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Interpreting p-p polarization at high energies
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It is shown that the recent measurements of the analyzing power A in high-energy p-p elastic scattering
can be most conveniently interpreted in the optimal transversity frame. The deviations from A =0 predict-
ed by QCD are parametrized and a step-by-step experimental program is outlined for the further pinpoint-
ing of the causes of the deviations.

In a recent paper, ' experimental information was present-
ed on analyzing power (or simple polarization) for p-p elas-
tic scattering at 28 GeV/c in a substantial range of t values,
and further experiments are in progress to extend that t
range. One of the motivations for such experiments has
been the QCD prediction that such polarization should van-
ish, something that does not appear to be borne out by the
experimental results.

In this Brief Report, we want to discuss the most suitable
way of interpreting this situation and to point at further ex-
periments that can shed light on the extent of the discrepan-
cy and on the causes of it. The main point we want to
stress is that, as is the case for all parity-conserving reac-
tions, the most suitable formalism for such a discussion is
the optimal transversity frame. Indeed, we will show that
using that frame we can interpret the existing results very
simply, that is, in terms of a small number of parameters,
and can also easily suggest a step-by-step experimental pro-
gram which successively narrows down the determination of
the structure of the amplitudes.

The optimal transversity frame, in which the commonly
known transversity amplitudes are defined, has been dis-
cussed extensively in previous papers, 2 both in general and
in the context of p-p elastic scattering. We will not repeat
the derivation of that formalism but simply borrow the
results from the previous papers. In particular, we need the
relationship between helicity amplitudes and transversity
amplitudes, and the experimental observables in terms of
the transversity amplitudes. The five helicity amplitudes are
denoted by

a=(+, +, +, +), b—= (+, —,+, +)
c=(+, —,+, -), d=(-, —,+, +),
e=( —,+, +, —)

where the four arguments denote the helicities of the first
and second incoming particles, and the first and second out-
going particles, respectively. The transversity amplitudes
are correspondingly denoted by

~=(T. T. T T) P=(l l l l) y=(T. l. T. l) .
(2)

&=(l. l, T ~ T). e=(l T ~ T l) ~

where the arguments denote, in the same order as in the

helicity amplitudes, the spin projections of the particles with
respect to a quantization axis that is normal to the scattering
plane. Equation (7.10) of Ref. 2 gives the relationship
between the two sets of amplitudes:

a =~[~+p+2(y —S —e)],
b = —,

' (~ —P),
c =

4 [n+ p+2(y+ 5+ @)1

d =~[~+p+2( —y —5+e)],
e = —, [ —a —P+2(y —b+e)]I

As to the relationship between the observables and the
transversity amplitudes, they can be found in Table VI of
Ref. 2. We will need a particular set of five of these rela-
tions:

~= I~I'+ Ipl'+2(lyl'+ I&I'+ lel'),
& = l~l' —Ipl',
+NN lo,'I'+ Ip I'+ 2( —ly I'+ I& I' —

I e I') ( =
CNN ) ('4)

DNN = I~ I'+ Ipl'+ 2( ly I' —I& I' —le I')

&nvw= l~l'+ Ipl'+2( —lyl' —lgl'+ lel')

We see already the crucial feature of the transversity am-
plitudes which brings about the simplicity we desire, name-
ly, that in the transversity frame both the unpolarized dif-
ferential cross section and A, the analyzing power or polari-
zation, can be expressed in terms of the absolute value
squared of the amplitudes, with no reference at all to the
phases among these complex amp1itudes. This is not the
case for other formalisms, such as, for example, the helicity
formalism, in which the simple polarization does involve
phases also. This difference has important practical implica-
tions, since the analysis of the situation using transversity
amplitudes can be carried out in terms of five parameters
only (namely, the five magnitudes), while the correspond-
ing analysis in the helicity frame would involve all nine am-
plitude parameters (namely the five magnitudes and the
four relative phases among them). In particular, the five
observables listed in Eq. (4) can then lead to an unambigu-
ous determination of the five magnitudes of the transversity
amplitudes. Another way of saying this is that in the
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transversity frame the determination of the magnitudes of
the five amplitudes is simply and completely decoupled
from the more involved task of the determination of the
four phases, and hence the former can be carried out with
high precision and on the basis of an only partial set of po-
larization experiments.

Let us assume now that the analyzing power A is found to
be zero (which is not actually the case). We see from Eq.
(4) that the sufficient and necessary condition for this to
happen, in terms of the amplitudes, is lnl = IPI. Note that
this is the only possible way the analyzing power can vanish.
In contrast, in the helicity frame, the vanishing of the
analyzing power (A =P in Table VI of Ref. 2) would mean

analyzing power or polarization while the other step in-
volves the measurement of C~~ (=&~~) and K~~. The
observable DNN is not utilized at this stage. It and the un-
polarized differential cross section together can be used to
determine the values of the two remaining nonzero magni-
tudes.

Since we already know that, in reality, the above three
constraints are not satisfied or at least not exactly satisfied,
it is also useful to describe how the five observables of Eq.
(4) can be used to actually determine the five magnitudes,
quite independently of whether or not the above three con-
straints hold. This can be done by simply inverting Eq. (4):

Im(a +c+d —e)b'=0

which, however, can come about in three different ways
(namely, either of the two magnitudes or the angle between
the two could vanish).

If A does not vanish, but is equal to a value (, then we
have I cx I

= g + IP I and therefore we can rewrite the
remaining three observables of Eq. (4) as

l~l'=
8 (~+cww+Dww+&x~)+ p&,

IPI =
8 (o + Cwx+Dww+&ww) —

2 &,
lyl'= 4 (~ —cww+Dww &~x)—,

lgl =
4 (o +Crt Dew ——&ww)

I e I' = —,(~ —CwN DNN + +NN )

(14)

n+P=2y

and these equations, together with Eq. (6), then give

(10)

n=P=y, S=e

From Eq. (4) we see that the b =0 requirement has a
simple consequence by itself only on the analyzing power.
The other two constraints, namely, d = 0 and e = 0, together
require that

~NN —~NN —+NN

Finally, the three constraints together require

(12)

CNN (+ 2 IP I'+ ( —Iy I'+
I & I' —le I') = ~NN

DNN ( + 2IPI'+ ( ly I' —
I 5 I' —le I')

&~w = (+2IPI'+ ( —ly I' —I&I'+ lel') .

Let us now turn to the feature of QCD that predicts that
the analyzing power vanishes. In the approximation of
negligible quark masses, QCD requires helicity conservation
for the quarks which, in a given approximation (see Appen-
dix), translates into b = d = e = 0 for the p-p scattering heli-
city amplitudes. Thus only the two amplitudes a and c are
nonzero, with no relationship between them.

The above three constraints, transposed to the transversi-
ty amplitudes, are as follows:

b=0 ~n=P
d=0 ~~+P+2( —y —b+e) =0,
e =0 ~ —n —P+2(y —5+e) =0

Equations (7) and (8) together give

where CNN can be replaced by ANN and J' could be replaced
by A.

In summary, , we can say that using the transversity ampli-
tudes to interpret high-energy p-p elastic-scattering experi-
ments we can easily describe the deviations from the con-
straints predicted by QCD for the reaction amplitudes. In
particular, the experimental procedure involves first
measuring the analyzing power or simple polarization, which
gives information on one of the three constraints. The next
step is to measure C~~ (or A~~) and IC~~ which give infor-
mation on the other two constraints. If it is found that
these last two constraints are not satisfied, a measurement
of DNN should be carried out. The altogether five measure-
ments thus obtained together allow us to determine the
magnitudes of the five transversity amplitudes, indepen-
dently of the relative phases among these amplitudes, and
with complete uniqueness and high precision. If desired, an
additional experimental program can be undertaken after-
wards, involving at least four more measurements, to deter-
mine also the relative phases. The knowledge of these
phases would provide additional information on the validity
of the three constraints. It should be noted that the experi-
mental program of the first part, involving five observables,
involves exclusively polarizations normal to the reaction
plane, something that is likely to be good news to those in
charge of the experiments.

Analyses like the present one should also be helpful in
checking specific dynamical models like the recent one by
Anselmino. Such models need to be tested not through
isolated observables but through a comparison amplitude by
amplitude. As we have seen, this is facilitated by choosing
the most appropriate formalism for the description of the
reaction.

~NN CNN +NN (13)
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We see, therefore, that the three constraints on the helici-
ty amplitudes can be tested in two distinct steps, which are
completely independent of each other, one testing only
b = 0 and the other testing the other two constraints togeth-
er. The first step involves only the measurement of the
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APPENDIX' SOME COMMENTS ON
DYNAMICAL MODELS

The direct (uncrossed) q-q one-gluon-exchange scattering
diagram, in the limit of zero quark mass, predicts helicity
conservation. The actual p-p scattering cross section may,
ho~ever, deviate from this prediction for at least three
reasons: (a) the finite quark mass disturbs the perfect heli-
city conservation, (b) the crossed diagram for q-q scattering
violates helicity conservation for a given proton in certain
ways, and (c) the processes of dissociation into and recom-
bination from quark states may be such as to upset helicity
conservation.

. The second of these mechanisms is perhaps the easiest to
deal with, because it is likely to be significant only at angles
not very far from 90', and because it would still preserve
the overall helicity of the two protons together. In other
words, it would still demand that helicity amplitudes with an
odd number of minus signs in their arguments vanish. In
particular, it would require b =0, so that the simple polari-
zation (or analyzing power) would still have to vanish, in
contradiction to the experimental findings. For that reason
the Anselmino model in Ref. 3, even if it gives qualitative
agreement with some measurements of CLL (or ALL), as
Ref. 4 claims, is not likely to be correct, at least in its
present form.

Concerning the effects of nonzero quark masses, reliable
calculations are not possible, at least on the basis of our
present knowledge, but one can attempt to make an esti-
mate on the basis of a particular model of the q-q interac-
tion, such as one-gluon exchange. In the one-gluon ex-
change with zero quark mass, only the two amplitudes a and
c are nonzero. When we take into account the quark
masses and take these to be about 300 MeV, the values of a
and c, for p-p elastic scattering above 10 GeV or so, will

change only by at most 20/0. The values of the amplitudes d
and e will, similarly, be only a percent or two of the values
of the amplitudes a or c. In all the cases so far the correc-
tion is proportional to the square of the ratio of the quark
mass to the quark center-of-mass momentum. In contrast,
the magnitude of the amplitude b (single helicity flip) is
proportional to the first power of the above ratio, and hence
this amplitude could be as large as 10% of the magnitude of

~ = 2lq I'+ 41c I'+ 21d I',
C~~ = 4 Re(ad') +4lc I

= A~~

CiL = —2lq I'+41c I' —2ld I'=~ii .

(Al)

(A2)

(A3)

Since these relationships involve three magnitudes and
one relative phase, one cannot make a complete determina-
tion of the values of these four amplitude parameters.
Nevertheless one can derive a lower limit for the magnitude
of d. If one uses Ref. 4 for ALL and Ref. 9 for A~~, one
obtains, in a straightforward way, that the magnitude of d
must at least be 12'/0 of the magnitude of a, the latter being
the largest of the three magnitudes.

This result is thus incompatible with models predicting a
zero value for d. Reference 3 is not among them. It
predicts a sizable d at 90', but using a mechanism (the
crossed diagram) which gives P =A =0 at all angles, as
mentioned earlier. In view of the foregoing, it is appropri-
ate to conclude that, with the already existing measurements
of the various polarization quantities the attempts to con-
struct dynamical models for p-p elastic scattering at these
energies need to be reoriented.

a. Thus we would expect a larger deviation from the zero-
mass prediction for the simple polarization or analyzing
power than for the two spin-correlation parameters.

Finally, the effect of dissociationl and recombination is
even more difficult to ascertain. Reference 3 makes the as-
sumption that these two processes do not disturb the spin
structure as it can be gleened from the q-q interaction, but
others, for example Ref. 5, make a quite different assump-
tion.

Similar uncertainties arise in connection with possible
multiple-scattering corrections, which have also been con-
sidered in this context. For predictions of simple polariza-
tions in the "massive-quark model, " see Ref. 8.

Quite independently of the validity of any particular
dynamics, however, one can say something about the ampli-
tudes at 90' on the basis of measurements of the unpolar-
ized differential cross section, C~~ (or A~~) and 'CLz (or
Ar, L). In terms of helicity amplitudes at 90' these three ob-
servables can be written as
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