices in diagrams like the
one depicted in Fig. la. The triangle diagram, Eqs. (31) and (32), is implicitly
proportional to the second power of the deuteron wave function (the amplitude
fop—sa+p itself is proportional to the first power of the wave function of the out-
going deuteron), so that the contribution to the cross section is o T} as is the
cross section in the one-nucleon exchange approximation. However, our numeri-
cal results for polarization observables, Figs. 3 - 5, and a comparison with those
obtained within one-nucleon exchange approximation [13], persuades us that the
amplitude for triangle diagrams may be also approximately presented as a fac-
torization between the upper vertex (the amplitude f,, ,,+p in Fig. 1b) and the
lower vertex, characterizing the structure of the target deuteron. Consequently,
potentially large effects in the cross section cancel in the ratios, which define the
polarization observables. Moreover, it seems that canonical approaches, treating
the deuteron solely by nucleon degrees of freedom, should be supplemented by dif-
ferent “exotics” (e.g. A - A components). More experimental data on polarization
characteristics of backward pDD reactions will provide more complete information
about the deuteron structure and reaction mechanisms.

V Summary

In summary, we present an explicit analysis of pion-exchange effects in elastic
backward scattering of protons off deuterons within the Bethe-Salpeter formalism
with realistic interaction kernel. The total amplitude of the process is presented
as a sum of contributions of the one-nucleon exchange mechanism and the trian-
gle diagrams with virtual A excitations. The four partial spin amplitudes of the
process have been computed explicitly within the Bethe Salpeter approach. Ef-
fects of relativistic Fermi motion and Lorenz transformations of the amplitudes
have been taken into account in a fully covariant way. Numerical estimates of
effects of pion exchanges in the cross section and polarization observable, e.g.
tensor analyzing power and polarization transfers, at kinematical conditions of
operating [1] and forthcoming experiments [2], are performed. It is found that the
one-pion exchange mechanism plays a crucial role in describing the spin averaged
cross section, while for the considered polarization observables the role of triangle
diagrams is less important.

I+ is shown that the one-nucleon and one-pion exchange exchange mechanisms
are not the predominant ones in describing various polarization observables and
future experiments mainly will highlight effects beyond these mechanisms.
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Appendix A. The Bethe Salpeter Amplitudes
The Bethe Salpeter amplitudes in the laboratory system are of the form [25]

1+
2

¢§4++ (p1,p2) N(ky +m) Exr (ks — m)bs(po, Ip)), (A1)

DT+

Sy (p1,p2)

I

N . 1 2 3 . - 2
——§(k1 +m)—+2’ﬂ (§M + W(kl - kz)(PﬁM)> (k2 — m)dp(po, Ipl),
where k.2 are on-mass shell four-vectors related to the off-mass shell vectors pi1 2 as follows

ki =(E,p), k= (E,~p), p1=(p10,p), p2=(p20,—-p), E=+pP*+m?  (A2)

and ¢s,p(po, |p]) are the partial scalar amplitudes, related to the corresponding partial vertices

as
_Gso(po,|pD) (A.3)

M S
(*#-5) -

@s,0(po, Ipl) =

1

In Eq. (A.1) the normalization factor is N = —J%m

Appendix B. The spinor matrix elements

Here we present some explicit formulae which may be useful in computing the spinor matrix
elements in Eq. (25) and in deriving Eq. (33):

~ . . +o- —{+)oz — io
% = oy o —ioy = ZEEI= o = Z(Hoe oy (B.1)
V2 NG

(en)(o€y) = (néy) +i(o[n x &)

/2P, M=+1
—i{o[n x §y]) ioy = (5M)== -~ i(ﬁ.w)yaz = 0 M=0 {B.2)
V2P.. M=-1

where Py is the spin-1/2 projection operator on states with positive (negative) spin projections,
Pr=(1%0)/2

Appendix C. Helicity Wick rotation [28]

By definition, a state with given momentum p and helicity A in a frame of reference O is that

obtained by a Lorenz transformation of a state with given spin projection s. from the rest
system Orest to O, ie.:

Py =1 B,5.5:)0 {C.1)
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where §= (m,0,0,0). As usually, a Lorenz transformation k[p] is presented by a sequence of two
operations: a boost along the z axis, [;(v), where v is the speed of the state in O, and a rotation
from z direction to the direction of p, i.e. @ = 77 (¢, 8, 0}z (¥) Opest-

Let us suppose now that one has a state |p; A) given in the frame O and one wishes to know
how it reads in another frame ¢’ obtained by a Lorenz transformation [ on O

lp; Mor = U™ )pi A). (C.2)

From the definition of the helicity states one has
- 0
U@ Hip; A = UEHURIPD| 2 A), (C.3)

0
where h[p] is the corresponding Lorenz transformation P— p. Then multiplying Eq. (C.3) by
unity, UR[(PDU " {Rr[(p)] = 1, where h[p'] is the helicity transformation that would define a

0
state |p'; A) = U(k{(p'])| P, \) with p’ being the same vector as obtained by transforming p from
@ to ¢, one obtains:

U@l A = U@ DR] B, ), (C.4)

where R = U R[(p"JU(I1)U[R(p)] is a sequence of transformations P—sp— p —)10), ie.
nothing but a rotation. Then

I, Wor = D @), V), (C.3)
where w is a set of Euler angles describing the rotation. In case when the Lorenz transformation
is a simple boost along the z direction with the speed 8 then w is just an angle, describing a
rotation about the Y axis,

cosw = cos§ cosf + ysin# sin 9, (C.6)

with 4 = 1/4/1 — 82 and 4,6’ are the polar angles of p in the systems O and ', respectively.
This is known as Wick helicity rotation, contrary to Wigner’s canonical spin rotation. In our
case the relevant z axis is the one along the (p; + p) direction. Then, obtaining the helicity
amplitudes in the laboratory frame we need an additional rotation to change from the helicity
basis to the spin projections.
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D’

(a) (b) (c)

Figure 1. The one-nucleon (a) and the one-pion exchange graphs (b) and (c) for the reaction
p+ D = p'(6* =180°) + D"
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Figure 2. The spin averaged differential cross section —= for the elastic pD backward scattering
in the center of mass system as a function of the momentum of the detected proton in rhe
laboratory system. Dashed line: the contribution of the one-nucleon exchange mechanism: dotted
line: results of calculations of the triangle diagram: solid line: the full BS calculations with P
waves (a), or without P waves (b); The experimental data are from [21. 19}
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Figure 3. The deuteron tensor analyzing power T2 for the elastic pD scattering. Dashed line:
the contribution of the one-nucleon exchange mechanism; solid line: the result of computation
within the BS approach, including contributions from the triangle diagram. Experimental data:
circles - T for the elastic backward scattering, ref. {7, 8, 12], triangles - T3¢ measured in the
deuteron break up reactions [6].
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Figure 4. The deuteron to proton polarization transfer xp.., for the elastic pD backward
scattering. Notation as in Fig. 3.
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Figure 5. The vector-vector polarization transfer coefficient from the initial proton to the final
proton. Dashed line: contribution of the one-nucleon exchange mechanism; solid line: the full BS
results.
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