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Abstract. The impact of the form of the hadron potential at large distances on the behavior of the hadron
spin-flip amplitude at small angles is examined. The t-dependence of the spin-flip amplitude of high-
energy hadron elastic scattering is analyzed under different assumptions on the hadron interaction. It is
shown that the long tail of the nonGaussian form of the hadron potential of the hadron interaction in the
impact parameter representation leads to a large value of the slope of the spin-flip amplitude (without

the kinematical factor
√

|t|) as compared with the slope of the spin-nonflip amplitude. This effect can
explain the form of the differential cross-section and the analyzing power at small transfer momenta. The
methods for the definition of the spin-dependent part of the hadron scattering amplitude are presented. A
possibility to investigate the structure of the hadron spin-flip amplitude from the accurate measure of the
differential cross-section and the spin correlation parameters is shown.

PACS. 11.80.Cr Kinematical properties (helicity and invariant amplitudes, kinematic singularities, etc.)
– 12.40.Nn Regge theory, duality, absorptive/optical models – 13.85.Dz Elastic scattering

1 Introduction

Spin phenomena provide a powerful tool for analyzing
the properties of hadronic interaction. The spin struc-
ture of the pomeron is an important question concern-
ing the diffractive scattering of polarized particles. There
were many observations of spin effects at high energies and
at fixed momentum transfers. Several attempts to extract
the spin-flip amplitude from the experimental data show
that the ratio of spin-flip to spin-nonflip amplitudes can
be nonnegligible and may be only slightly dependent on
energy [1,2]. Thus, the diffractive polarized experiments
at HERA and RHIC allow one to study spin properties
of quark-pomeron and proton-pomeron vertices and to
search for a possible odderon contribution.

This provides an important test of the spin properties
of QCD at large distances. In all of these cases, pomeron
exchange is expected to contribute the observed spin ef-
fects at some level [3].

In the framework of perturbative QCD, it was shown
that the analyzing power of hadron-hadron scattering can
be large and proportional to the hadron mass [4]. Hence,
one could expect a large analyzing power for moderate p2

t

where the spin-flip amplitudes are presumably relevant for
diffractive processes. The case, when large distance contri-
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butions are considered, leads to a more complicated spin
structure of the pomeron coupling. For example, the spin-
flip amplitude has been estimated in the QCD Born ap-
proximation by using the nonrelativistic quark model for
the nucleon wave function [5] in the case where the nu-
cleon contains a dynamically enhanced component with a
compact diquark. The spin-flip part of the scattering am-
plitude can be determined by the hadron wave function
for the pomeron-hadron couplings or by the gluon-loop
corrections for the quark-pomeron coupling [6]. As a re-
sult, spin asymmetries appear which have a weak energy
dependence as s → ∞. Additional spin-flip contributions
to the quark-pomeron vertex may also have their origins
in instantons (see, e.g. [7,8]).

The procedure of how to separate the various parts of
the scattering amplitude is model dependent. These ques-
tions include also the determination of the odderon con-
tribution to different exclusive reactions and to pseudo-
scalar meson production, the study of the structure of
high-energy elastic hadron-hadron scattering amplitude at
small angles and the problems related to the extraction of
σtot from the experimental data, the study of the behavior
of the parameter ρ, the ratio of the real to the imaginary
part of the scattering amplitude [9,10].

Including in the analysis the experimental data of spin
correlation parameters does not simplify the task. In the
general case, the form of the analyzing power, AN , for
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example, and the position of the maximum of AN de-
pends on the parameters of the elastic scattering ampli-
tude σtot, ρ(s, t), the Coulomb-nucleon interference phase
ϕcn(s, t) and the elastic slope B(s, t) . For the definition
of new effects at small angles and especially in the re-
gion of the diffraction minimum one must know the ef-
fects of the Coulomb-hadron interference with sufficiently
high accuracy. The Coulomb-hadron phase was calculated
in the entire diffraction domain taking into account the
form factors of the nucleons [11]. Some polarization effects
connected with the Coulomb-hadron interference, includ-
ing some possible odderon contribution, were also calcu-
lated [12].

The dependence of the hadron spin-flip amplitude on
the momentum transfer at small angles is tightly con-
nected with the basic structure of the hadrons at large dis-
tances. We show that the slope of the so-called “reduced”
hadron spin-flip amplitude (the hadron spin-flip amplitude
without the kinematic factor

√|t|) can be larger than the
slope of the hadron spin-nonflip amplitude as was observed
long ago [13,14]. Its behavior can be defined by small ef-
fects in the differential hadron cross-section and the real
part of the hadron nonflip amplitude.

2 Definition of the physical quantities

The total helicity amplitudes can be written as

Φi(s, t) = φh
i (s, t) + φem

i (t) exp[iαemϕcn(s, t)], (1)

where φh
i (s, t) is the pure strong interaction of hadrons,

φem
i (t) is the electromagnetic interaction of hadrons,

αem = 1/137 is the electromagnetic constant, and ϕcn(s, t)
is the electromagnetic-hadron interference phase factor.
So, to determine the hadron spin-flip amplitude at small
angles one should take into account all electromagnetic
and interference electromagnetic-hadrons effects. A recent
reanalysis of the data is found in [15].

The differential cross-section and the spin parameters
AN and ANN are defined as

dσ

dt
=

2π

s2
(|φ1|2 + |φ2|2 + |φ3|2 + |φ4|2 + 4|φ5|2), (2)

AN
dσ

dt
= −4π

s2
Im [(φ1 + φ2 + φ3 − φ4)φ∗

5)], (3)

and

ANN
dσ

dt
=

4π

s2
[Re (φ1φ

∗
2 − φ3φ

∗
4) + 2|φ5|2], (4)

in terms of the usual helicity amplitudes.
In this paper, we define the hadronic spin-nonflip

amplitude as F h
nf(s, t) = (φh

1(s, t) + φh
3(s, t))/(2s) and

F c
nf(s, t) = (φem

1 (s, t) + φem
3 (s, t))/(2s). Taken into ac-

count the Coulomb-nuclear phase ϕcn, we define Im F c
nf =

αemϕcnF c
nf . The “reduced” spin-flip amplitudes are de-

noted as F̃ h
sf(s, t) = φh

5(s, t)/(s
√|t|) and F̃ c

sf(s, t) =
φem

5 (s, t)/(s
√|t|).

3 The slope of the hadron amplitudes

As it is not possible to calculate exactly the hadronic
amplitudes from first principles, we have to resort to
some assumptions for what concerns their form (s- and
t-dependence). Let us define the slope of the scattering
amplitude as the derivative of the logarithm of the am-
plitudes with respect to t. For an exponential form of the
amplitudes this coincides with the usual slope of the dif-
ferential cross-sections divided by 2.

If we define the forms of the separate hadron scattering
amplitude as

Im Fnf(s, t) ∼ exp(B+
1 t),

ReFnf(s, t) ∼ exp(B+
2 t), (5)

Im F̃sf(s, t) =
1√|t| Im φh

5(s, t) ∼ exp(B−
1 t),

Re F̃sf(s, t) = ∼ exp(B−
2 t), (6)

then, at small t (∼ 0–0.1GeV2), practically all semiphe-
nomenological analyses assume

B+
1 ≈ B+

2 ≈ B−
1 ≈ B−

2 .

Actually, if we take the eikonal representation for the
scattering amplitude

φh(s, t) =
1

2iπ

∫
d2ρeiρ∆ [eχ0+i[n×σ]zχ1 − 1] , (7)

and use

J0(x) =
1
2π

∫ 2π

0

dϑeix cos ϑ ,

J1(x) = − 1
2π

∫ 2π

0

dϑeix cos ϑ sin ϑ,

we obtain

φh
1(s, t) = −ip

∫ ∞

0

ρd ρ J0(ρ∆)(eχ0(s,ρ) − 1], (8)

φh
5(s, t) = −ip

∫ ∞

0

ρd ρ J1(ρ∆)χ1(s, ρ)eχ0(s,ρ) , (9)

where

χ0(s, ρ) =
1

2ip

∫ ∞

−∞
dzV0(ρ, z) , (10)

χ1(s, ρ) =
ρ

2

∫ ∞

−∞
dzV1(ρ, z) . (11)

If the potentials V0 and V1 are assumed to have a Gaus-
sian form

V0,1(ρ, z) ∼
∫ ∞

−∞
eBr2

dz =
√

π√
B

e−Bρ2
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in the first Born approximation, φh
1 and φ̂h

5
will have the

same form

φh
1(s, t) ∼

∫ ∞

0

ρd ρ J0(ρ∆)e−Bρ2
= e−B∆2

, (12)

φh
5(s, t) ∼

∫ ∞

0

ρ2 d ρ J1(ρ∆)eχ0(s,ρ)e−Bρ2
=qBe−B∆2

.

(13)
In this special case, therefore, the slopes of the spin-

flip and “residual”spin-nonflip amplitudes are indeed the
same.

At best, however, a Gaussian form of the potential
is adequate to represent the central part of the hadronic
interaction. This form cuts off the Bessel function and
the contributions at large distances. As a consequence we
can confine ourselves to the two first terms of the small-x
expansion of the Bessel functions

J0(x) � 1 − (x/2)2,
2J1/x � (1 − 0.5(x/2)2), (14)

and we recover the previous result, i.e., the integral rep-
resentation for spin-flip and spin-nonflip amplitudes will
be the same as in (12),(13). If, however, the potential (or
the corresponding eikonal) has a long tail (exponential or
power) in the impact parameter, the approximation (14)
for the Bessel functions does not lead to a correct result
and one has to perform full integration.

The first observation that the slopes do not coincide
was made in [13]. It was found from the analysis of the
π±p → π±p and pp → pp reactions at pL = 20–30GeV/c
that the slope of the “residual” spin-flip amplitude is
about twice as large as the slope of the spin-nonflip am-
plitude. This conclusion can also be obtained from the
phenomenological analysis carried out in [14] for spin cor-
relation parameters of the elastic proton-proton scattering
at pL = 6GeV/c.

The model-dependent analysis based on all the exist-
ing experimental data of the spin correlation parameters
above pL ≥ 6GeV allows us to determine the structure
of the hadron spin-flip amplitude at high energies and to
predict its behavior at superhigh energies [16]. This analy-
sis shows that the ratios Re φh

5(s, t)/(
√|t|Re φh

1(s, t)) and
Im φh

5(s, t)/(
√|t|Im φh

1(s, t)) depend on s and t. At small
momentum transfers, it was found that the slope of the
“residual” spin-flip amplitudes is approximately twice the
slope of the spin-nonflip amplitude.

Let us see what we obtain in the case of an exponential
tail for the potentials. If we take

χi(b, s) ∼ H e−aρ,

and use the standard integral representation
∫ ∞

0

xα−1 − exp(−px)Jν(cx) dx = Iα
ν ,

with

Iν+2
ν = 2p(2c)νΓ (ν + 3/2)1/[

√
π(p2 + c2)3/2],

we obtain

Fnf(s, t) =
∫

ρd ρ e−aρJ0(ρq) =

a

(a2 + q2)3/2
≈ 1

a
√

a2 + q2
e−Bq2

with B = 1/a2, where we have used the

1/(1 + x) ∼ (1 − x) ∼ exp(−x).

For the “residual” spin-flip amplitude, on the other hand,
we obtain

√
|t|F̃sf(s, t) =

∫
ρ2 d ρ e−aρJ1(ρq) =

3 a q

(a2 + q2)5/2
≈ 3 aq B2√

a2 + q2
e−2Bq2

. (15)

In this case, therefore, the slope of the “residual” spin-flip
amplitude exceeds the slope of the spin-nonflip amplitudes
by a factor of two.

If, further, we take the first Born term of an inverse
power form factor

χ(s, ρ) =
∫

q d q J0(ρq)
Λ2n

(Λ2 + q2)n
=

Λ2n

48
(Λρ)n−1Kn−1(Λρ), (16)

the spin-flip amplitude is given by

√
|t|F̃sf(s, t) =

Λ2

48

∫
ρ2 d ρJ1(ρq)Kn−1(Λρ) =

8q

Λ2

1
(1 + q2/Λ2)n+1

. (17)

Hence, a long-tail hadron potentials implies a signifi-
cant difference of the slopes of the “residual” spin-flip and
of the spin-nonflip amplitudes. Note also that the proce-
dure of eikonalization will lead to a further increase of the
difference of these two slopes.

4 The determination of the structure of the
hadron spin-flip amplitude

How one can find the value of the slope of the spin-flip
amplitude? First, note that if the “reduced” spin-flip am-
plitude is not small, the impact of a large B− will reflect
in the behavior of the differential cross-section at small
angles [17]. Of course, this method gives only the abso-
lute value of the coefficient of the spin-flip amplitude. The
imaginary and real parts of the spin-flip amplitude can be
found only from the measurements of the spin correlation
coefficient.

Now let us examine the form of the analyzing power
AN at small transfer momenta with different values of the
slope of the hadron spin-flip amplitude. To this aim, we
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Fig. 1. The calculation of AN at
√

50 GeV: the solid line refers
to the case when the slope B−

1 of F̃sf is equal to the slope B+
1

of Fnf , the dashed line when B−
1 = 2B+

1 .

take the spin-nonflip amplitude in the standard exponen-
tial form with definite parameters: slope B+, σtot and ρ+.
For the “residual” spin-flip amplitude, on the other hand,
we consider two possibilities: equal slopes B− = B+ and
B− = 2B+. For example we take at

√
s = 50GeV

σtot = 42mb, ρ = 0.075, B+ = 13/2.

The results of these two different calculations are shown
in fig. 1. It is clear that around the maximum of the
Coulomb-hadron interference, the difference between the
two variants is very small. But when |t| > 0.01GeV2, this
difference grows. So, if we try to find the contribution of
the pomeron spin-flip, we should take into account this
effect.

As the value of AN depends on the determination of
the beam polarization, let us calculate the derivative of
AN with respect to t, for example, at

√
s = 500GeV. In

this case, we take

σtot = 62mb, ρ = 0.15, B+ = 15.5/2.

The results of these two calculations are shown in fig. 2.
If we know the parameters of the hadron spin-nonflip

amplitude, the measurement of the analyzing power at
small transfer momenta helps us to find the structure of
the hadron spin-flip amplitude. Let us examine the behav-
ior of the analyzing power (3), which can be rewritten as

AN
dσ

dt
=2(Im FnfRe Fsf−Re FnfIm Fsf) =

2[(Im F h
nfRe F c

sf +Im F c
nfRe F c

sf−Re F h
nfIm F c

sf

−Re F c
nfIm F c

sf) + (Im F h
nfRe F h

sf − Re F c
nfIm F h

sf

+Im F c
nfRe F h

sf − Re F h
nfIm F h

sf)] (18)

in two specific regions.
We begin from the point tim where the absolute value

of the real part of the Coulomb amplitude is equal to
the imaginary part of the hadron spin-nonflip amplitude
|Re F c

nf | = |Im F h
nf | . Let us denote by P

′
the part of the

Fig. 2. The calculation of δAN/δt at
√

500 GeV: the solid line
refers to the case when the slope B−

1 of F̃sf is equal to the slope
B+

1 of Fnf ; the dashed line when B−
1 = 2B+

1 .

analyzing power (18) which can be calculated, if we know
σtot, B, ρ for the nonflip amplitude, and by ∆P the part
of AN which depends on the hadron spin-flip amplitude:

∆P = Aexper.
N − P

′
. (19)

Here, Aexper.
N is the measured value of the analyzing power.

Let us factor out the term |F c
nf | from the numerator, the

term |F c
nf |2 from the denominator and multiply ∆P by

|F c
nf |:

A
′
N = (∆P )|F c

nf | �

2
−Im F h

sf + Re F h
sf(Im F h

nf/|F c
nf |

1 + (Im F h
nf/|F c

nf |)2
. (20)

At the point tim, where Im F h
nf = −Re F c

nf for proton-
proton scattering at high energy, we obtain

A
′
N = −Re F h

sf − Im F h
sf . (21)

And, as t → 0, due to the growth of |F c
nf |, we have the

result

A
′
N → −2Im F h

sf . (22)

There is another specific point of the differential cross-
sections and of AN on the axis of the momentum trans-
fer, tre, where the absolute value of the real part of the
Coulomb amplitude equals the absolute value of the real
part of the hadron spin-nonflip amplitude. This point tre
can be found from the measurement of the differential
cross-sections [18].

At high energies and small angles the analyzing power
(18) can be rewritten in the form

−AN
dσ

dt
/2 = Im F h

nf(Re F c
sf + Re F h

sf)

+Im F c
nf(Re F c

sf + Re F h
sf)

−Im F c
sf(Re F c

nf + Re F h
nf)

−Im F h
sf(Re F c

nf + Re F h
nf). (23)
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Fig. 3. The form of Re (F sf) : solid and long-dashed lines are
calculations by (24); short-dashed and dottes lines are model
amplitudes with the slopes B−

1 = B+
1 and B−

1 = 2B+
1 .

We obtain for proton-proton scattering at high ener-
gies at the point tre, where Re F nf

h = −Re F nf
c ,

Re F h
sf(s, t)=

−AN (s, t)(dσ/dt)
2(Im F h

nf(s, t)+Im F c
nf(t))

−Re F c
sf(t). (24)

We can again take the hadron spin-nonflip and spin-flip
amplitudes with definite parameters and calculate the
magnitude of AN by the usual complete form (18), while
the real part of the hadron spin-flip amplitude is given by
(24). Our calculation by this formula and the input real
part of the spin-flip amplitude are shown in fig. 3. At the
point tre both curve coincide. So if we obtain from the ac-
curate measurement of the differential cross-sections the
value of tre, we can find from AN the value of the real
part of the hadron spin-flip amplitude at the same point
of momentum transfer.

5 Conclusion

By accurate measurements of the analyzing power in
the Coulomb-hadron interference region we can find the
structure of the hadron spin-flip amplitude, and this gives
us further information about the behavior of the hadron
interaction potential at large distances. Such contribution
can be taken into account in the peripheral dynamic
model [19]. In fact, the model takes into account the
contribution of the hadron interaction at large distances,
and the calculated hadron spin-flip amplitude leads to the

ratio of the slopes of the “residual” spin-flip and spin-
nonflip amplitudes at small momenta transfer. The model
gives also the large spin effects in the diffraction dip do-
main [20]. We should note that all our consideration are
based on the usual supposition that the imaginary part
of the high-energy scattering amplitude has an exponen-
tial behavior. The other possibility, that the slope changes
slightly with t → 0, requires a more refined discussion that
will be the subject of a subsequent paper.

One of us (OVS) would like to thank the Department of The-
oretical Physics of the University of Torino for its hospitality
and the INFN for its financial support.
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