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1 Introduction

“The reaction of backward elastic dp scattering (180° in c.m.s.) is one of classical sources of
information’ about the deuteron structure. In GeV region the squared 4-momentum transfer
t is much larger, than the squared 4-momentum transfer u, and assumption about u-channel
predominance is quite natural. In this approach the Impulse Approximation (IA) become One
Nucleon Exchange (ONE) model. Until the deuteron can be treated as a nucleon-nucleon system,
the only kinematical parameter of this reaction, squared total energy s, directly connected with
the argument of the Deuteron Wave Function (DWF) in"the momentum space.

Experimental study of the cross section of this reaction is started decades ago. At the
moment, this characteristic of the reaction is investigated up to eneréies, which corresponds
in the framework of ONE to nucleon internal momenta of order of 1 GeV/c[1]. In carried out
later investigations of polarization observables, there were achieved the internal momenta of 0.9
GeV/c in measurements of T5o[2, 3, 4] and of 0.6 GeV /c in measurements of the polarization
transfer coefficient from the deuteron to the proton[4].

At internal momenta of order of 1 GeV/c such a simplified reaction mechanism as ONE
is hardly realistic. The description of the deuteron as the nucleon-nucleon system is also not
adequate. Attempts to make an evident step in this case, to include quark degrees of freedom,
still have not lead to commonly accepted an approach. Additional difficulties are connected with
necessity of relativistic description of bound systems. Here the commonly accepted approach
also have not found yet. Rather unexpected result of mentioned experimental investigation is a
fact that ONE approach become nonadequate already at ~ 0.2 GeV/c for any DWF, comprising ;
only S- and D- wave components of the deuteron[4].

It would be a natural step to study new polarization observables to understand the situation,
As was shown in ref.[5], the reaction of backward elastic dp scattering can be described by only
four independent complex amplitudes. To define all of them completely, only 6 successfully
chosen polarization observables would be sufficient.

Of course, the realization of the complete experiment (i.e. the set of experiments allowmg
to determine unambiguously all components of the matrix element) will not provide exhaustive
information about the deuteron structure. Say, only part of 6 considered in ref.[6] deuteron
components make a contribution to the discussed process. But a wide program of investigation .
of the deuteron structure, using only electron probes, is also not complete. There is a number of
problems, which cannot be solved unambiguously in frameworks of this program. It is sufficient
to mention the problem of meson exchange currents. So, we think, the realization of the complete
experiment is the necessary step in the direction of understanding of the deuteron structure,
which will help to solve the following questions: :

o relative roles of different reaction mechanisms, such us ONE, three nucleon resonances,
interaction in initial and final state and so forth, including study of structure of the
d — N + R vertex, where R is so called fermion Regge pole, which is an absolutely special
object in the deuteron physics{7, 8].

¢ separation not only of §— and D— wave components of the DWF, but also of possible ad-
mixture of P—wave components{9}, isobaric configurations, quark degrees of freedom{10].

Of coursé, the analysis of the complete experiment for collinear backward dp collisions must
be fulfilled in terms of model independent parametrization of the spin structure of the discussed
process. Such a formalism is not connected directly either with the deuteron model or the re-
action mechanism. Firstly a connection of polarization observables in' this reaction (T%) with
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the DWF components was considered in tef.[11]. The spin-spin correlation of initial particles
in framework of model independent analysis was considered in ref.[5]. Full analysis of all pos-
sible cross section asymmetries was done in ref.[7]. Some additional polarization observables in

frameworks of the IA were considered in ref.[12]. An attempt to explain mentioned polarization

experiments is done in ref.[13].

* In this paper we are including into consrdera.tlon full set of polarization observables connected
with polarization of one of final particles. Double and triple spin correlations are considered. In
this analysis we use the formalism of polarization structure functions in spirit of G.Ohlsen{14).
We try to develop an approach, most adequate to bring to light consequences of strong interac-

- . tion symmetries in conditions of collinear kmematxcs and to find nontrivial polarization effects

surviving in this kinematics.

Then we try to select the simplest set of measurements for realization of the complete exper-
iment. To evaluate roughly expected a,symmetrles for the selected experrments the expressrons,
deduced in the IA approach, are given.

In conclusion we briefly touch the problem of realization of the complete experrment for the

d + p—op+d rea.ctlon at different accelerators of the world.

2 Formalism

The process, of elastic dp scattering at an arbitrary angle in general case is defined by 12 inde-
pendent complex amplitudes[15] and so, at least 23 polarization observables as a function of two
variables must be measured in the complete experiment. :

~The problem of the complete experiment is much simpler in case of forward.(6 = 0°) and
backward (8 = 180°) scattering; when the total helicity of interacting pa.rtlcles is conserved. In
this case the spin structure of the full amplitude is defined by only four a.mphtudes (which are
different for two mentioned above kinematical conditions).

There are ‘some equivalent sets of amplitudes, siitable for the description of the discussed
process. -Making our choice of scalar amphtudes gi(s), we proceed from- maximum available
simplification of calculations.

In terms of chosen amplitudes the full a.mphtude has the following form

\ M= szxl, M=A+i5-B, . (1)
A= gi(s)[U1U3 — (KU (KU3)] + g2(s)(kU)(KU3),
B = g3(s)[U1 x U3 — k(kU; x U3)] + g,,(s)k(kU; x U3),

where Uy (Uy.) is the spin vector of the initial (final) deuteron, x1(x2) is the two-component

spinor of the initial (final) proton, & are the Pauli matrices, s is the Mandelstam’s variable

(squared total energy), k is the unit vector along the beam direction. i
The amplitudes g; retate to helicity ones Fi x4, by the following way:

Forot = g2(3), .
Fosoy— = —V2g3(5), (2)
Fyiott = 01(s) + g4(s), -
Fopot = g1(8) — 94(s),
where A4()p) corresponds to the deuteron (proton) spin projection onto the beam direction
(+1,0,-1 for deuterons and- +1 for protons) It is easy to see from (2), that gl(s), gg(s) and
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g4(s) do not change the transversal (gi(s) and g4(s)) or longitudinal (g2(s)) polarization of
the initial deuteron, and g3(s) describes the transition between the transversely (longitudinally)
polarized initial deuteron and longrtudma.lly (transversely) polarized final one. In the latter case
the proton spin must be reversed.

We accept the following parametrization of the initial polarization states. These are

p=5(1+3P) (3)

for protons, where P is 3-vector of initial proton polarization, and

1 .3
Pab = UluUl'b = 5(60-5 - 15&11’65‘3 - Q“b)' (4)

Qn’.b = Qbm Quu =0.

for deuterons, where pseudovector S and symmetrical tensor Qa characterize the vector and
tensor initial deuteron polarization. We will denote polarlzatlon of secondary particles by the
same letters but provided by indexes.

The full set of vector-tensor polarization correlations, considered below, is restricted mostly
by P— invariance of strong interaction and also by presence of only one momentum direction
(3-vector k).

To make formulae more compact we use subsidiary vectors Q, Qp, deﬁned as

Qo = Qavks,  QpPo = QabPe. A ‘ - (5)

3 Cross section asymmetries

The dependence of the cross section on polarization P of initial protons and vector (S) and-
tensor (Qas) polarization of initial deuterons can be expressed as:

. e = (%).F | (6
[1 + aoQk + a1 PS + az(kP)(kS) + azkP x Q],

1
Il

where (do/d), is the dlﬂerentra.l cross sectlons for unpolarized partlcles in the initial state.

The PSF a, characterizes the tensor analyzing power of the considered reaction (when tensor
polarized deuterons interact with unpolarized protons).

. The PSF a, — a3 determine the asymmetry of cross sections induced by spin correlatlon
between initial particles.

The PSF a3 characterizes the simplest T—odd correlation i in the d + p — p + d reaction,
stipulated by tensor polarization of initial deuterons and polarization of initial protons. The
feasibility of measuring of this observable is analyzed in ref. [7J It is necessary to stress here, that
nonzero effect for such polarization correlation in the total dp cross section would be a signal of
real T-invariance violation[16]. The search of T-invariance violation in this way is planned[17].
But for each channel of the dp collision the possible source of nonzero effect is more trivial: if a
process is described by more than one complex amplitudes, the phase shift between them lead
to considered effect. In our case such an effect could achieve decades of percents.

After summing over polarizations of final particles, (do /dQ2), can be expressed through scalar

. amplitudes g;(s) as

-



(da) (QI |2+| |2 + 4{gs|?
70 1]° + [g2]” + 4lga] +2|94|) (M)
and polarization structure functions (PSF) a; as:
do 1
w (). = 309~ 1P ~ oo + 1047, ®)

ay (g{) = Re( - 3
), fie(g1 + 92 94)93,
do
ay (d—d)o = Re[2gigi — (91 + 92 + 93 — 94)93],
as (—({Z) = 2I’I'n.( - ‘ a
a5, 31mlg1 ~ 92+ 94)g3.
4 Polarization of scattered protons

We write the dependence of a polarization of i
. : ; scattered protons on polarizations of initi i
in the following general form: ’ sofinitial particle

= b1(P) + b2(S) + by(Qas) + ba(P, 8) + bs(P, Qu). (9)

The connection of the vectors b; with PSF b;; is:

bi = buP + bi2k(kP), (10)
b: = b8 + byuk(kS), ‘

by = b3Q xk,

by = byP x S+byuk(kP x S) + b43(kS)k x P,

bs = b5 P(Qk)+ bs:k(kP)(QKk) + 653Q(kP) + bssk(PQ) + bssQp.
PSF b;; relate to the scalar amplitudes g; as:
' do

1, . .
b= Q= 3 (2|!]1|2 + g2/ —~2|!]4|2) ) (11)
do 4 4 '
bndﬂ L= 5 (—lg3|2 + Ig4|2) ’ ; 4
b do ) ‘
ngg = Re(g1 + 92 + 94) 93, (12)
b do - . }
22dQ =: Re [2_(]1_(]4 - (91 + 92 _93'*’94)95]1
by = =Im(~¢
a1 = 51m(~91 + 92 + 94)93, : (13)
do - . d ;
b“d—ﬁ = Im(91 +02+ 94)95, b42£— = 2Im93.q:;1 (14)

b43m = I.m [-2019%5 + (914 92 + 94)93],

dG’ ’_ 1 2 2 2 2 ’ . | '
by = 3 (911 = loal” + lgal -1g4|) - (19)
2 do
b52gﬁ = §|93 ~ g4)%, bsz=s pre) 338(91 — g3+ 94)93,
do 2 .
bsa—— o §R€(—gl +92—93 + 94)93, bss dQ |93|2

where do/dQ is. the cross section, defined in (6).
First indexes of defined above PSF (ay, bi;) correspond to different power of correlations.
The index 0 corresponds to single, 1,2,3 to double and 4,5 to triple spin correlations, respectively.

The same rule concerns PSF, introduced below

5 Vector polarlzatlon of scattered deuterons

The dependence of vector polarization (S3) of scattered deuterons from the polarnzatxon of initial -
particles can be described by following general formula:

S; = o(P) + ca(S) + e5(Qus) + ca(P, S) +cs5(P, Qab) (16)

The connection of vectors ¢; with PSF c;j is the same as between b; and b;; m\ formulae (10).
PSF ¢;; arc defined by following combinations of scalar amplitudes g;:

enn=ba, - cz=bn o (1"
do 3 R v T
engg = (ol +lal ~lo -l + 2lg51%) » . (18)
do 3. Y :
s T 3 (‘91[2 - l.‘]:1|2 +1g4)* - Regng)
do .
G1yg = —Imag193, (19)
do 3 . do 3 N - . .
Cargy = 51"19294, Cargy = .Elm lg195 — (92 — ga)gil » (20)
do 3 ., .
C3gy = —2-Im (“91!]3 + (g2 + 93)94]
" do " . do 4 .
eigg T Re(g — g2)93,  Cs23q = —Re‘(m — 92)(93 = 94)", (21)
do - ' - ‘
Cs37g T Relgag; — (g1 + 93— 94)93) »
do o
esa = 0, ~essog = Re(gr — 94)93-

‘6 Tensor polarization of scattered deuterons
For tensor polarization Q245 of scattered deuterons the following general formula is valid:

Q".’ub = dUub + dlab(P) + d'Zub(S) + dﬂab(an) +“l«lab(P~ S) + ‘lﬁnb(P'(zab) (22)



' Six tensors in (22) can be expressed through PSF d;;:

1
doss = dor(kaky — §5ab),
diay = dp(kafk x Py + ky[k x Pla),
d?ab = dZI(ka[S X k]b + kb[s X k]ﬂ)1

1 2
dispy = d31Qay + daa(kaky — §6ab)(Qk) + d33(kaQs + k4Qa — 392(QK)),
1 1
daay = dga(kaks — §5ab)PS + dya(kaks — §5ab)(kP)(kS),
2 2
+ d43(SuPb + Sp P, ~ §6abPS) + d44(k,,S,, + kySq — géaka)kP,

2
4 das(kaPs + ks Pa = S6akPKS,

1
dsab dsy(kaky — gﬁab)kQ xP

+

dia( Pl x Qls + Pille x Qla — 26,4kQ x P)

ds3(Qalk X Py + Qslk x Pla — §6aka x Q)
dse(kak X PJs + kyk x Pl.)Qk

dss(ka[k x Qs + kslk x Qla)kP
ds6(EamnPrnQnb + EbmnPrQna)

ds7(kalk x Qp)s + kslk x Qpla)
dss(kaQpmlk X Pl + k3Qam[k X Pln)
dso(EamnkmQnb + EbmnknQns )KP,

+ 4+ 4+ + + + +

with following expressions of d;; through g;:

A dOl = ad’
dO’ 1 *
duzs = gIm(=g1+ 92+ 94)85
dy = ¢
do . 1 2 2 do 1 - 2
d:nm =3 (Igll — | g4l ) ) dszm = §|91 - g2l
do .1 2 2 2 .
dsam = 3 (—Igll = |gsl* + lgaf* + Reglgz) .
d . do N
du% = Re‘(gl ~ g2)93, dqz&ﬁ =’ —Re(g1 ~ 92)(g93 — 94)",
do 1 .
d4am = 5136,(914" 94)_93,
d do 1Re[( +g3—g4)93 + 1‘ dss =0
MdQ = ghe g1t g3 — 04)93 T G244/ 45 = U,

(23)

(24)

(25) -

(26)

(27)

(28)

A

b

do 1 " do .1 : .
dsza‘ﬁ = §Im(—91 + 92 — 94)93, - dsagﬁ = glm(gl - g2)93, (29)
do 1 . do 1 . do 1 .
dssgg = 3Imlor—g2)(9s—94)"s  dssggy = 3Imangs,  dsrgg = —3Imgagy,

ds; = dsq=dsg =dsg=0.

7 Selection of polarization observables for the com-
plete experiment = -

Selecting vector-tensor combinations for measuring we are proceeding from:

o Measurements of the tensor polarization of secondary deuterons is more difficult in com-
parison with measurements of vector polarization of secondary particles, especially if one
takes into account, that as a rule, the predominant component of such a polarization is
longitudinal.

¢ Vector-tensor combinations of polarization of initial particles, which create polarization
of secondary particles, comprising nonvertical components, are not desirable.

e Any direction of the target polarization axis is acceptable, while the beam polarization
axis remains vertical.

Here we present the full set of experiments which do not contradict to the formulated prin-
ciples. For more easy understanding of formulae, mentioned below, we notice here the followihg ‘
properties of the vector Q; = Qqm, , Where m, is an arbitrary vector. We assume the quanti-
zation axis-is the z-axis. The tensor of polarization in this case has the form

~Q:2/2 0 0
Qab= ( 0 -Qz/2 0 )
0 -0 Q22

It is easy to see that Q||m, if'm is parallel or perpendicular to z-axis, and we have
Qxm=0.
For an arbitrary angle 8 between the direction of m and z-axis, say, in the zz-plane, we have:

Qm = 23005 - 1), @ x m= (0, 2Quimlsins,0), " (30)

i.e. resulting vector of the vector product is always perpeﬁdig:ular to the plane created by the
vector m and the z-axis. :

1. ‘Three of four possible asymmetries of the cross section satisfy to listed above restriction,
namely, ag, a; and a3 (8). ’

2. The measurement of the polarization of secondary protons, when only initial protons are

vertically polarized, )
‘ ptd—d+7,
allows one to find b;1 (11).



. The same, but only initial deuterons have a vertical vector polarization,

p+d—d+7,

allows one to find by (12).

. The case when both initial particles are vector polarized (vertically) does not provide one

©

by additional information.

. The meAasurement of a vector polarization of secondary deuterons, VYhen only(initial pro-

tons are vertically polarized, .
S d+p-p+d

allows one to find 13 = by (12), i.e. this observable is equivalent to the considered in

item 3.

. The same, but only initial deuterons have a vertical vector pola;iza.tion,

dtp—opt+d

allows one to find cq1 (18).

. An unpolariz’ed'proton beam, interacting with a tensor polarized deuterium target with

a polarization axis lying in the horizontal plane (the most preferable angl(? respecti\tely
the beam direction is 45°), produce secondary protons (and deuterons) with a vertical

polarization, R .
ptd—d+p

That allows one to find b, (13):

3 . o
IPZ‘ = Zb;nQ;,SanB.

A measurement of vectbr polarization of deuterons at the initial conditions.as in. item 7

p+d—d+p
allows one to ﬁﬁd ca1 (19): 3
[S2] = chlezSinw-

. A vertical polarization of protons (and deuterons) emerges when initial protons are verti-

cally polarized and initial deuterons have a tensor (vertical or longitudinal) polarization:
| Frd—d+p

We have bs, ;

(Pol = bualP] ~ (2 - bss) IPIQ=:
“in case of vertical tensor polarization and

b
|Pa| = bnn|P[+ (b51 - %) P1Q:2-

in case of longitudinal tensor pola.riz;'a.tion. Combining results of these two measurements
(b11 can be determined using the mode of initial states with Q,, = 0) one can separate
contributions of bs; and bss (15).

10. Measuring vector polarization of deuterons at the initial conditions as in item 9 )
Ftd—od+p
we have
€51
1S3l = enlPl - (5 - css) IPIG..

in case of vertical tensor polarization and

€55\ ¢ -
[S2f = en|P} + (651 - —2—> PIQ:..
in case of longitudinal tensor polarization to determine ¢s; and css (21).

Full set of suggested experiments is 13. Fife of them, namely aq (8), by (11), bsy, bss(15)
and ¢21 (18), allows to find PSF, expressed through modules of scalar amplitudes.g;. PSF ag
(T0) is already measured in a wide energy range[2, 3, 4]. Since this set is overdetermined, the
measurement with longitudinal tensor polarization of the initial-deuteron, mentioned in item 9,
can be excluded as more difficult. Carrying measurements with only vertical tensor polarization,
we deal with the combination bs; /2 — bss which is also a function of modules of scalar amplitudes
gi-. - :
Only a part of the rest set of 8 experiments is sufficient to determine completely phase
shifts. PSF by is measured at Saclay[4]. It is desirable to extend the range of initial encrgies.
The experiments, most sensitive to phase shifts, are those connected with T-odd vector-tensor
polarization correlation. These are as (8), bs; (13) and 31 (19). Notice, that in framework of
the IA all T-odd asymmetries go to zero. Therefore measurements of such asymmetries will be
measurements of power of adequateness of the IA. Notice, that preparation of the initial state
when the deuteron has not vertical tensor polarization can be more easy realized when we deal
with a proton beam and a deuterium target.

It seems to us, the most interesting energy range to investigate the discussed reaction is that
which accords to the deuteron constituents internal momenta range from 0.2 to 1.0 GeV/c. Two
kinematically equivalent stages of experiments are possible: 1) a proton beam hits a deuteron
target; 2) a deuteron beam hits a proton target. In the first case according primary momentum
range is 0.65 - 4.0 GeV/c; then secondary protons go back in the momentum range of 0.2 - 0.53
GeV/c, and secondary deuterons go forward in the momentum range of 0.85 -4.53 GeV/c. In
the second case the diapason of initial momenta is 1.3 - 8.0 GeV/c; then secondary deuteron
momenta are in range of 0.9 - 6.9 GeV /c, and secondary proton momenta are in range of 0.4 -
1.1 GeV/c, both in forward direction.

When secondary protons are detected, the momentum resolution not less than 0.1% is needed
to identify the reaction. This condition is not so strong, when secondary deuterons are detected.

8 The Impulse Approximation
The matrix clement corresponding to the ONE mechanism has the form
"M = x}[5Ura(s) + (Fk)(KUb(s)] x [FUza(s) + (k)(kU2)b(+)]xi, (31)

where a(s) and b(s) are the following combinations of the S- and D-wave components of the
DWF: ] )

a(s) = Ua(()) + S LalkS)), ~ b(s) = = ZoWalk( ), (32)



where the internal momentum k is a single-valued function of s, but not the same in different
approaches. )

Comparing the matrix element (31) with the general structure (1) we find that the amplitudes
gi(s) are related to the DWF components by equations

g1=94= a2’ g2 = CZ, g3 = ac, ) (33)
c=(a+b) =T, — V2V,

Then the cross section for unpolarized particles has a form

(g%)o = %(2a2 + c2)2_ =3(¥% + vi)? = 3d?. (34)

The PSF by, c;j, dij are defined by such a way that they depend explicitly on values of a
polarization of initial particles. This dependence is determined by factor F, defined in (6). We
indicate below in brackets the conditions, when F' = 1. When we deal with the deuteron tensor
polarization in the initial state, this factor cannot be reduced to 1. In these cases we use the
explicit form of F which is valid at conditions, listed in brackets. All this is to the point for the
separating of "physical parts” of the PSF in general approach. .

For the selected experiments (apart from those connected with T-odd effects) we have

a? — c? ac®
_ = o 35
=T34 0 MT 3 (35)
: 1 ¢t o (36)
by = Fode’ (Qez =0, 5=0),
k lac
bu=cn=gg (Qu=0,P=0), (37)
e = 1 c2(a? - c?) bee 1 2a%¢? (38.)
7 (T4 aeQk) 947 ° °° (1+aoQk) 942’ o
b 1 c*(3a® + 2 -
ﬂ—bﬁ:— ( 2 ) (5=0),
(1+Qk) 184
1 262 ) . -
- en =g =th (Qu=0,P=0), -+ (39)
2 _ a2 : .
I acle®=c) =0 (5=0). (40)

1% 0+ eQk) 342

The version of the IA, when the DWF comprises P-wave components, is considered in ref.{5).

9 Conclusion

We showed here that the spin structure of the backward elastic dp scattering is much simpler than
in :general case for noncollinear kinematics where 12 scalar (complex) amplitudes, depending on
two kinematical variables, are needed to describe completely the process. .

In our case.the complete experiment can be realized using measurements which are not
bheyond of some restrictions of simplicity. The 6ptimal way of realization of the complete exper-
iment is two steps one. The first step is to measure polarization observables which are sensitive

.

10

only to modules of scalar amplitudes. And then to measure observables, sensitive to phase shifts
between different amplitudes.- For this purpose the T-odd polarization observables are most
suitable.’ . ' i

The suggested set of experiments is overdetermined. Therefore the choice of the minimal set
of experiments is not unique and can be varied dependently on existing experimental possibilities.
Here .we briefly review the experimental possibilities in the world. )

Availability of the polarized deuteron beam and the polarized proton target[18] at the Dubna
synchrophasotron allows first of all to carry out the spin correlation experiment (PSF a,). This_
project[19] is adopted. The investigation of the internal momenta range from 0.3 to 0.85 GeV/c
is assumed. To identify the reaction, sccondary deuterons will be detected.  If the secondary
deuterons spectrometer will be developed up to a polarimeter, measurements of PSF. ¢y and ¢,
will be available. : , :

Good conditions for measurement of ¢z; exist at KEK[20].

At COSY, using a polarized proton beam and a polarized deuteron target at the Zero Degree

«~ Facility[21] (ZDF), measurements of PSF a; and a3 is feasible[7]. The energy range is.roughly

the same as in Dubna. If the backward spectrometer of the ZDF will be developed up to.a

. polarimeter, than measurements of PSF byy, bay, b;l, b51,Aand bss becomes feasible.

A wide program of realization of the complete experiment can be developed at AGS, RHIC
and LISS. : :
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