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Now, the high energy physics is mostly the spin physics and most of the experiments
require the knowledge of the polarization of beams with high accuracy. There are
large spin programs at RH'IC and LHC. These programs include measurements of the
spin correlation parameters in the diffraction range of elastic protbn-proton scattering.
There is a proposal to use the Coulomb-nucleon interference (CNI) effects [1] to measure
very exactly and faster the beam polarization [2, 3, 4]. This effect appears from the
interference of the imaginary part of the hadron spin-nonflip amplitude and the real
part of the electromagnetic spin-flip amplitude determined by the charge-magnetic
moment interaction. The objections against this project say that possible unknown
hadron spin-flip amplitudes can give sufficiently large contributions to the CNI effect.
Determination of the structure of the hadron scattering amplitude is an important
task for both the theory and experiment. Perturbative Quantum Chromodynamics
cannot be used in the calculation of the real and imaginary parts of the scattering
amplitude in the diffraction range. A worse situation is for the spin-flip parts of the
scattering amplitude in the domain of small'momentum transfers: On the one hand,
the usual representation says

that the spin-flip amplitude is dying at supevhigh

energies, and on the other hand we have different non-pertiirbative models which lead
to a non-dying spin-flip amplitude at superliigli energies [5, 6).
Note that the interference of the hadronic aiid electromagnetic amplitudes may
give an important contribution not only at very small momentum transfers but also in
the range of the diffraction 'minimum [7]. But for that one should know the phase of
the interference of the Coulomb and hadron amplitude at sufficiently large momentum
transfers too.

'

Unfortunately, we practically have no experimental data on the measurement of
(he spin correlation parameters at very small momentum transfers except the unique
experiment [8] but with large errors. After the first paper [9] a number of papers
appeared which consider these questions and try to estimate a possible contribution of
the hadron spin-flip amplitude to the CNI effect [10, 11, 12]. This problem was a central
point at the Workshop on polarimeters and was discussed at the Spin Conference [13].

But the question remains unclear as we have very different conclusions.
On the one hand, our difficulty is in most part defined by the lack of experimental
data at high energies and small transfer momenta. We should examine the available
experimental data at different energies and in different domains of momentum transfers.
In most analyses the experimental data at p^ = 45.5 GeVfc and with 0.06 < \t\ <
0.5 GeV2 and the data at pL = 200 .GeV/c with 0.003 < |i| < 0.05 are used. These
experimental data overlap on the axis of momentum transfers but are measured at
different energies. In most analyses this energy difference is not considered. Of course,
we have plenty of experimental data in the domain of small momentum transfers at
low energies 3 < PL < 12 GeV/c. But at these energies we have many contributions
to the hadron spin-flip amplitudes coming from different regions exchange. Now we
cannot exactly calculate all contributions and find their energy dependences. But great
amount of the experimental material allows us to make full phenomenological analyses
and obtain the size and form of the different parts of the hadron scattering amplitude
at one low energy. The difficulty is that we do not know the energy dependence of
such amplitudes and individual contributions of the asymptotic non-dying spin-flip
amplitudes.
Now we do not know exactly, also from a theoretical viewpoint, the dependence
of the different parts of the scattering amplitude on s and t. So, usually we take the
suppositions that the imaginary and real parts of the spin-nonflip amplitude have the
exponential behavior with the same slope, and the imaginary and real parts of the
spin-flip amplitudes, without the kinematic factor J\t\, have the same behavior with t
in the examined domain of momentum transfers. For example, in [9, 12] the spin-flip
amplitude was chosen in the form
F» = V^i/mp(b + ia)F».

(1)

That is not so in respect to the t dependence shown in Ref. [11], where they multiply
the exponential form by the special function dependent on t. Moreover, we take mostly
the energy independence of the ratio of the spin-flip parts to the spin-nonflip parts of
the scattering amplitude. All this is our theoretical uncertainty.

In this paper we show that these suppositions are mostly wrong and we have to
introduce different dependences on s and t in the spin-nonflip parts and spin-flip parts
of the hadron scattering amplitude. We treat of a possibility of estimating the size of
the hadron spin-flip amplitude from the available experimental data, the influence of
the hadron spin-flip amplitude on the CNI effect and a possibility of estimating this
contribution from the experimental data on measurement of the analyzing power in
the nucleon-nucleon elastic scattering.
The differential cross sections measured in an experiment are described by the
square of the scattering amplitude
dcr/dt = *{F2{t) + (1 + p2) ImF2h{s,i)^1{p

+ ay)

Fc{t) ImFh(s,t))\

(2)

where Fc = ^f2aG2/\t\ is the Coulomb amplitude; a is the fine-structure constant and
G'2(i) is the proton electromagnetic form factor squared; Re Fh(s,t) and Im Fk(s,t) are
the real and imaginary parts of the nuclear amplitude. p(s, t) = Re F(s, t)/lm

F(s, i).

Just this formula is used to fit experimental data to evaluate the ratio of the real to
imaginary part of the forward spin-nonflip amplitude p(s, t).

.

Numerous discussions of the value of p measured by the UA4 [14] and UA4/2 [15]
Collaborations at y/s = 540 GeV have revealed the ambiguity in the definition of this
parameter [16], which in most part is connected with the dependence of the form of
the real and imaginary parts of the scattering amplitude on t. As a result, it has been
shown that we have some trouble in the definition of the total cross sections and the
value of the real part of the scattering amplitude. Of course, we should develop new
experimental and theoretical methods to obtain exact values of the hadron differential
cross sections and the structure of the hadron spin-nonflip amplitude [17, 18].
The majority of theoretical models describe the hadron scattering at small angles
with the use of the eikonal approximation where the amplitude of pp-scattering is

-I- M3(s,0(o-i-q)(o-2 : q) + M 4 (s,t)(<7 1 -i)(o- 2 -l),-

(3)
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In the eikonal representation, if the terms are taken into account to the first order
in'spin,-dependent eikonal phases, one can write
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(4)

where the eikonal function x(f>)ls the sum of the spin-independent central term Xc a n d
spin-orbit - xis

an

d spin-spin terms XM [19].

Using ordinary relations (see, for example, [20]) we can obtain the helicity amplitudes for small scattering angles

Fi{s,t) = M0(s,t) - M2{s,t),
F3(s,t) = M0(s,t) + M2(s,t),

F2(s,t)=z2M2(s,t),
U(s,t)=0,

Fs(s,t) = iMx(s,t).

(5)

For the electromagnetic helicity amplitudes, one takes the usual one-photon approximations (see [21]) with the Coulomb-hadron phase [7] calculated for the whole diffraction range. As a result, the total helicity amplitudes can be written as Fi(s, t) =
F'N(s,i) + Fc(t)expi<f>. The differential cross sections and spin correlation parameters
are
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In this paper, we suppose that we know the differential cross sections of the elastic
nucleon scattering sufficiently well. With the usual high energy approximation for the
spiral amplitudes at very small momentum transfers we suppose that Fi = F3 and we
can neglect the contributions of F2 and F 4 .
At the present moment we have, as has been noted above, that in some models
the hadron asymptotical spin-flip amplitude is not dying at superhigh energy. But

most part of the experimental data of the analyzing power at small t lie at low energies. Hence, we should take the low energy spin amplitudes and build the continuous
transition to the asymptotic amplitudes.
As asymptotic amplitudes let us take those calculated in Ref. [6]. In [22] on the
basis of sum rules it has been shown that the main contribution to a hadron interaction
at large distances comes from the triangle diagram with the 27r -meson exchange in the
i-channel. As a result, the hadron amplitude can be represented as'a sum of central
and peripheral parts of the interaction:
' T(s,i)<xTc(s,t)

+ Tp(s,t),

(8)

where Tc(s,l) describes the interaction between the central parts of hadrons, and
Tp(s,t) is the sum of contributions of diagrams corresponding to the interactions of
the central part of one hadron on the meson cloud of the other. The contribution of
these diagrams to the scattering amplitude with an jV(A-isobar) in the intermediate
state looks like [6]
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Here Xiand\'i are the helicitios of nurloons; 7VN 'K the 7r/V-sca.U,ering amplitude; V is
a matrix element of the numerator of the representation of the diagram; ip are vertex
functions chosen in the dipole font) with the parameters
l'V(A) ~ ' I

The model with the N and A contribution provides a self-consistent picture of the
differential cross sections and spin phenomena of different hadron processes at high
energies. Really, parameters in the amplitude determined from, for example, elastic
pp-scattering, allow one to obtain a wide range of results for elastic meson-nucleon
scattering and charge-exchange reaction r~p -> 7r°n at high energies.
It is essential that the model predicts large polarization effects for all considered
reactions at high and superhigh energies [6). The predictions are in good agreement

with the experimental data in the energy region available for experiment. Also note
that just the effect of large distances determines a large value of the spin-flip amplitude
of the charge-exchange reaction [23].
The model takes into account the s -¥ u crossing diagrams in the scattering
amplitude, which leads to the asymptotic equality of the proton-proton and protonantiproton cross sections as s —> oo. An important property of this model is that it
can be applied to the proton-antiproton scattering at sufficiently low energies. Thus,
the behavior of the proton-proton and proton-antiproton differential cross sections at
PL = 40 GeV and pi — 1850 GeV acquires a natural explanation [24]. Our results
weakly depend on the model for the spin-nonflip amplitude. Different models must
give the same differential cross sections in a wide range of momentum transfers and
energies. Moreover, they must describe the energy dependence of p(s). Basically, only
the behavior of the real part of spin-nonflip amplitudes in the range of the diffraction
minimum may depend on the model and leads to different predictions.
As a low energy amplitude let us take the one obtained in Ref. [19] where the full
analysis of experimental data has been carried out and the full set of the helicity spin
amplitudes and their eikonals of the proton-proton scattering at pi = 6 GeV/c has
been extracted.
Let us take the eikonal of the spin-nonflip amplitudes in the form similar to the
form and size obtained in [19] at pi, — 6 GeVjc:

+i (h4e-c^

- fc5e-0'" + h6e-c°»2)

(11)

and for the hadron spin-flip amplitude
Xis(b) = M l + b e »M(^°>]-\

(12)

where A,-,Cj, his and &o are the parameters obtained in Ref. [19]. As we know, these
amplitudes reproduce the analyzing power at pi = 6 GeV/c. In fact, these amplitudes
are a sum of terms falling, constant and probable growing with energy. But this form
has no energy dependence of the parameters which change the form of these amplitudes

with increasing energy in both the spin-nonflip and spin-flip parts. To take the. energy
dependence of some part of the amplitude (11, 12), let us multiply (12) by the falling
term sj/s and to take into account the change of the form of (12) with energy, let us
introduce the energy dependence into the parameter fi —> fis:
/t(s) = ju 0 (logsi/logs),

(13)

where /to and Si correspond to the values of Ref. [19]. The amplitude of the dynamical
model (DM) also includes the falling, constant and the increasing terms, but it is not
suitable to describe the low-energy data. So this is not a simple task to sew these
two amplitudes, low energy phenomenological and high energy model amplitudes. To
obtain the smooth transform to our model representation, let us multiply amplitudes
(11, 12) by the function /s"/ 1 -'' quickly decreasing with energy, multiply our model
amplitudes by the factor / ^

:

{snJls\%

t
= exp(-[—]%
s

/*&(*) = 1 - e*p(-[—] 2 ),
s

(14)
'

(15)

and multiply the falling term of the DM amplitudes by an additional function

. In this case, we obtain that the analyzing power at pi = 6 GeV/c is described only
.by the amplitudes obtained in Ref. [19] and at superhigh energies only by the DM
amplitude. In the domain of approximately 6 < pi < 200 GeV/c the analyzing power
has both the contributions. The parameters snl and s11 were chosen to obtain the
description of experimental data A/M of elastic proton-proton scattering available in
this energy range (pi < 6 GeV/c and \t\ < 1 GeV2)
sni = 44 GeV2,

s11 = 64 GeV2.
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Fig.l: The analyzing power AN of pp-scattering calculated at a) pi = 6 GeV/c;
b) at pi = 11.75 GeV/c ( the full line is our calculations; the experimental data Ref.
[25,26,27])
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The analyzing power AN of pp-scattering calculated at a) pi = 10 GeV/c;

b) at pL = 17.5 GeV/c; c) at p L = 45.5 GeV/c; d) at p t = 200 C?eV/c (the full line is
our calculations, dashed line is the calculation without the contributions of the hadron
spin-flip amplitude; the experimental data Ref. [28, 29, 8, 30])

The calculated analyzing power at PL = 6 GeV/c is shown.in Fig.l a. Of course, in
the original phenomenological analysis made in [19] six parts of the amplitudes with
the exchange spin were used, but it can be seen that a good description of experimental
data on the analyzing power can be reached only with one hadron spin-flip amplitude.
The experimental data at pi = 11.75 GeV/c seriously differ from those at pi =
6 GeV/c but our calculations reproduce them sufficiently well (Fig. lb). In Figs. 2(a,b)
we show our calculations and experimental data at pi = 10 GeV/c .and 17.5 GeV/c.
From these figures we notice that our energy dependence was chosen correctly and we
may hope that further we will obtain correct values of the analyzing power.
Really, our calculations at pi = 45.5 GeV/c show the satisfactory description of the
experimental data (see Fig. 2c). At this energy both of our parts of the amplitude give
important contributions. The contributions to the analyzing power of the amplitudes
(11, 12) are approximately twice as large as the contributions of the model amplitudes.
From Fig. 2c we can see that in the region \t\ w 0.2 GeV2 the contributions from the
hadron spin-flip amplitudes are most important.
At last, Fig. 2d shows our calculations at pi, = 200 GeV/c.

At this energy, the

contributions of the phenomenological amplitudes are already very small and can be
compared with the contributions of the model amplitudes only at \t\ = 0.5 GeV2 where
both the contributions are very small.
Finally, we describe the experimental data at pi, = -15.5 Ge.V/c and pi = 200 GeV/c
by the different amplitude's and our descriptions have different forms that are clearly
seen from the comparison of Fig. 2c and Fig. 2d.

The chosen energy dependence of

the hadron spin-dependent amplitude allows us to describe all available experimental
material. Hence, we can try to continue our calculations and extend them to higher
energies. The contributions of the hadron spin-flip amplitudes to the analyzing power
of the Couiomb-nucleon interference at different points of transfer momenta are shown
in Figs. 3(a,b). The full line shows the contribution at the points of the maximum of
the CNI. It can be seen that practically after pi = 200 GeV/c its relative contribution
is approximately a constant ~ 3%. The most important relative contribution is at

\t\ ~ 0.2 GeV2 where it is very large up to yfs — 100 GeV and has a heavy energy
dependence.
1.00

0.00

Fig.3: a) The additional contributions of the hadron spin-flip amplitudes to the
CNI effect;
b) the relative contributions of the hadron spin-flip amplitudes to the CNI effect
(our calculations at tmax, \t\ = 0.001 GeV2, \t\ = 0.01 GeV2, \t\ = 0.1 GeV2 are shown
by the full, dot-dashed, long-dashed and dashed lines respectively)
It is very important to note that we obtain the different energy dependences of the
additional contributions AA^r to the pure CNI effect at the different points of momentum transfers. The contribution at \t\ = 0.1 GeV2 has a clear downfall with growing
y/s but in the range of maximum of the CNI effect we have the additional contributions which are nearly independent of energy. So, we cannot make the conclusion about
energy dependence of AAyv at the place of maximum of CNI, measuring the energy
dependence of the analyzing power at other points of the transfer momentum. But this
is one of the central points of many other analyses of the CNI effect.
Now let us examine the ratio of the real and imaginary parts of the spin-flip amplitude, without the kinematic factor yj\t\, to the .separate parts of the hadron spin-nonflip
amplitude (see Figs. 4(a,b) and 5(a,b)). It is clear that this ratio can be regarded as
a constant only up to \t\ < 0.1 GeV2. Moreover, this ratio has a very strong energy
dependence.

•

So, at low energies the ratio of real parts of the hadron spin-flip to spin-nonflip
amplitude has a "zero" at \t\ ~ 0.5 GeV2. Then, this "zero" goes out to larger transfer
momenta but at higher energies it returns to the region of small momentum transfers.

-0.60
0.001

Fig. 4: a) The ratio, without kinematic factor ^/\t\, of the real part of the spin-flip
to the real part of spin-nonflip amplitude, b) The ratio, without kinematic factor \J\t\,
of the imaginary part of the spin-flip to the imaginary part of spin-nonflip amplitudes
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Fig.5: The ratio of the real parts of a) the spin-flip, without kinematic factor
and b) spin-nonflip to the imaginary part of the spin-nonflip amplitude
at v ^ = 4.93, 9.3, 19.4 and 50 GeV are shown by the short-dashed, dashed, full and
dot-dashed lines, respectively
Hence, we cannot carry out our analysis of experimental data at different energies
and different regions of momentum transfers using the same form of the hadron spinflip amplitude. Note that we obtain that the imaginary part of the hadron spin-flip
amplitude, without the kinematic factor J\t\, is smaller than the imaginary part of
the spin-nonflip amplitude. But this kind of ratio for the real parts is not so far from
unity.

11

Now let us examine what we can obtain if we take the experimental data on the
polarization AN only at one energy [8].
Let us take a representation for the hadron spin-flip amplitude in the form
fhv

(16)

Here, the coefficients fcl and k'2 are the ratio of the real and imaginary parts of the
spin-flip and spin-nonflip amplitudes without the kinematic factor y\t\. Hence, if we
have k\ = k'2, the phase between / / t t and fh5 is zero and the interference between
these- two amplitudes is zero. These coefficients are related to R and / in the paper [9]
as
l=lmfh*/Imfln

= k 1,

R = Refhs/Imfhx

= pk2 .

(17)

If we take the experimental points at /; and t} of the experiment [8] in pairs we
can calculate the values k\jj and k'2ij. Such a calculation shows that practically in all
cases we have \k'2\ >> \k\\ and \k'2\ ~ 1. If we throw off the first and the last points,
which have t lie maximal errors, and calculate the average of k\ and k'2, we obtain

This means that if we drop the kinematic factor <J\l\, the imaginary part of spin-flip
amplitude is smaller than the imaginary part, of the hadron spm-noiiflip amplitude but
the real part is the same order as the real part of spiri-nonflip amplitude. It coincides
qualitatively with our model calculation.

It is interesting that if we calculate our

coefficients fcl and k2 with two different values ps = 0.01 and pi = 0.02. we obtain
approximately double growth of A'2 in the second case. This means that the real part
of the hadron spin-flip amplitude keeps the same size in both cases.
In fact, this conclusion is made from the analysis of Ref. [9]. If we recalculate their
values R to our k.2, we obtain k2a^ changing near unity for all its variants and the
middle of all variants is k2ak = 1.04. Of course, these evaluations are very rough as
errors of the experiment [8] are very large. But we think that it may be a valuable
indication of the relative structure of the spin-flip amplitude.

12

It is obvious from our analysis that the examining of the contributions of the hadrori
spin-flip amplitudes in the CNI effect should take into account the energy dependence
of all parts of the hadron scattering amplitude and its dependence on momentum transfers. Our descriptions of all available experimental data give about 3.5% the predictions
for RHIC energies for the contributions of the hadron spin-flip amplitude to the maximum of the CNI effect. But, of course, this estimation has a very large theoretical
indefiniteness which is connected with other possible contributions frcfm other sources
of the hadron spin-flip at high energies. However, this estimation shows that these
contributions may be sufficiently small and we can use this effect to measure the beam
polarization. More accurate estimations can be made only after a new experiment in
this domain of transfer momenta at energies y/s = 40 H- 50 GeV.
Acknowledgements. The authors are grateful to S.V. Goloskokov, A. V. Efremov,
V.A. Mescheryakov and S.B. Nurushev for fruitful discussions.
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Селюгин О.В.
Энергетическая зависимость кулон-ядерной интерференции
в области малых передач импульса

Е2-97-298

Анализирующая способность упругого протон-протонного рассеяния
при малых передачах импульса и эффект кулон-ядерной интерференции исследованы на основе существующих экспериментальных данных от pL = 6 ГэВ/с
до pL = 200 ГэВ/с, феноменологического анализа, выполненного при PL = 6 ГэВ/с,
и динамической высокоэнергетической спиновой модели. Получена структура
спинзависимой упругой амплитуды рассеяния в области малых передач импульса. Сделаны предсказания для величины анализирующей способности в области
энергий RHIC.
Работа выполнена в Лаборатории теоретической физики им. Н.Н.Боголюбова ОИЯИ.

Препринт Объединенного института ядерных исследований. Дубна, 1997

Selyugin O.V.
Energy Dependence of the Coulomb-Nuclear Interference
at Small Momentum Transfers

E2-97-298

The analyzing power of the elastic proton-proton scattering at small momentum
transfers and the effect of the Coulomb-nuclear interference are examined
on the basis of the available experimental data at pL from 6 up to 200 GeV/c taking
account of a phenomenological analysis at pL - 6 GeV/c and of the dynamic high
energy spin model. The structure of the spin-dependent elastic scattering amplitude
at small momentum transfers is obtained. The predictions for the analyzing power
at RHIC energies are made.
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