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Diffractive effects in spin-flip pp amplitudes and predictions for relativistic energies
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We analyze the diffractive~Pomeron! contribution to thepp spin-flip amplitude and discuss the possible
scenarios for energies available at the Relativistic Heavy-Ion Collider~RHIC!. In particular, we show that
RHIC data will be instrumental in assessing the real contribution of diffraction to spin amplitudes.
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I. INTRODUCTION

The study of diffraction on high-energy scattering usi
Regge formalism is a well-known subject@1#. Until the com-
ing in operation of Relativistic Heavy-Ion Collidor~RHIC!,
the highest energypp data available from accelerators we
those of the Intersecting Storage Ring~ISR! at CERN. Those
experiments, however, did not measure the polarization
the projectiles. Since the differential cross section (ds/dt) at
ISR energies is usually assumed to be dominated by the s
non-flip amplitude, many of the models describing the d
fraction in pp scattering do not take into account the cont
bution from spin-flip amplitudes@2–4#. Others do@5–8# but
in this case they use data at lower energies@9#. However, the
study of diffraction in spin-flip amplitudes began many yea
before that when one of us@10# noticed that polarization dat
at pp scattering suggested a diffractive contribution in t
spin-flip pp amplitude at high energy which becomes e
dent when the kinematical zero is removed. The spin-
amplitude without the kinematical zero is named ‘‘reduce
and manifests itself as a peak in the forward direction wh
does not appear to vanish as the energy increases. In
@10# it was explicitly noticed that, once the kinematical ze
is removed, all partial waves act coherently in the sm
angle domain as it is typical of diffractive events@11#. The
following statement was made later@12#: ‘‘the residual spin-
flip amplitudes behave very much like spin-non-flip amp
tudes at high energies and exhibit a pronounced forw
peak which is largely independent of the particular elas
reaction chosen.’’ The same conclusion was obtained in
analysis ofpp data some years later@12# but in the case of
pp scattering the situation is complicated by the existence
five independent helicity amplitudes, namedf j , with j
51, . . . ,5. Of those,f1 and f3 are spin-non-flip ampli-
tudes,f2 andf4 are double spin-flip amplitudes, andf5 is
a single spin-flip amplitude.

In this work we are interested in high energy and not
high t so that we can concentrate the analysis on the m
aspects of the spin-flip amplitude forpp scattering in the
diffractive region. In Ref.@7# the magnitudes off2 andf4
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with respect to the spin-non-flip amplitude were analyz
and reasonable arguments were given concerning the li
dependence ont for f2 (f2}t whent→0) @15#, while in the
case off4 the relationf4}t is consequence of angular mo
mentum conservation.

So, the general form of the polarizationP for pp scatter-
ing

P52
Im@~f11f21f32f4!f5* #

@ uf1u21uf2u21uf3u21uf4u214uf5u2#
, ~1!

can be simplified assuming thatf2 and f4 are small com-
pared to the others amplitudes in thet region under interest
Using the definitions

f15
g~s,t !

2
, f55

h~s,t !

2
, ~2!

where g(s,t) and h(s,t) will be consideredeffectivespin-
non-flip and spin-flip amplitudes, respectively, and assum
f15f3 the polarization can be rewritten as

P52
Im@g~s,t !h* ~s,t !#

ug~s,t !u212uh~s,t !u2
. ~3!

Today, a rather considerable amount of data at higher
ergies has been gathered@9# in the relatively small angle
domain and new perspectives are being opened by the c
ing in operation of the Relativistic Heavy Ion Collide
~RHIC!, the ideal machine to study polarization in high e
ergy collision processes@13#.

In addition, our phenomenological information on th
spin-non-flip amplitude is today much more complete a
this can be used to reduce the uncertainties in the anal
Using an explicit parametrization for thepp spin-non-flip
amplitude @14# whose parameters have been calcula
against all high energypp andp̄p data~except polarization!,
we analyze the structure of the reduced spin-flip contri
tion, where the kinematical zero is removed with the fac
A2t. The following conclusions are reached in this analys

~a! The ~reduced! spin-flip amplitude exhibits the typica
peak in the forward direction which characterizes diffracti
©2002 The American Physical Society29-1
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amplitudes but the reduced spin-flip amplitude is less t
10% of the imaginary part of the spin-non-flip amplitude.

~b! The data fitting with the same energy dependence
g(s,t) andh(s,t) seems the best choice; a zero is autom
cally produced in the polarization; this moves with ener
towardst50 as a consequence of the analogous shift of
dip in ds/dt induced by the zero of the spin-non-flip amp
tude.

~c! The magnitude of the polarization decreases as
energy increases but the extrapolation to 500 GeV predic
non-negligible contribution if the same Pomeron trajecto
for both spin-flip and spin-non-flip amplitudes is used.

In the next section we present the expressions of the
plitudes and explain them. In Sec. III we show the fit of t
data and the modifications on the spin-flip amplitudes.
also consider a similar~nondiffractive! analysis of the data
Although the fit to the lower energy data is essentially
same, the two analysis predict a very different behavio
increasing energies. As we will stress, RHIC data sho
provide a reasonably clear cut answer to the question
whether or not diffraction contributes to the spin-flip amp
tude. In Sec. IV we present the conclusions.

II. DEFINITION OF THE AMPLITUDES

The effective ppspin-non-flip amplitude will be written
as

g~s,t !5an f~s,t !5a1~s,t !2a2~s,t ! ~4!

with

a1~s,t !5aP~s,t !1af~s,t !

and

a2~s,t !5aO~s,t !1av~s,t !, ~5!

where aP(s,t) and aO(s,t) are the Pomeron and Oddero
amplitudes, respectively, andaf(s,t) @av(s,t)# is the even
~odd! secondary Reggeon@16#. These different amplitude
are taken directly from Ref.@14# and their explicit forms are
given in the Appendix together with the values of their p
rameters.

To write the effective spin-flip amplitudeh(s,t): ~i! first,
we neglect the spin contribution of secondary Reggeon
check whether diffraction could be the dominant pheno
enon for the spin-flip amplitude at smallutu at the available
energies;~ii ! second, we notice that the combination of t
exchange of two and three gluon ladders induceCP-even
~and -odd! contributions to the spin-flip amplitude that a
fects Pomeron exchange. We have, therefore, to antici
that the diffractive~Pomeron! contribution to the spin-flip
amplitude may have a slightly modified structure from t
usual one. Differently stated, to take into account three gl
ladders, we do not take a strict Regge pole parametriza
for the Pomeron spin-flip term and we allow a real part co
tribution to be present. Thus, in the very smallutu domain, we
write
03402
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h~s,t !5as f~s,t !

5~ ig11d1!
A2t

mp
s̃as f(t)eb1tQ~0.52utu!

1~ ig21d2!
A2t

mp
s̃as f(t)eb2tQ~ utu20.5!, ~6!

where the mass of the protonmp is used to make the param
eters dimensionless. In Eq.~6! s̃5(s/s0)e2 ip/2, Q is the step
function and we assumes051 GeV2 as in Ref. @14#; the
superscripts f ~for ‘‘spin-flip’’ ! allows us to check if theP
trajectory can be different for spin-flip and spin-non-flip am
plitudes. While the complex phase in Eq.~6! is used to take
into account in a phenomenological way the mixing ofCP
even and odd contributions cited above, the step functio
used to account in the most economical way for the fact t
the fitting procedure requires a change in the slope ofh(s,t)
~similar to what happens inds/dt) to have a good descrip
tion of the polarization data. The precise point where
slope changes, however, is rathert insensitive and could be
taken at almost any value between 0.2 and 0.7 GeV2 ~in utu).
We do not have an explanation for this effect nor for t
insensitivity in the choice of the point where the slo
changes but it proves that our parametrization is quite sta
To start with, we take the spin-flip Pomeron trajectoryas f(t)
to be exactly the same as derived for the spin-non-flip a
plitude

as f~ t !5aP~ t !5aP~0!1aP8t, ~7!

whereaP(0) andaP8 are given in the Appendix.

III. FIT TO THE EXISTING pp POLARIZATION DATA

The differential cross sectionds/dt for pp scattering is
available at energies up to 63 GeV in the c.m. system
polarization data are available only at lower energies.
utilized the data atAs513.8, 16.8, and 23.8 GeV~a total of
64 points! in the fit and we checked the quality of the resu
describing the polarization at 19.4 GeV. The parameters
tained in the fit are shown in Table I with the bestx2 per
degree of freedom. In principle~and in practice!, the inclu-
sion of the spin-flip amplitude in the game would requ
refitting all the parameters to reproduce the angular distri
tions as well. We will check, however, that the fit of th
polarization datawithoutperforming a new fit to the angula
distribution does not modify the quality of the fit to the latt
while making much more direct the analysis of the polariz
tion data.

TABLE I. Values of the parameters obtained from fitting pola
ization data atAs513.8, 16.8, and 23.8 GeV with Eqs.~6! and~7!.
The x2/NDF is 1.1.

i g i d i b i(GeV22)

1 1.3531021 2.6431021 4.74
2 2.5531022 5.3831022 2.29
9-2
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DIFFRACTIVE EFFECTS IN SPIN-FLIPpp . . . PHYSICAL REVIEW D 66, 034029 ~2002!
FIG. 1. Results from fitting polarization data at~a! 13.8 GeV,~b!
16.8 GeV, and~c! 23.8 GeV~see Table I!.
03402
Figure 1 presents the set of polarization data used in
fit together with our reconstruction. Figure 2 shows the p
larization atAs519.4 GeV with the prediction of our mode
since this set was not used in the fit. In Fig. 3 we sh
ds/dt at various energies as described by adding
~squared! spin-flip amplitude@see Eq.~A9! in the Appendix#
to the~squared! spin non flip term. As anticipated, the qualit
of the fit has not been altered

Several comments are in order.
~a! TheP contribution to the spin-flip amplitudeh(s,t) is

considerably smaller than to the spin-non-flip termg(s,t)
~about 5%, roughly, atAs520 GeV and changing little unti
500 GeV!. This value is compatible with the analysis pe

FIG. 3. The differential cross section obtained in this work ta
ing into account the spin-flip amplitude, Eq.~6!. The highest set of
data corresponds to 23.5 and 27.4 GeV grouped together. The
sets~multiplied by powers of 1022) are 30.5, 44.6, 52.8, and 6
GeV.

FIG. 2. The prediction for the polarization at 19.4 GeV~not
used in the fit! compared with the experimental data at that ene
~parameters from Table I!.
9-3
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A. F. MARTINI AND E. PREDAZZI PHYSICAL REVIEW D 66, 034029 ~2002!
formed in@7# where use was made of the relative amplitu
r 55mf5 /(A2tImf1). In our case, Imr 5520.054 atAs
5500 GeV. We should mention that we findnatural that the
spin-flip part of the amplitude should be a small fraction
the spin-non-flip but, again, we have no real reason for t

~b! Contrary to the discussion made in Ref.@12#, the
~small utu) slope of the spin-flip amplitude b1
54.74 GeV22 appears to be not very much different fro
the effective slope of the Pomeron in spin-non-flip amplitu
~see the Appendix!. The present parametrization, however,
considerably more elaborate and the set of data corresp
to higher energies so the results of these papers may no
directly comparable.

~c! Our result@i.e., h(s,t)# cannot be extended toutu val-
ues much higher than few GeV2 because the spin-non-fli
amplitude utilized is valid at the Born level@14# and its
description in the region after the dip (utu.1.5 GeV2) is not
very good. To extend our considerations to higherutu, it
would be necessary to adopt the more sophisticated eiko
ized version. Anyway, thet-region of interest for RHIC is up
to 1.5 GeV2 @13# so we can confine our analysis to the n
too high utu-region. This point may have to be reconsider
in the future along with more detailed analysis.

~d! The spin-non-flip amplitude in Ref.@14# fits ds/dt
without the spin contribution and that description is n
spoiled by the presence ofh(s,t) on this work since it is very
smaller thang(s,t).

A. The kinematical zero of the spin-flip amplitude

The original work about diffraction and polarization da
at pp scattering calculated the reduced spin-flip amplitu
removing the kinematical zero by means of a sinu instead of
A2t @10#. Since the energies available at that time we
much lower, it would be difficult to see differences betwe
the two approaches. But the data presently available and
coming in operation of RHIC at even higher energies rai
the question of what would happen if the factor sinu was
used. In principle, the use of relativistically invariant va
ables used earlier seems more appropriate but we feel
the answer can only come from experiments.

To answer this question we adopt in this section the sp
flip amplitude

h~s,t !5as f~s,t !

5~ ig11d1!sinu s̃as f(t)eb1tQ~0.52utu!

1~ ig21d2!sinu s̃as f(t)eb2tQ~ utu20.5!. ~8!

We use the same procedure of the fit with Eq.~6!, that is, we
fit the data atAs513.8, 16.8, and 23.8 GeV assumin
as f(t)5aP(t). Then we check the quality of the fit with th
description of the polarization data at 19.4 GeV. The val
of the parameters obtained with Eq.~8! are shown in Table
II.

Following the same procedure of the previous section,
present in Fig. 4 the result of the fitting while Fig. 5 show
the polarization atAs519.4 GeV and Fig. 6 presentsds/dt.
Two differences in the present results and in those of
03402
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FIG. 4. Results from fitting polarization data at~a! 13.8 GeV,~b!

16.8 GeV, and~c! 23.8 GeV~see Table II!.
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DIFFRACTIVE EFFECTS IN SPIN-FLIPpp . . . PHYSICAL REVIEW D 66, 034029 ~2002!
previous analysis are worth being emphasized. First, the r
of the reduced spin-flip (h(s,t)/sinu) to the spin-non-flip
amplitude is much bigger~above 90%! and this big ratio was
noticed at lower energies too@12#. Second, the slopeb1
56.25 GeV2 is higher than the previous result~Table I! so
the reduced spin-flip amplitude is steeper on this case.

Although Eqs.~6! and~8! present very different values fo
the parametersb1 ,d1, andg1, Figs. 1–6 show that the de
scriptions of the data are similar and the fits have a com
rable x2. To understand the consequences of using one
rametrization or the other it is necessary to remember
sinu}A2t/s. So, to all effects, Eq.~8! does not have thes
dependence of the Pomeron. Differently stated, the par
etrization~8!, ultimately, is not diffractive. The compariso
between the two parametrizations used forh(s,t), therefore,

FIG. 5. The prediction for the polarization at 19.4 GeV~not
used in the fit! compared with the experimental data at that ene
~parameters from Table II!.

FIG. 6. The differential cross section obtained in this work ta
ing into account the spin-flip amplitude through Eq.~8!. About the
data see Fig. 3.
03402
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Eqs.~6! and~8! goes to the root of the problem of whether
not diffraction contributed to spin flip. This difference wi
have relevant consequences at higher energies and
pp2pp experiment at RHIC@13# will be able to discriminate
between these two scenarios.

B. Predictions to higher energies

Thepp2pp experiment at RHIC will provide information
about polarization inpp scattering at energies between 5
and 500 GeV@13#. That means a big increase in the amou
of information about the spin content of the proton so it
important to see what we can say about the polarization
that energy range based on the information we have der
from the data available at lower energies. To this aim,
calculate the polarization atAs550 and 500 GeV with Eq.
~6! plotting the result in Fig. 7. We can see that the polari
tion decreases in magnitude with increasing energy but
still sizeable at 500 GeV. Eq.~6! produces a peak of abou
10% of positive polarization around2t51.25 GeV2 and
As5500 GeV as compared with a~positive! polarization of
over 15% atAs550 GeV.

Now we compare this result with the prediction using E
~8! ~see Fig. 8!. The polarization calculated with the facto
sinu is much smaller~about 5% atAs550 GeV) but be-
comes essentially zero atAs5500 GeV. As already men
tioned the factor 1/As hidden inside the sine function is im
portant to separate the predictions at high energies.

We have also checked the possibility of a different int
cept for the trajectoryas f(t). In this case Eq.~7! is modified

y

-

FIG. 7. The polarization predictions forAs550 and 500 GeV
with the parameters of Table I.

TABLE II. Results from fitting polarization data atAs513.8,
16.8, and 23.8 GeV with Eqs.~7! and ~8!. Thex2/NDF is 1.1.

i g i d i b i(GeV22)

1 2.55 4.80 6.25
2 0.18 0.45 2.30
9-5
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A. F. MARTINI AND E. PREDAZZI PHYSICAL REVIEW D 66, 034029 ~2002!
and as f(0) becomes a new parameter to be fitted toget
with the other six parameters. The values obtained~with a
similar x2/NDF) for them were quite absurd, including
negative interceptas f(0) when the factorA2t/mp is used,
and the polarization predictions at RHIC energies are
small that it would be essentially impossible to detect th
values experimentally. Since there is no improvement of
fit with the increased number of parameters we discard
solution.

IV. CONCLUSIONS

We analyzed the spin-flip amplitude and removed its
nematical zero to study the Pomeron contribution to the s
as suggested long time ago@10,12#. We made use of two
hypothesis to remove the zero,A2t/mp and sinu, where the
first is more convenient at high energies since it is relativis
invariant while the second was used in the original wo
about diffraction inpp spin-flip amplitudes@12#. The differ-
ences resulting from the application of Eqs.~6! or ~8! are
quite large although the descriptions of the data betw
As513 and 24 GeV are very similar. The fraction ofh(s,t)
to g(s,t) is small if A2t/mp is used~around 5%! but it
becomes big when sinu is utilized ~more than 90%!. Al-
though, as already mentioned, we do not have a strict rea
to prefer one over the other, the first solution is much more
line with the traditional analyses. Also, the slope at smallutu
changes whenA2t/mp is substituted by sinu, showing that
h(s,t) becomes steeper with the second option. At the sa
time, the slopeb2 is practically the same in both cases sho
ing that there is a modification onh(s,t) around 2t
50.5 GeV2, which confirms the necessity of two slopes
the spin-flip amplitude as it was assumed. The extrapolat
shown in Figs. 7 and 8 suggest that the data from RHIC w
be crucial to understand and choose the best form to des
the spin-flip amplitude.

In summary, the prediction is very straightforward: a po
tive polarization of the order of 10% is predicted at RH

FIG. 8. The polarization predictions for 50 and 500 GeV with
detailed view of the data at 500 GeV in the inset~parameters from
Table II!.
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energies ofAs5500 GeV if the Pomeron~diffraction! con-
tributes to the spin-flip amplitude as lower energy data te
to suggest. A vanishing contribution is otherwise expecte

It would be possible to improve the description of the da
with more elaborated forms for both spin-non-flip and sp
flip amplitudes ~by eikonalizing them, for example, Re
@14#, by introducing subasymptotic effects in the spin-fl
part by secondary Reggeons and so on! but we expect that
the main conclusions of our analysis would remain the sa
in the region of smallt ~where the Born amplitudes wor
well! and high energies~where the Pomeron dominates!. A
more detailed analysis to separate the contributions of
exchanges of two and three gluon ladders would be m
gratifying from the theoretical point of view as well as
better study of the break in the diffractive slopes. All the
points will, hopefully, be reconsidered in the future.
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APPENDIX: THE SPIN-NON-FLIP AMPLITUDE

The spin-non-flip amplitude utilized in this work is

an f~s,t ![a1~s,t !2a2~s,t !, ~A1!

where

a1~s,t !5aP~s,t !1af~s,t ! ~A2!

and

a2~s,t !5aO~s,t !1av~s,t !. ~A3!

The expressions for the two Reggeons used in Ref.@14#
are

aR~s,t !5aRs̃aR(t)ebRt ~A4!

and

aR~ t !5aR~0!1aR8 t ~R5 f and v! ~A5!

with af(av) real ~imaginary!.
For the Pomeron, the spin-non-flip amplitude is

aP
(D)~s,t !5aPs̃aP(t)@ebP[aP(t)21]~bP1 ln s̃!1dP ln s̃#

~A6!

while for the Odderon we use

aO~s,t !5@12exp~gt !#aOs̃aO(t)@ebO(aO(t)21)~bO1 ln s̃!

1dO ln s̃#, ~A7!
9-6



in

e
he

in
ate.

el

DIFFRACTIVE EFFECTS IN SPIN-FLIPpp . . . PHYSICAL REVIEW D 66, 034029 ~2002!
where againaP(aO) real ~imaginary! and we have utilized
a i(t)5a i(0)1a i8t, wherei 5P,O.

Our definition for the amplitude follows@14# so that

s t5
4p

s
Im$an f~s,t50!%, ~A8!

ds

dt
5

p

s2 @ uan f~s,t !u212uas f~s,t !u2#.

~A9!

In this work we retain the same parameters for the sp
non-flip amplitude as in Ref.@14# and we keep them fixed
while fitting the parameters of the spin-flip amplitude. W
utilize the dipole model at the Born level since most of t
polarization data is contained in thet domain corresponding
to the region before the dip inds/dt ~well described without
eikonalization!. The values of the parameters of the sp
non-flip amplitude@14# are shown in Table III.
n
z

. C

d.

03402
-

-

To calculate the polarization we utilized the form

P52
Im$an f~s,t !@as f~s,t !#!%

uan f~s,t !u212uas f~s,t !u2
, ~A10!

where the star on the numerator means complex conjug

TABLE III. Parameters of the dipole model at the Born lev
@14# with i 5P,O, f ,v.

Pomeron Odderon f Reggeon v Reggeon

a i(0) 1.071 1.0 0.72 0.46
a i8 (GeV22) 0.28 0.12 0.50 0.50

ai 20.066 0.100 214.0 9.0
bi 14.56 28.10 1.64 GeV22 0.38 GeV22

di 0.07 20.06
g (GeV22) 1.56
vo
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