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Motivated by the need for an absolute polarimeter to determine the beam polarization for the forthcoming
BNL RHIC spin program, we study the spin dependence of the proton-proton elastic scattering amplitudes at
high energy and small momentum transfer. In particular, we examine experimental evidence for the existence
of an asymptotic part of the helicity-flip amplitudf; which is not negligible relative to the largely imaginary
average nonflip amplitudeé , = %(¢>1+ &3). We discuss theoretical estimatesrgf=megs/+/—t Im ¢.. based
upon several approaches: extrapolation of low and medium energy Regge phenomenological results to high
energies, models based on a hybrid of perturbative QCD and nonrelativistic quark models, and models based
on eikonalization techniques. We also apply the rigorous, model-independent methods of analyticity and
unitarity. We find the preponderence of evidence at currently available energy indicates kasmall,
probably less than 10%. The best available experimental limit comes from Fermilab E704: combined with
rather weak theoretical assumptions those data indicatdrtijat15%. These bounds are important because
rigorous methods allow much larger values. Furthermore, in contradiction to a widely held prejudice that
decreases with energy, general principles allow it to grow as fast asidgmptotically, and some of the
models we consider show an even faster growth in the RHIC range. One needs a more precise measurement of
rs or to bound it to be smaller than 5% in order to use the classical Coulomb-nuclear interference technique for
RHIC polarimetry. Our results show how important the measurements of spin dependence at RHIC will be to
our understanding of proton structure and scattering dynamics. As part of this study, we demonstrate the
surprising result that proton-proton elastic scattering is self-analyzing, in the sense that all the helicity ampli-
tudes can, in principle, be determined experimentally at small momentum transfer without a knowledge of the
magnitude of the beam and target polarizati@0556-282(99)09109-7

PACS numbes): 13.88+e, 12.10.Dm, 13.60.Hb

I. INTRODUCTION Secondly the extremely important RHIC spin program
[2,3], which will test many elements of QCD at a new level
The need to understand the spin dependence of scatteriln accuracy and detail, relies heavily upon an accurate
amplitudes at high energy and small momentum transfer iknowledge of the beam polarization. For the purpose of mea-
important for two distinct reasons. Firstly it is a great chal-suring the beam polarizatioR, the Coulomb-nuclear inter-
lenge to strong interaction theory, since it involves the appliference(CNI) polarimeter is very attractive: it has a reason-
cation of QCD in a kinematical region where nonperturba-ably large analyzing powefabout 4% in a region of
tive effects are important. QCD has had great success in thmomentum transfer|{]~0.002—0.003 Ge¥j where the rate
perturbative region, but experiments at the DESptollider  is extremely high. This method depends on the dominance of
HERA at very smalk are already raising questions for which the interference of the one-photon exchange helicity-flip am-
the standard perturbative approach may be inadedudte plitude (by an abuse of the term, normally called a Coulomb
and future experiments at the BNL Relativistic Heavy lonamplitude, more properly the magnetic amplituaéth the
Collider (RHIC) and CERN Large Hadron Collidgt.HC) nonflip strong hadronic amplitude, which is determined by
will produce a vast amount of data outside the perturbativehe total cross section. The accuracy of the method is limited
region. It is hard to imagine a global solution to a nonpertur-by our uncertain knowledge of the hadronic helicity-flip am-
bative QCD effect such as smalspin dependence, but it is plitude; its interference with the nonflip one-photon ex-
becoming more and more urgent to try to make somehange amplitude has the same shape intthégion[4—8§]
progress in this direction. and so must be known, or limited in size, in order to achieve
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the required accuracy. The requirements of RHIC polarime- Section Il will lay the groundwork for subsequent discus-
try (AP/P=<0.05) [9] put very stringent demands on our sion by defining the basic amplitudes and expressing the
knowledge of the helicity-flip amplitude. This problem was various measurable polarization-dependent quantities in
the impetus that drew our attention to the long-standingerms of them. The general forms néar0 will be discussed
question of the size of the proton-proton helicity-flip ampli- ysing Regge concepts, especially charge conjugati@md
tudes. signature (1)’ of the exchanged system, and the implica-

This is not intended to be a paper on polarimetry, thoughjons for the asymptotic phase of the various amplitudes. The
we will inevitably make further comments on the subject as;eyms “Pomeron” and “Froissaron” will be defined for our
appropriate; indeed, the demands of RHIC just cited set 8, .,,ses and several general results will be reviewed.
stanQard for our investigation. The alm.of the paper is to In Sec. Ill our best knowledge regarding helicity-flip am-
pro_\n_de a rehab_le assessment (.)f what is known abOUt.thBIitudes will be given. This includes low and moderate en-
helicity-flip amplitudes and what is expected for them at h|ghergy Regge and amplitude analysis fgrand rp scattering

energies on the basis of various approximate or rigorous the:
oretigal calculations PP 9 ethe energy dependence Bf=A at smallt, and the most
Another well-known practical issue arising from our lack pertinent piece of experimental information: the measure-

of knowledge of spin dependence is in the determination of"€nt by E704 at Fermilab &y in the CNI region. _
the total cross section via the use of unitarity and the ex- Section IV applies the rigorous methods used to derive
trapololation of the differential cross sectida,10,11. In the Froissart-Martin bound to limit the energy dependence of
particular, this may lead to an overestimate of the total cros§1e single helicity-flip amplitude relevant for CNI, and inter-
section by an amount proportional to the ratio of the sum ofrets this in terms of the impact parameter representation.
the squares of the helicity-flip amplitudes to the square of thé&ection V contains a description and evaluation of several
nonflip amplitude at=0. To put this statement more cor- models which give predictions for spin dependence at high
rectly and more precisely, in well-known notation which will energy. These will mainly address the single helicity-flip am-
be fully defined in Sec. I, it will be overestimated by the plitude relevant for the CNI polarimetry.

factor[12] Section VI reviews the issues of Coulomb enhancement
and shows how, in principle, all the scattering amplitudes in
Vi+pB2, (1)  pp scattering may be determined experimentally without

knowledge of the beam polarizatidh This method is con-
where tingent on being able to make measurements of very likely
) ) ) ) tiny asymmetries and it may turn out not to be practical.

Z_E(AGL (1+p%) + E(A"T (1+p2) @) Should such determination prove to be practical, elgspic
A o) (L+p?) 2\ o) (14pP) scattering could be used as a self-calibrating polarimeter.

Lastly Sec. VII gives our conclusions.

Martin [13] has emphasized that, because this is a ratio of Before moving on to the body of the paper, we would like
squares, a quite good comparison between cross sections ab-say that this work originated at a workshop sponsored by
tained by this technique and more direct measurements dhe RIKEN BNL Research Center during the summer of
oyt leaves room for substantial spin dependence. 1997[14]. During the workshop we, along with several other

Both of these experimental issues along with the theoretpeople, discussed and analyzed various other methods of po-
ical studies using unitarity and dispersion relations emphalarimetry. Some methods are very clean theoretically and
size the importance of understanding spin dependence &ave good analyzing power; in particular, polarized hydro-
very small|t|. In addition, the very powerful tool of interfer- gen jet targets provide a self-calibrating metfjag], while
ence between Coulomb and strong amplitudes for extractinglasticep scattering is calculable and has a very large ana-
small parametergsuch as thep parameter for unpolarized lyzing power with longitudinal polarized electrons and trans-
elastic scatteringis effective in this region. verse or longitudinally polarized protof6]. One can also

Of course the interest of this physics has been understoochlibrate an unpolarized hydrogen target with a second low
for a very long time. The earliest studies relevant to our workenergy scattering off carbon; this requires working at larger
date from the sixties. Associated in large part with the polarqt| where the rate is much lower, but values ér which the
ized proton programs at Argonne, CERN, and Serphukovanalyzing power is large are sure to exist, in particular in the
there was a very large amount of phenomenological work irdip region[17]. Nuclear targets, either in colliding beam or
the seventies, and there were at the same time a number fited target modes, might be useful for elastic scattering in
new, fundamental ideas introduced. In the eighties and latethe same way, using structure at largetheir use in the CNI
QCD has led to new techniques for modeling the spin deperregion is subject to the same uncertainties apfoirl7-19.
dence of high energy scattering, and the experimental prd=inally, because the purely empirical asymmetry observed in
gram at Fermilab has made important contributions in thisnclusiver production is very large and the rate is high, it
field. Specific citations will be given at the appropriate placemay be the most practical initial polarimetetQ]; it nearly
in the following sections. With the coming of RHIC, the meets the required precision standard but one needs data to
experimental motivation is very strong to revisit past studiesalibrate this polarimeter using the same target and at the
and to attempt to make some advances on them. That is ogsame energyin the fixed target modeas will be used in
purpose here. RHIC. The choice of method obviously involves several dif-
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ferent kinds of factors some of which, such as technical and
cost, are beyond the scope of this paper.

II. FUNDAMENTALS AND DYNAMICAL MECHANISMS

It has long been understood that the measurement of he-
licity amplitudes at high energy could be a powerful tool for
determining the dynamical mechanisms for scattering in the
asymptotic region[21-23; this is especially true for
nucleon-nucleon scattering because its very rich spin struc-
ture allows for a greater variety of quantum numbers to be
exchanged24]. Five independent helicity amplitudes are re-
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do 4w ) . .
ANNH: ST{2|¢5| +Re(¢] ¢~ ¢z da)},

do 4w . .
ASSE: ?Re[d’l(f’z + ¢3d>4},

do 4w .
ASLH: ?Re{¢>5(¢1+ b= d3t da)},

do

quired to describe proton-proton elastic scattefBi@s);
br(s)=(++[M[++),
ba(s,H)=(++[M[-—),
ba(s,)=(+—[M[+-),
ba(s)=(+ =M= +),
ds(s,t)=(++[M[+—). €

Here we use the normalization of Rgb]. Since we are
interested only in very high energys, such as will be avail-
able at RHIC, and very small momentum transfief
<0.05 GeV, we will generally neglectn with respect tos
and neglect with respect tanto simplify the presentation of
the formulas which follow. For examplé?=(s—4m?)/4
will be replaced bys/4. Then

4
T M G2(S0+ $3(5.)] @
t=0
and

d 2
e P P PN L PRI PR S

We will also have occasion to discu§g scattering of unlike
fermions, requiring a sixth amplitudg¢g, a single helicity-
flip amplitude which degenerates to¢s for identical par-

2
T (PN A PR e A L PG B )

It will be convenient to introduce some shorthand:

d:=3(d1+3), d_=3(P1— b3), (7)
and
_Regb2 _Re¢>,
p2_|m ¢21 p*_lm ¢_' (8)

There are also two cross section differences corresponding to
longitudinal and transverse polarization:

Im ¢_(s,0)_ 1 Ao (S)
M, (5,00 2 oS’

o =0=—0_, (9)

Im ¢5(s,0) _ Ao+(s)
IM¢.(s0) oS’

O1=07,7 011
(10)

When the proton scatters elastically off a distinct shijpar-
ticle, there are two more measurable asymmetigg:and

A s, in obvious notation; these degenerate iAtpandAg ,
respectively, when the two particles are identical. For scat-
tering off a spin zero particle, there is only one asymmetry
which corresponds té. .

At these small values df the interference of the strong
amplitudes with the single photon exchange amplitudes will
be important; this interference is central to this paper. To
lowest order ina, the fine structure constant, one replaces

ticles (of course pp elastic scattering requires only 5 ampli-
tudeg and (ii) scattering of a proton on a spin-zero patrticle,

such as a pion or a spinless nucleus, requiring only two amwith hadronic and electromagnetic elements. The Coulomb
phases is approximately independent of helicit$,26]

plitudes, a nonflip and a flip amplitude.

We will consider only initial state polarization measure-
ments. There are certainly interesting things that can be said
about final state polarizations, but the first generation spin

bi— pi+ b "exp(i ) (11)

s=aln (12)

2
FRCEETCI

program at RHIC will not measure these and so we will not

discuss them here. USing Only initial state polarization, WithwhereB, often called “the s|ope"’ is the |Ogarithmic deriva-
one or both beams polarized, one can measure seven spifye of the differential cross section &t 0, a number about

dependent asymmetries. We follow the notation of RE¥.

13 GeV 2 and increasing through the RHIC regiog?=

There are slight variations in the definitions used in the Iit-_t7 Euler's constanty=0.5772-- and A2=0.71Ge\? re-

erature, having to do with the orientation of axes:

4
ANH: - ?|m{¢§(¢1+ bot d3—da)},

produces the small momentum transfer dependence of the
proton form factors assumed to satisfy

Ge(0?) =Gu(0?)/ up=(1+0?/A?) "2 (13
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For pp scattering at higls and smallt, the electromagnetic
amplitudes are approximately

em_
1

em

as
_ 2
3 t I:1’

2
2

em_ F2,

2

em__

4_4m2

em__

5 FlFZI (14)

aSK
2my—t
whereu,= k+ 1 is the proton’s magnetic moment, amdts
mass. For the full expressions see, e.g., Rgf. The proton

electromagnetic form factors;(q?) andF,(q?) are related
to Gg and Gy, (Ref.[27], section 12.2by

Gg— Gyt/4m?

E Gm—Ge
U —tam?

KF2=ﬁ_t/4m . (15
The relations betweer; and ¢5 and betweenp, and ¢,,
Eq. (14), are special consequences of the quantum numbe
of the exchanged photon; they are not generally true for th
full amplitudes. Relations of this type will be dealt with
shortly.

Each hadronic amplitude; can, in principle, be broken
up into two parts

b=+ ¢} (16)

where¢? is controlled by Regge pole type dynamics and, in
our normalization, decreases with energy roughlysa$?
with respect to the asymptotic payﬁt;-“s. Although the first
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In the second, one introduces an “effective” pole, the
Landshoff-Donnachie Pomerof31], with ap=1+Ap,
where typicallyA~0.08. The ensuing behavior
Im ¢/ ScstT4r (19

gives an excellent description of the behaviowgf(pp) and
ow(pp) and many other reactions. This form is also sug-
gested by perturbative QCD calculatiof32], but with a
larger value ofA ;. However, ultimately, it violates Eq17)
and so must be modified at higher valuessofhis sort of
behavior was obtained much earlier in QED-like theories
[33] where consistency with Eq17) was achieved through
eikonalizing the form Eq(19). The unitarization by multi-
Pomeron exchange of a “bare” Pomeron which grows as
st*4r A>0, is obtained by eikonal methods in Reff34,
35]; in those papers the relation of this result, via unitarity, to
multiplicity distributions and inclusive inelastic cross sec-
tions is demonstrated. The resulting behavior is consistent
with the Froissart-Martin bound, EGL7) but the approach to
the limiting asymptotic form is much more complex than is
assumed in Eq18). See the discussion later in Secs. IV and
K and references cited there regarding the eikonalization
fhethod.

There is also theoretical evidence, from a study of three-
gluon exchange in QCIB6], for a crossing-odd contribution
to qﬁﬁs which grows with energy slightly less rapidly than the
Pomeron exchange, and which would lead to a very slow
decrease of the quantity[ oo(PP)—0i(PP) V[ otol(PP)
+0i(Pp)] at asymptotic energies. However, phenomeno-
logical studies of this so-called odderdd contribution
[29,37 suggest that in the RHIC energy range its contribu-
tion is very small compared to the crossing-even pagof.
Roughly

term is essential to understanding the data in the low-to-

moderate energy region which overlaps the RHIC, range, we | s odd
will focus here solely on the second term. ;Teen$2% (20)
Consider first the dominant non-flip forward amplitude |

¢, ; this must have an asymptotic piece whose imaginary

part grows with energy as a consequence of its connectiojm the RHIC region and we shall therefore neglect the
Eq. (4) to the nucleon-nucleon total cross section. There argrossing-odd contribution teh_. in what follows.

two widely used forms forp”® to describe the high energy
behavior ofo,(pp), Which is flat up toy's~20 GeV, with a
value of 38 mb and then grows to 43 mb =63 GeV
increasing further to about 62 mb at the CERN Super Proto
Synchrotron (§pS) collider ('s=546 GeV). In the first,
one fits the data with terms of the forsinPs, p<2 [28,29.

The key question for us is, do any of the nondominant
amplitudes¢,, ¢_, and, especiallygps have asymptotic
behavior characteristic of the Pomeron or Froissaron? There
s abundant evidence at low energy, some of which we will
discuss in Sec. lll, that these amplitudes fall off with energy
with respect to¢. as one would expect from lower lying

This form is suggested by Regge theory and the FroissarRegge exchange. It is not known, however, whether asymp-

Martin bound[30]

totically they have a small but nonzero ratiogq . To char-

acterize these amplitudes we will define relative amplitudes
in the following way:

|¢.|<csIn’s as s—. 17

In this approach InabflS receives contributions from the
simple Pomeron pol&, with interceptap(0)=1, together
with a contribution growing at the maximum allowed rate
sIn?s (sometimes referred to as a Froissaf2fl])

: b2
r.=Ry+il 2= imd. ma,’

r_.=R_+il_=

Im ¢"5(s)=aps+agsin®s. (18 Ime., '
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TABLE I. Classification ofpp amplitudes by exchange symme- Either of the two behaviors E@19) or Eq.(18) imply that at

tries and the associated Regge poles. the maximum RHIC energy range

Class 1 Class 2 Class 3 A RE 48

r=P=C r=—P=-C r=—P=C P ﬁs~0-12, (29)

b b5, b2 Py - b2t day but the energy dependence over the entire range is somewhat

different. (Of course, a detailed fit over thentire RHIC

P.Op.0.f18 4 ™ 7D range will require the inclusion of lower lying Regge trajec-
tories)
It is not known whether the Pomeron couples¢tg or to
Rl Mes $-,— ¢4. The phenomenological success at medium energies
F's=Rs+1 5_\/—_tlm¢ ' of “s-channel helicity conservation[41] would suggest a
+

small coupling, but this question is open to experimental
) study. If they do couple to the Pomeron they will have ex-
. m b4 1) actly the same asymptotic phase é&s. This may prove
time, - useful in investigating whether or not the dominant behavior
becomes pure Pomeron or Froissaronsas~, or if there
Notice the factor 2 in the definition af, which is there to ~ ¢an be substantial odderon contribution to these subdominant

simplify many later formulas. The factors involviigvhich ~ @mplitudes. An odderon with nearly the same asymptotic be-
have been extracted reflect the fact that-asd the strong havior as the Pomeron or Froissaron will be approximately
amplitudese;, &, and ¢5 go to a possibly nonzero con- w2 out of phase with it. As we have noted its coupling to
stant whileg,«t and ¢ y—t as a consequence of angular ¢ is quite weak, but nothing at all is known about its cou-
momentum conservation. The variods will be assumed to  PiNg [0 #2~ ¢4 or ¢5 and these phase relations may prove

A : - .., useful in probing for such couplings. This matter is of great
be complex and to vary with energy but their variation with; ..o« and is discussed in a separate ph@it

t over the small region we consider will usually be neglected. 1o exchanged objects with the quantum numbers assign-
See, however, Sec. VI. o ments in Table | could be pure Regge poles or cuts generated
The determination of the asymptotic spin dependence cagfy the exchange of the Regge pole plus any number of
be used to help identify the dynamical mechanisms at worloomerons. These cuts will have an asymptotic behavior
at high energy. We can classify the dynamical mechanismgich differs only by a power of Is from the simple Regge
according to the the quantum numbers pai®, charge pole and so must be considered along witl#8]. In general,
conjugation(C), and signaturer) of thet-channel exchange. ajthough the couplings of pure poles factorize, there is no
An amplitudeA; is called even or odd under crossing ac-reason for the cut couplings to do so. It is obvious that the

I’4=R4+i|4=

cording asr=+1 or —1, since charge conjugation parity of a cut is equal to the product of
. that of the poles that produce it. The corresponding situation
A(€'7s,t)=TAX(S,t). (22)  with signature and parity is less obvious because of the rela-

tive orbital angular momentum the exchanged poles can have
For nucleon-nucleon scattering there are three classes 21]. It has been shown, howevéd4—44 that the signature
exchange$23,38 and they contribute to the amplitudes as of the cutz,,=7,,e This means that the important relation
shown in Table I. If the asymptotically dominant contribu- betweenC and 7, that distinguishes classes 1 and 3 from
tion has definite quantum numbers, then unitarity requireslass 2 in Table I, is preserved for the cuts. The situation for
that it has the quantum numbers of the vacUy@®@l; this is  parity is not as certain; Jones and Landsiéff] have shown
the defining property of the pomeron. Note that it is thethat the “wrong” parity cut P.,=—Ppge iS suppressed
quantum numbe€ which determines the relative sign of the compared to the “right” parity cutPg,=+Pyqe. The
contribution of a given exchange to nucleon-antinucleorstrength of the suppression remains a quantitative question
scattering, i.e., which is open to experimental and theoretical study.
There are some very general things one can say about
AE,pP,C(slt)zCAE,pP,C(S!t)' (23 how t_he _spin dependence can help distinguish pole from cut
contributions; for an early example see Rgfl]. If factor-

This implies that Pomeron dominance and the absence of dﬁat'on should hold to a good approximation then one has

odderon requires not only that the total cross sectiongybor P2(s,t)
andpp be equal, but also their real parts, @wvalues. Be- do(s,t)=— b.(50) and ¢_(s,t)=0. (25)
cause the Pomeron has= +1, the well-known argument >

relating the phase of a scattering amplitude to its energyhis obviously leads to a very simple spin dependence. In

dependence, see, e.g., Rd#0], tells us that, if the particular it implies, that as—0, ¢,oct rather than the gen-
asymptotic behavior ofd,,+ op,) goes as® 'InPs, then  erally allowed behavior.

the amplitude folC= +1 exchange goes as Even if factorization is not valid, some of the same con-
clusions can be obtained just on the basis of quantum num-
s*InPsexp(—iam/2)(1—ipm/2Ins). bers. One particularly important example has to do with
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and ¢,. We have had little to say abodt, because angular
momentum conservation forces it to vanish linearly tas
— 0. If either factorization holds or the dominant exchange
has pureCP=1 or CP=—1, then¢, must also vanish in
the forward direction22,39. The first condition we have Ay 4 o,
just seen. The second can be confirmed by examining the
table. There one sees thaL+ ¢, and ¢,— ¢, couple to !
opposite values oEP. Therefore if only one value dEP is 0.02
dominant asymptoticallyg$,~ + ¢, as s—o and it, too,
must vanish at=_0. This makes the measurementgaf near
t=0 a very interesting probe of the dynamics; it may, at the 0.01 0.02 0.03 0.04 ols -t
same time have the unfortunate side effect of making some
asymmetries unmeasurably small.

Finally, notice from the table that neither the Pomeron no
the odderon have the quantum numbers required to couple
¢_ ; it thus seems unavoidable that

FIG. 1. The data points are from Fermilab E7@8]. The solid

pcurve is the best fit with the hadronic amplituge constrained to

696 in phase with hadronig, ; the dotted curve is the best fit
ithout this constraint.

167 the results are shown in Fig. 1, along with two curves which
Ao =—Imd¢_ (26) will be explained shortly. The errors are unfortunately too
S large to allow an unambiguous theoretical interpretation, but

-12 let us now briefly recall what can one learn from it. From the

should vanish as™ *“ ass—«. This we have seen is also a ¢ las in Sec. Il e by th ofthis i
consequence of factorizatid@2]. If it does not, it indicates ,grm‘? aT in hec. An 1S g:cvenh yf.t el expresslloﬁ IS IS
an asymptotically important exchange other than thddentical to the expression for the final state polarization pa-
Pomeron or the odderon. Such an object has never been sUgmeterP)
ested to our knowledge, but there is no obvious reason that i i

il not exist 9 C Im{(2¢, +2€°¢™ ¢p)* (s +ePBgM}

. N= : : ,

We see here some very simple statements that one can ¢+ +€°¢12+[¢_[2+(1/2)| ¢l *+ 2| ps+ €' 25"

make which characterize the dynamics of high energy scat- (27)

tering by means of the spin variables. If the dynamics is Wegfgr not too large values of-t, such that the amplitude,

approximated by a pure Pomeron pole the spin asymmetries . . .
will be quite small and require very sensitive experiments to_<Jr ~| |~ +) may be ignored because of the kinematical

measure. One should note that various suppressions as factol (—1t) occuring in this double helicity-flip amplitugrs.
Pomeron vs odderon or pole vs dut7] become gradually In the one-photon exchange approximati¢ff” and 43
stronger(logarithmically withs or as a very small power of are real and have well established expressions B, so in

9); it will therefore be important to make these measurement§7der to make a theoretical prediction using E27), one
over as wide an energy range as possible. RHIC presentsi¢€ds to know the hadronic amplitudgs , ¢, ¢,, and

wonderful opportunity to do this. ¢s. The imaginary part of the largest o, is related at
t=0 to the total cross sectiom,, and the interference be-
Il BEST EXPERIMENTAL KNOWLEDGE tween ¢2" and ¢, is most prominent when=t., where
OF d)_' ¢27 AND ¢5 tc=—877a/0't0t.

The explicit expression can be obtained by substituting
As we have seen above, all the various spin observablage expressions from Sec. Il into EQ7):
are expressed in terms of the helicity-flip amplitudes.
Clearly, to achieve a full amplitude analysis, one needs a mA, 167 do
substantial number of measurements, in the same kinematic— —— aefBE[K(l— op+imr,—SRer,)
region which is, unfortunately, far from the present experi- V=t T
mental situation. Nevertheless, it is possible to extract from t,
the available data some very useful information on the —2(Imr5—5Rer5)]T—2(1
helicity-flip amplitudes which we will now try to review and
summarize. Among the different spin observables we will

. . : +Imr,)Rerc:+2(p+Rer,)imre,
consider, the transverse single-spin asymmaggyor “ana- 2JRers+2(p 2)Imrs

lyzing power”) has been extensively measured fiprelastic 2
; L ; . . 167 do te te
scattering, so it will play a central role in the following dis- ——e Bl=| 2] —2(p+8)—+(1+pd)(1+B?),
cussion. oy dt t t
(28)

A. Ay in the CNI region where 8 is defined in Eq(2). The asymmetry for the CNI

The only experiment which has obtained relevant data irregion can thus be expressptb] as a quotient of a linear
this kinematic region where t is around 3 10 3Ge\?, is  expression irt./t in the numerator and a quadratic expres-
E704 at Fermilaj48] at a lab momentunp, =200 GeVk; sion fort;/t in the denominator, neglecting terms of order
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The Coulomb phasé is small, about 0.02 in the CNI 10 10 GeV Borghini 1971

. . . 11.8 GeV Kramer 1977
region, smaller at largdt]|. It has a slight effect on the posi- 14 GeV Borghini 1971
tion of the maximum inAy: 8 2oy Crmrorr
A 45 GeV Gaidot 1976
t 8 ! 300 oV Snyder 1978
6 nyder
’t“—axzx/ﬁ —(pImrs—Rers)—(p+9), (29)
¢ 4
in the approximation where small quantities are kept to first
order, but it enters the numerator multiplied by small ampli- 2 '
tudes and so can be neglectedpprscattering. The height of f
the peak is mainly sensitive to the unknown quantitiesdm 50 100 150 200 250 300
and Imrg, while the shape depends mainly on iRe For P (GeVic)
example, an Inng value of £0.1 modifies the maximum of
Ay by about 11%. FIG. 2. Ay=P in percent as a function of lab momentyn at

There are two fits to the E704 data allowing a nonzgyo t=—0.15GeV.
shown in Fig. 1[7]; the otherr;’s are set to zero. The solid
curve is the best fit subject to the constraint tigatis in @ collection of data from various experiments which measure
phase withé, . The arguments in Sec. Il show thatdf,  P=Ay at different energies, all far= —0.15 Ge\f (or inter-
and ¢ have the same asymptotic behavior they will have thepolated from nearby valugsthe smallestt| for which there
same phase; in that case the best firig=0.0+0.16. Fit-  is sufficient data to do thib6]. We have tried a fit suggested
ting without that constraint yields the dotted curve, whichby Regge poles, namel2=a-+b/\/p_+c/p, [7]. This is
correspond$r 5| = 0.2+ 0.3 with a relative phase angle#,  shown in Fig. 2 and the relevant result is that0.023
of 0.15+0.27 radians. Note the large uncertainties on these=0.012. It is not very well determined: it is consistent with
values. This is essentially the same as an earlier fit obtainggure CNI, which is approximately 0.01 at this valuet@ind
in Ref. [50]. As emphasized in Ref§7,8], we see that a p_~300GeVE. At the same time it is consistent with a very
large value of Ints generates a very large uncertainty onlarge hadronic helicity-flip amplitude: the calculated value of
A ax, Which can be of the order of 30% or more. Ay with Imrs=-0.6 and Res=—0.015(so that¢s is in
phase with¢,) approximates the fit very well fgp, above
200 GeVk. Because of the phase energy relation discussed
in Sec. Il, these data are consistent with a large helicity-flip
] . Pomeron coupling. The real and imaginary partssofannot

In the smallt region we have some miscellaneous data Orhe separately determined from the measuremeAgdit this
their magnitude and energy dependence. First, thgne value oft, but they could both be determined by mea-
transverse-spin total cross sections differefes; is related suring thet dependence at RHIC because the deviation from

to Imr, for t=0, according to Ini,=—Aor/20. From the  the pure CNishapeis extremely sensitive to Re.
limited ZGS datd51], we find that Inr, decreases strongly

in magnitude from—6% atp, =2 GeV/c to —0.4% atp,
=6 GeV/c. One can speculate whether for higher energy, it ] ) )
will remain negative and small or change sign and increase Detailed Regge fits were made to spin dependent mea-
in magnitude. The charge exchange reactipa-pn, canbe ~ surements in the 1970°557-60. At the low energies at
also used to evaluate the modulusdefwhich dominates the which thoge measurements were made, there were quite Igrge
cross section near the forward direction. The analysis of th@Symmetries observed. It was found that these were mainly
data[52], leads to the valudr,|=3.5% atp, =25 GeVk due '_[c_J the low-lying Regge tr_ajectones and were not very
and |r,|=0.6% atp,_=270GeVk, further evidence for a sensitive to the_ pomeron couplings. The parameters_that were
strong energy fall off of thé =1 exchange amplitude. founq do pred|ct a very small<10%) ratio of the flip to

The longitudinal-spin total cross sections differedce, ~ NONflip residues for the Pomeron, but the parameters are un-
is related to Int_ for t=0, according to Im_=Ao /207 certain pecguse_ of this insensitivity Qf the flts_. _
From the ZGS datd53], we find that Int_ decreases Polarlzatlon. in7p elastic scattering at h|gh_energy is
strongly in magnitude, from—10% at p, =2 GeVlc to m_ostly due to .|nter_ference of the Pomeron nonflip amplitude
—0.6% atp, =12 GeVk. At higher energy, E704 has mea- with the heI|C|ty—fI|p part of thep Reggeqn. As a conse-
suredA o, [54] for both pp andpp; their values imply that 9uence _th_e pglarlzatlon_ has different signs and is nearly
Imr_ has decreased below 1D for pp and to about 103 symmetric inm=p scattering. It decreases with energy as
(with a 100% errox for pp. These findings are consistent s | @ph—ap(t)
with the belief that Imp_ vanishes as— . Agp(s,t)oc(—)

Away from the forward direction and the CNI region, the So
data indicate tha#\y in pp elastic scattering is falling very
fast with energy. This has sometimes led to the conclusiomhere «,(t)~0.5+0.% and ap(t)~1.1+0.28. The polar-
that the helicity-flip amplitudess would vanish as a power ization has a double-zero behaviortat — 0.6 Ge\?, which
of sass— [55]. In order to investigate this, we have taken is correlated to the change of sign @f(t) at this point; see

B. Energy dependence of the spin flip amplitudes
from nucleon-nucleon scattering

C. Isoscalar part of the helicity-flip from 7*p scattering

: (30
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Fig. 3. This effect can be understood as a result of destruawith the leading isoscalar reggeons.stp scattering this can

tive interference with the® P cut. An alternative explana-

tion involves the wrong signature nonsense Z&8 (zeros
in the residue and in the signature factor of thReggeon

only involve f-Reggeon interference.
Since the main part of the polarization cancels in the sum,
the data have to have sufficiently high statistics in order to

At very high energies this part of the polarization van-use Eq.(31). This is why we could only use the low-energy
ishes, and one can hope to detect an energy-independent catata at momenta, =6—14 GeV/c depicted in Fig. 3.

tribution of the pomeron. Unfortunately, available data are e performed a fit oA” P(s,t) with the parametrization
not sufficiently precise yet. One can eliminate the large back-

ground from thep® > contribution by adding the data on . S o(SH*A_(st)
polarization in7p elastic scattering: AT (st)=—" 26.(s t)p , (39
3 .(st)=6 (st)A”+p(st)+5 (s,H)AT P(s,t) o
p L) — U4 ) N ) — I N IAVE]
(31) where
where s | erM®~ap(®)
Ap(s t)—ﬂealt az+a3t)(t—a4)2K(s)(
20 (s,)
5.(s,1)= p (32 39
+ 7T
Uel (S t)+og “(st) and
and \/ﬂ « ©
aR
dog P(st) of P92 . mp(Si)= _ea“(a5+a6t)‘<(s)<s_) |
o7 P(s,t)= —2 ~- exp(B7 Pt) 0
el dt 167 el (40)
(33
_ Heret is in (GeV/c)?. We use the same energy dependence
Therefore, Eq(32) can be rewritten as for = ,p(s,t) and A, (s,t) assuming thatag(t)=a,(t)
o 29(s.1) = a4(t). The factor
+(s0)= 1+ y(s,t)’ [ 5| erO=ar®
K i(s)= 1+2—(—)
So
S_(st)= [ESYERSE (34 . o ( S)aR e (t)J
where S”{(’IT/Z)C(f(O)](TP So
0”+p 2 “n
y(s,t)= (;L) e 4Bt (35  takes into account the contribution of theeggeon to the
Ttot differential cross section. The parametgr corresponds to

The difference between the elastic slopaB=

—Bgfp is related to the position of the crossover pdipt
~—0.15GeV, which is nearly energy independdiftl] in
this energy range since

o P
tot (5)) (36

2
AB(s)=— (
|t0| Ot p(S)
To find 6. (s,t) we fit the data orvg, p(s) [62] with the

expreSSIon
s\ @01 s\ @(0-1
s + o, S_ .
0 0

(37

We fixed ap(0)=1.1, a¢(0)= «,(0)=0.5, s5=1 Ge\* and
found op=12.4-0.03mb, 0;=40.8£0.26mb, 0,=5.1
+0.07 mb.

Due to the cancellation of the isovector terms in EB1)

. s ap(0)—1
O'g)t p(s):(T"J S_O +0'f

the difference between the slopes of the Pomeron and
f-Reggeon amplitudes. The factar—(ag)? is introduced to
reproduce the double-zero behavior of the polarization
clearly seen in datg63—649. It is usually related to presence
of an additional zero in thp-Reggeon residue which is dic-
tated by duality atv,=0 [58].

The result of the fit is shown by the solid curves in Fig. 3,
and the values of the parametetsare collected in Table II.
The ratio of the helicity-flip to nonflip isosinglet amplitudes
can be extracted from ,(s,t),

mag(t)
2

ri(t)— M)(t)_lealt(aeraet) l'( ) (42

Here rp\[t[/m? and r¢/]t]/m? denote the ratio of the
helicity-flip to nonflip amplitude corresponding © and f
exchange, respectively. We assume here that the helicity-flip
and nonflip amplitudes have the same phase which corre-
sponds to dominance of Regge poles. We neglect the real
part of the Pomeron amplitude. If we assume factorization,

2 .p(s,t) is dominated by the interference of the pomeronthen forpp scattering, asymptotically, Im(s,t)~ry(t).
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— ( GeVo/c)z | | |

FIG. 3. Polarization inrp elastic scattering in the energy range 6—14 GeV. The data points are fron[&3f65. The curves show
our fit with the parametrization Eq$39), (40).

Thus, the combination Eq42) of spin-flip to nonflip ra- Another source of information on the isoscalar exchanges
tios for isosinglet amplitudes, which is quite difficult to mea- is pA scattering. This requires special attention which we
sure directly, are fixed by this analysis with a good accuracyleave to another occasion.

r+(0)—r(0)=0.06+0.01. (43 V. MODEL-INDEPENDENT BOUNDS AND THE ENERGY
DEPENDENCE OF HELICITY-FLIP

The magnitude of 5 depends on the scalemi/chosen in
Unfortunately, without further information regarding, this ~ Ed. (21), wherem denotes the nucleon mass. This scale has
does not restrict . The approximation of dominance of been used conventionally for many years; it was probably
the Pomeron yieldsp=r, which obviously contradicts Eq. chosen in analogy to the form of the one-photon exchange
(43). The pion exchange model in Sec. VB predicts valuedhelicity-flip amplitude. It is not at all certain that this is the
for bothr andr; which are in pretty good agreement with appropriate scale for the scattering of strongly-interacting
Eq. (43). The Regge fits of Ref58] user;=0. This would particles with structure. It might be more natural for the scale
give rp=—0.06, a very interesting value as we will see into be set by the slope of the diffraction peak; i.e., the effec-
Sec. V. However, this should probably be disregarded betive radius of the protomR(s) = y2B(s) [we take this to be
cause the fits of Ref58] also set the Pomeron helicity-flip the definition of the quantityR(s), see Eqgs(54) and (56)
coupling to zero. The fits of Ref59] give, assuming ex- pelow]. Since this is a good deal larger thamlthe “natu-
change degeneracy and using theRegge residuesr; )" size of r5 might be expected to be larger than 1. Fur-
=0.95/10.6=0.09 and so, from Eq(43), rp=0.03. Since  hermore, it might very well be expected to increase slowly
thl§ resulf[ requires some theory t_hgt is not tested to_thls Pregith energy, corresponding to the growth in the effective
cision, this can be taken as provisional but suggestive. 45 of the proton. This, of course, flies in the face of
conventional wisdom; see the discussion of Sec. Ill.

TABLE II. Fitted values of the parametess . Itis natural to investigate if there is a theoretical argument

that rs—0 ass—x. We begin by remarking that for the

& 2 2 a4 as 8 pure Coulomb amplitudes this is not true, so we ask if there
25 125 68.5 07 0.77 2.33 Iis something different about the hadronic amplitudes. One
+2 +1.0 +8.2 0.01 +0.13 +0.59 obvious difference is that experimentally, grows faster

thans, and presumably will eventually grow adn’s, the
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maximum rate allowed by the Froissart-Martin boUd]. niques using unitarity and partial wave expansions have been
Let us see what the same arguments used to derive thased in the past at low energy to obtain bounds on the
bound yield when applied t¢s;. The partial wave expansion helicity-flip amplitude in terms o, oo, andB [69—-71;
for ¢s is [66] these bounds are comparable in size@/2, i.e.,rs is found
to lie between 2 and 3.

We can make the discussion of unitarity more quantitative
by transforming the scattering amplitudes to the impact pa-
rameter representation. To keep the discussion as simple as

¢5<s,t>=§ (23+1)f3(s)d]y(0)

_ siné’2 J+1 (5 (1) we can, let us do this for scattering of a proton on a spin 0
T2 4 (23+1)\/ —5—T3(s)P;1(coso), target; as a X2 matrix, the scattering amplitude has the
form
(44)
2 kXK'
_ 2 1 .
wheret=—2k*(1—cos¢) andP{"™(cos) denotes the Ja- R R =gu(s.q)+ 6——gy(s.0),  (49)
cobi polynomial in co® [67]. From this one finds that \/g [kxK'|

N m J+1 S—Kk'—k a=I|d 2_ _ i ;
_m / 5 (1.1 whered=k’—k, q=|d|, andg®= —t for elastic scattering.
¢5(5,0) \/gg (2J+1) J f3(8)Py1(1), (49) The two-dimensional Fourier transforms of these into im-

A pact parameter space yields the profile functigp®,s) and
where ¢s=m/\/—t¢s. Partial wave unitarity requires that g,(b,s):

[68]
3 2 3 3 2 dz(fi Gobe i Dy ._)BX[(;
2|f5(s)|*<Imf(s)[1—Imf(s)]<1/4. (46) @J'ﬁelq f(k ,k)zgl(b,s)+|oWgz(b,s),
If we assume that this bound is saturated out to some (49
L mad9)~KR(S), wherek~ /s/2 is the c.m. momentum, then
using P{Y(1)=J [to be compared withP;(1)=1 for the where
Legendre polynomialswe find that fors—o, ¢5(s,0) goes d’q .- -
as msF(s) while ¢, goes assR(s), and so the natural ﬁl(b,8)=fﬁe'q'b91(S,Q),
scale forgs(s,0) isR(s), not Lin. This means that unitarity
and other general principles allaw to grow with energy; if d2q - -
the Froissart bound is saturateg,~+/sInsandrs~Insis To(b,s)=i Ee'q'bb-cjgz(s,q).
allowed. Note that ifL /s In s then oy will grow only (50)
as Ins as favored by Blocket al. [29]; in that case,rs
~In'?s is allowed. With this normalization

The above argument assumed the samg, for ¢, and
¢s. This can, in fact, be proved as follows: one can bound _
P(:D from below, parallel to Martin’s argument fét, , the Utot(s):477'f bdbImG,(b,s), (51)
Legendre polynomial, in the unphysical regibnosé|>1.
One then applies the same reasoning as he use¢ foto  and unitarity imposes, for each value lpfthe condition
¢s. The representation
21mGy(b,9)=(F1(b,s)|*+[F2(b,5)|%. (52)

2] (=
Py 3 (x)= - fo de(x+yx*—1 cosg)’" !sir ¢ (This equation is, in general, only approximatekirspace,
(47) but it can be derived from the analogous partial wave in-
equality [68] if only the elastic scattering amplitudes are
allows one to show thaP{*)(x)~x"/\J as J—= for x  Sufficiently peaked in.) The bounds discussed earlier corre-

>1. This is the same as the asymptotic behavior obtained fotPond to a uniform distribution ib for both amplitudes for

the P,(x) by Martin, and so polynomial boundedness impliesb$ R=La/k If this b dl_stnbutlon is tr_anslat_ed into the

the sameL s for és and ¢, . Notice that the same argu- dependence of the amplitudes neéar0 it implies that the

ments applied to the double-fip amplitudes,(s,t) or  Slope ofgy/\/~tis less than the slop@=L,,/2k> of gy ; in

de,(s,t)/dt],_o will yield a natural scale oR?(s) and, cor-  fact it is 3B/5.

respondingly, a possible growth with energy as fast 4s.In A more conventional assumption is that the slopeg of
One can easily see thdk can grow faster witlsthan, ~ and g,/{—t are the same. If, in fact,g,(s,q)

without violating unitarity because of the factor ¢f-t. It =M (a/m)gi(s,q), with X independent of then

is, naturally, an interesting question to determine to what _

degree the helicity-flip amplitudes saturate unitarity, even at Bo(b,s) = l dg.(b.s) (53)
energies where the Froissart bound is not saturated. Tech- 2 m db
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This is true in the optical model or in any other model where g¢k([ s)=1—exdig(b,s)]
the potential shape or matter distribution is the same for

spin-orbit force as for the purely central force. Tlgits,b) 2iNb e

will be more peripheral than for the bound just discussed. It +11-cos mR2(s) 91(b,s)| rexiga(b,s)].

has nothing intrinsically to do with unitarity or saturation of

the Froissart bound, and it is clearly interesting to determine (58)

whether it is true or not. _ The first two terms on the right-hand sidBRHS) of this
The unitarity condition Eq(52) imposes a bound of/, equation correspond to eikonalization of the nonflip part of

and the closeg(b,s) is to saturating unitarity, the stronger Eq. (48). They obey the unitarity bound at asgndb. In the

this bound will be. Approximating the erer)denc_e of the oxtreme asymptotic region wheeds) in Egs.(54) and (55)
amplitude by a logarithmically shrinking diffraction peak s much greater thaR%(s) then theb dependence has the

and neglecting its real part gives form of a “black disk,” i.e., §5*(b,s)=1 atb<R(s) and
vanishes ab>R, where[35]

Tu(b,s)= 79 ex;{ o’ (54)
1 ] - 2 - 2 !
27R%(s) ™M~ RA(s) ~R2=Apln(si) RY(s), (59
0
and if o(s)~(s/sp)?". Likewise,
~ _ 2ibxog(s) b2 ek }{ 2inb 5 (b 60
gZ(b'S)__—Zme“(s) ex "R’ (59 g =—sIn mgl( S) [exfigy(b,s)]. (60

Problems with unitarity ab<R(s) may arise from the
t term in Eq(58). The condition Eq(52) is satisfied if

mR(s)
2b -

where here and in the rest of this section the energy;
dependent Regge radius of interaction is as
s |Re)|< (61)
R?(s)=R2+4aj, In(s—> . (56)
0

The minimal bound corresponds to a maxirbatR and's

— 0

With this form for the amplitudes(s) = o(S) via Eq.(51). '

This will change at the next stage of the calculation. Here ol 2

one finds, numerically, over a wide range of values of |Re)\|<m<—r> ) (62
o(s)/27R%(s)<1 that Ap

For reasonable values of;, and A, we conclude that
I\|<mR /27TR2(S) 57 |ReA|<1.6. This is not a severe restriction, and is valid only
= a(s) in the extreme asymptotic limit, beyond the RHIC range;
numerical calculations give a much larger bound, of order
mRat RHIC energies.
Note that\ is renormalized by the eikonalization process;
the resultA®(s) can be calculated numerically from

is required in order to satisfy E@52).

If o(s) grows faster tharR?(s) with s ass—o, say as
s?r [31], then the amplitude Eq54) will eventually violate
the unitarity condition Eq(52) and the form must be modi- _ mfdbb2gs(b,s)
fied. It is well-known that the totgbp cross section at avail- A&K(s)= —=Tk . (63
able energy is still far below the Froissart-Martin bound,; 2/dbBg"(b,s)
m;vae(;{ceré;rh:m[;?grg? E\(/ieSnZ) ilgsnglirr?gd%/hsatrl]gﬁléietg-ﬁ)quigge!‘ikeWise’ the total cross _section will be modified from the
[34,72. In principle, unitarity is restored after all the Regge input valueso(s) and is given by
cuts generated by multi-Pomeron exchanges are af&fgd .

A standard way of unitarization of the nonflip part of the Utot(s):477f bdbImGs(b). (64)
pole amplitudg 58] is eikonalization; however, the presence

of the helicity-flip component may lead to problems with These last two equations will have to be used for comparison
unitarity. Indeed, an even number of repeating helicity-flipyith data.

amplitudes contribute to the nonflip part, but all of them
grow as a power of energy and have the same sign. There-
fore, eikonalization of the helicity-flip amplitude alone does
not save unitarity, which can be restored only after the ab- An early attempt to understand the spin structure of the
sorptive corrections due to initial and final state spin nonflippomeron coupling was made by Landshoff and Polkinghorne
interactions are included. The resulting profile function read$73]. This model preceded the formulation of QCD, but used

V. MODELS FOR THE POMERON HELICITY FLIP
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some of its features in a model they called the dual quarkrespectively. The commonly accepted diquark size is 0.3-0.4
parton model. They argued that thedependence of the fm; therefore, we conclude thHimrs| does not exceed 10%.
Pomeron coupling was determined by the electromagnetic Note that there is a principal difference in sensitivity to
form factors of the proton and neutron. This led to the conthe proton wave function between the helicity-flip and the
clusion that the helicity-flip coupling is given by the isosca- nonflip components of the Pomeron. The former probes the
lar anomalous magnetic moment of the nucleons; in oushortest interquark distances in the protdiquark, but the
notation Imrs=(u,—1+u,)/2=—0.06. This relation has latter is sensitive to the largest quark separatire to color
subsequently been obtained or conjectured independently screening Correspondingly, the virtuality of the gluons in
a variety of models based on QCD. The result is, howeverthe Pomeron is higher in the helicity-flip component since
model dependent as we will see. these gluons must resolve the diquark structure. This fact
may be considered as a justification for perturbative calcula-
. tions for the helicity-flip part, while their validity for the
A. Perturbative QCD nonflip part is questionable.

There is a widespread prejudice that the perturbative High gluon virtuality in the helicity-flip Pomeron leads to
Pomeron does not flip helicity. It is true that the perturbativea steep energy dependence. A prominent experimental obser-
Pomeron couples to a hadron through tiachannel gluons, vation at HERA is that the steepness of growth with energy
and that the quark-gluon vertax,y,u, conserves helicity. of the total virtual photoabsorption cross section correlates
However, one cannot jump to the conclusion that the same iwith the photon virtualityQ?, i.e., with theqq separation in
true for a proton. In QED the fundamental vertex has thehe hadronic fluctuation of the photon. Analyses of the data
same form but radiative corrections induce helicity-flip viafor the proton structure functiofi,(x,Q?) performed in Ref.
an anomalous magnetic moment. Ryskid] evaluated the [78] shows that for a quark separation of the order of the
Pomeron helicity-flip coupling by analogy to theoscalar mean diquark diameter one should expect the energy depen-
anomalous magnetic moment of the nucleon. Applying thisdence~ (s/sy)%2 This should be compared with the well
analogy to the quark gluon vertex he found the anomalouknown energy dependence of the nonflip amplitude
color magnetic moment of the quark. Thus the quark-gluon~(s/s,)%%. Therefore if the perturbative QCD model is
vertex does not conserve helicity and one can calculate thmeaningful in this region we expect a negative riwith
helicity-flip part of the pomeron-proton vertex. Using the energy dependencs/,)®L. This prediction can be tested in
two-gluon model for the pomeron and the nonrelativisticfuture polarization experiments at RHIC whose energy

constituent quark model for the nucleon he fouid] ranges froms~50GeV? (with a fixed target up to 25
x 10* GeV2. Imr5 is expected to double its value in this
Imrs=0.13, (65) interval.

Eventually this growth will cause the bound E§2) to be

independent of energy. In the above one needs to introdudéolated. This occurs only at very high energy, well above
an effective gluon mass and if one takes a large effectivéhe LHC energy, and so it is not important for our consider-
gluon massm,~0.75 GeV, this estimate is substantially re- ations. .Neyertheless, it would be interesting to deveIo_p an
duced. A need for a large gluon mass follows from lattice€ikonalization method that would lead to consistent unitary

QCD calculations[75] and the smallness of the triple- amplitudes. We believe the eikonalization procedure devel-
Pomeron coupling76]. oped in Ref.[79] is the appropriate technique. When the
The spin-flip part of the three-gluon odderon was alscelastic amplitude depends on transverse separation between
estimated in Ref[74] and the helicity-flip component was Partons, as it does here, the measured amplitude is the result
found to be nearly the same as for the Pomeron. If this is s€f averaging over different transverse configurations
then the odderon-Pomeron interference contributiorAfp
vanishes. See E@6) and Taple Il in Sec. VI. o . ~f(b,5)=<~f(b,5,,/,)>w, (66)
An alternative approach is to note that helicity is defined

relat|ll/e to the direction of tf(\je dpfrfoton :no%entufm, Whr'lle the,\here ¢ characterizes the transverse configuration and the
quark momenta are oriented difterently. Therefore, the proy o 44ing is weighted by the probability to be in configura-

t.on.hellcny may be different from thg sum of the quark_ he'tion . Correspondingly, eikonalization has to be done first
licities [6]. The Fe.S“"S. of pe'rturba}nve Q.CD calculations for a given configurationy and only then averaged:

show that the helicity-flip amplitude in elastic proton scatter-
ing very much correlates with the quark wave function of the ~ ~
proton. Spin effects turn out to cancel out if the spatial dis- fe4(b,s)=(TK(b,s,¢)) . (67)
tribution of the constituent quarks in the proton is symmetric

[6,77]. However, if a quark configuration containing a com- For a given partonic configuratios the energy dependence
pact diquark(ud) dominates the proton wave function, the of the helicity-flip and nonflip components must be the same
Pomeron helicity-flip part is nonzero. The more the protonsince, as stated above, it depends only on the transverse sepa-
wave function is asymmetric, i.e., the smaller the diquark isrations. Therefore, restriction E@2) applies except that the

the larger is Int5 [6,77]. Its value in the CNI region of pomeron intercept depends grand unitarity is satisfied for
transverse momentum ranges fren®.05 to—0.1 and even each . However, the weight factors are different for the

to —0.15 for the diquark diameters 0.5, 0.3, and 0.2 fm,helicity-flip and nonflip amplitudes and the averaging results
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N NN NAN . w
7 7 qs'rpa%s,t):isf Jo(by—1)(1—e Po(sP))pdb, (68)
MAIT T\I T 0

where the opaquenes$k,, which is assumed to factorize as
P P Qo(s,b)=Sy(s)F(b?), is associated with the Pomeron ex-
change. The energy dependence is given by the crossing
. . ) symmetric function
FIG. 4. Pomeron coupling to a nucleon via two pion exchange.

=s%In® s+u/In° u, 69
in a higher effective intercept for the helicity-flip component. So(8)=s7In" s+uin™ 69

The detailed predictions of this procedure remain to bgyhich comes from the high energy behavior of quantum field
worked out. theory. InSy(s) above,u is the third Mandelstam variable
and boths andu are expressed in GéVNote thatSy(s) is
B. Pion exchange model complex becauseu is negative. The phenomenological
A nucleon is known to have a pion cloud of large radius.analys's leads to the values of the two free parameters

Since the helicity-flip amplitude is proportional to impact = 0-167,¢'=0.748 and the real part Qf’Tpackig'g)c results
parameter, it is natural that a substantial fraction comes froffom the phase 08(s). Thet dependence of™ {s.t) is
inelastic interaction of the projectile hadron with virtual pe- driven byF(b?), which is related to the Fourier transform of
ripheral pions. This contribution is related through the uni-the electromagnetic proton form factor and, as a result of a
tarity relation to a pomeron-nucleon verté¢ix the elastic Simple parametrization which can be found in RES3],
hadron-nucleon amplitudlshown in Fig. 4. It is known that F(b?) is fully determined in terms of onlyour additional

the main contribution to the pion cloud comes from the vir-Parameters.

tual transitionsN— 7N andN— 7A, which corresponds to The spin structure of the model was also studied and it
the two graphs depicted in Fig. 4. This model for theallows a rather good description of the polarization data, up
Pomeron-nucleon coupling was suggested in [8€f]. They  to the highest available energy, i.p;,= 300 GeVk [86]. At
predicted Ints~0.016(Ins)®2 This quite a steep energy de- the RHIC energies, the spin-dependent amplitude reads
pendence originates from the radius of the pion cloud which .

is assumed to be proportional tdins. A more detailed ¢ig“packs,t)=isj J1(bV=1)Q4(s,b)e" 2sDpdp,
analyses was undertaken in RE81]. An interesting obser- 0

vation of this paper is a strong correlation of the value f (70

with isospin in thet channel. Namely, for an isoscalar ex-
change(PP, f Reggeoi the two graphs in Fig. 4 essentially
cancel in the helicity flip, but they add up in the nonflip
amplitude. It is vice versa for an isovector exchange
Reggeon This conclusion is consistent with Regge phenom

where Q4(s,b) is the spin-dependent opaqueness, corre-
sponding to the helicity-flip component of the Pomeron. It
also factorizes a€);(s,b)=S;(s)F(b?), where S(s) is
_obtained fromSy(s) and we have

enological analyses of experimental ddai&ee, e.g., Ref. ¢
[82). Si(s)= ——(c—c'/Ins)+(s—u). (71
In order to fix the parameters of the model a detailed In® s

analysis of data on inclusive nucledipp—p(n)X] and o ) _ 5

A (pp—A**X and 7*p—A**X) production was per- F<(b%) le supply related 2to_F(b) accordmg_to FS(_b ).
formed in Ref.[81]. These reactions correspond to the uni- = Pw(b9)F(b%), wherew(b?) is a smooth function which is
tarity cut of the graphs in Fig. 4. The calculations in Ref, Ot very precisely known. The important point is its vatug

[81] led to a positive value of Imy=0.06 for the Pomeron for very smallb and by fitting the data, it was foqnd that
(0.15 for thef Reggeoi This nonperturbative contribution «@o=0.06 GeV. This leads to a value Ig~—0.06, if one
has the opposite sign to what follows from perturbative cal-2ssumes that the flip component of the Pomeron is normal-

culations and may partially compensatésiee discussion in 12€d att=0, by the nucleon isoscalar magnetic morjeri.
Ref. [6]). This is at variance with the exact results one obtains in the

impact picture, which are shown in Fig. 5 at two different
energies. It is interesting to remark th&mn rs(t)| increases

. . _ _ with energy, in a way pretty much consistent with what was
An impact picture approach, which was derived severamentioned above in Sec. V.

years agd83—89, describes successfulyp andpp elastic

scattering up to CERN Intersecting Storage RifIg#R) en- VI. P-INDEPENDENT DETERMINATION
ergies. It led to predictions at very high energy, so far in OF ¢,, b_. by, AND &
excellent agreement with the data from the CERN SPS col- R °
lider and the Fermilab Tevatron and others, which remain to In this section we would like to demonstrate that, in prin-
be checked at the Large Hadron Collider under constructiogiple, by making use of both CNI and hadronic interference
at CERN. The spin-independent amplitude reads, at high erat smallt it is possible to determine all the spin dependent
ergies, amplitudes at=0 independent of knowledge of the beam

C. Impact picture
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0 ——— 1T ——— 7 TABLE Ill. The first two terms in an expansion ihof the
various asymmetries.
Asymmetry q; b;
K
—0.02 [ T~o_ i An P §(1+'2)_'5] Pls{(p—ps)+12(p2—ps)}
S 1 1
i-:/, ANN P2R2 P2R2[p+—+| p,"l‘_
= P2 P2
k:
5 (1 1
—0.04 AL P°R_ PAR_|— +p|+Rolol— +ps
p- p2
As. Pz{g(RJrRZ) P5{(1_+1,) + ps(R_+Ry)}
_0.06....I....I....I....I....
0 0.1 0.2 0.3 0.4 0.5
Vz my—t dO' n O'totb t+
t| (G ant 5= ,
[t] (GeV") o N gt aayt gDy
FIG. 5. Imrg(t) calculated in the impact picture for two energy d
. _ _ ; t oz oz
values: /s=50GeV (dashed curje and \/s=500GeV (solid L pea, —aaLL+£tb,_,_t+ '
CurVe- Otot dt 8
o . t do o
polarizationP; andP, provided only that they are stable and — pzANNd_= aayn+ 8_t°thNt+ e
nonzero. This is very interesting, perhaps surprising, in its Otot t ™
own right. If it proves to be practical, it would permit the use ¢ q
of elasticpp scattering as a self-calibrating polarimeter. It is g_ Ttot
. pp g . g p . - ZASSd_—aass+ 8_b3§+,
important to emphasize right at the beginning—we will not Otot t
repeat this every time the issue occurs—that the method in-
volves several ratios of very small quantities; the precision _m —t 20 29 ot U_totb e
required to do this may be beyond the reach of practical Ttot Skdt SLT gq St |
experiment at this time. However, very little is known about (72

the amplitudes now, and so we cannot evaluate this. Even if

the complete process we describe cannot be carried throug'l’i‘, Table :_” we g|fve :exprefh5|onshfor thg varioas, m:.'cﬂ
much of what follows should be useful in constraining the W€ SOMEMES reter to as ne ennance p|ecgsb|a chic
amplitudes at small we refer to as the hadronic piece. Tags are linear in the

The method requires the use of asymmetries with bot adronic amplitudes while thig, are bilinear. Here we omit

longitudinal and transversely polarized beams; it will not o> of orderat which are small; we will retum to show
9 yp ' how this can be corrected for, if necessary. Note that the

Bsual exponential dependence of the hadronic amplitudes

we work only to ordera and so only amplitudes that are will enter only at ordett? or at; likewise, for the quantities

large compared to the next order correction can be deterésé and ¢,. In this approximatiomyy=Ass. For notation

mm_ed from the formulas given F’e'OW- This could prObFf‘blysee Sec. lI(The possibility of using the electromagnetic and
be improved upon if necessary; at the present, experlmerﬂ]t

will probably not be able to probe amplitudes below that size adronic pieces oAyy and A, to determine the real and
S imaginary parts of¢p, and ¢_, when the polarization is

and so we have not pressed on in this direction. We assume :

) ._Independently known was noticed [i4].)

that the polarized beams have the same degree of polariza- : .

. A : S We also need the cross section differences

tion P in either configuration; since they are produced from

the same initial configuration by rotation this is almost cer-

tainly true. For simplicity in writing we assume both beams

to have the same polarization; this may very well not be true Ao =21 _oy. (73)

but it is trivial to correct the formulas for this.

We work with the experimentally measured asymmetriesFits to the data will determinay,by,any,byn, €tC. The
which are given byPAy, P?Ayy, etc. These will contain strategy will be to take ratios of two quantities that are either
singular terms as—0 coming from the interference between linear or bilinear in the polarizations to obtain ratios of am-
the one-photon exchange and the hadronic amplitudes. Tglitudes which will then be independent of the polarization.
order a the asymmetried\yn, Ass, andA | are singular as  We will find that there are enough of these ratios to solve for

1k andAy,Ag, are singular as 1/—t. So we write all the amplitudes, provided that at least onepgfand ¢ _ is

Aor= =210,
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nonzero. Indeed, the system is overconstrained, and the pro- Barring this exceptional case, one is in principle done
cedure we describe here is not unique. We carry it througlbecause with thi®—presumably the sign ambiguity will not
here to demonstrate that a solution exists; the optimapresent a problem—one can use the table to calcujate
method will no doubt depend on the experimental situationfrom Ay; As, is not needed. To give an idea of the sensi-
If both ¢, and ¢_ turn out to be unmeasurably small, the tivity of Ay to R,, the curve forAyy has essentially the
method fails at step one. same shape as the CNI curve oy and, forR,=0.02, the
Let us begin with the ratios of the four measured asym-height at the maximum is about 2%. It may very well happen
metries: the total cross section differences and the enhanceldat Ay is measurable but that the error is too large for this
parts ofAyn andA, | . From these one can get immediately to provide a precision measurement] % would not be use-

the ratios of real to imaginary parts fgr, and ¢ _ ful in the example just cited. Here, too, one may benefit from
) pressing on: an error af1% in |5 would be far better than
p2=—2anNoio/ PTAoT, is required because it is applied to a term of order Ajn
) Going further requires bringing iby/ay andbg, /ag, .
p-=28, 01/P"A0y. (74 Each of these can be used to expresn terms ofps and

measured quantities. By equating these two expressions an

This fixes the phase of both amplitudeés and ¢_ . From Beguation forps is obtained. The result is

the same four measurements a third independent ratio can
formed; either

_ 1 (bsi/as)[(by/ay) +p+R;]
P2Ag; I, 5 P5 = hyTan+bs, /ag, 1+1,
2 =77
PAoy I- _ (by/ay)(Io+10) 81
or R,+R_
a,. R_ If this is then inserted into the equation for, say,/ay then
e R, (76) |5 is determined since we have
ann 2
will fix the ratios of the magnitudes af, and ¢_ . We will 1 2 (bn/an) +p+Ry I+ 1
use the latter in the following. Is  «(by/ay+bg /ag) 1+1, R,+R_|’
In order to completely fix the magnitudes, one more ratio 82)

is needed. Eitheloyy/ayy or by /a, . will do. Examination
of the table will reveal that either of these quantities dependslotice that there are no quadratic ambiguities in any of these
only onl, or, equivalently,l _ in addition to the ratios just determinations. This is valid in all degenerate cases as well,
determined; the unknowty,, say, is thereby relatelthearly  as can be easily checked; it only fails if bo#hy and ¢ _
to the ratiob, | /a, | with known coefficients vanish. The problem then becomes identical to that of a pro-
ton scattering off a spin 0 particle for which one cannot
calculate the spin dependence without knowihg

This procedure can be extended to apply to the case where
the two spin; particles are distinguishable, aspa®He scat-
At this point, one has enough information to determinetering. The part concerningyy, A, L, andAggis identical.

| _au [(b/ay)—lp_—p]
> ayy p2+1lp, '

(77

the polarization because one can calcuRfe | -, andR_  There are two new quantities to determipg,andlg, and
from Eq.(77) and the previously determined quantities: onethere are two additional equations, effectively fring and
uses either; | or ayy in as, and fromb}, anday,. These can be solved just as in Egs.
(81) and(82).
PZZM (79) One can imagine a number of special cases. An interest-
R> ing case is pure Pomeron pole dominance. In that ¢(sse
Sec. I) ¢, ¢5, and ¢ are all in phase whileb_=0. In
or this very simple case, which should be easily checked ex-
a perimentally,bg, /byy=15 and sogs is determined in terms
p2=_tt (799  of measured quantities. Equivalently, one can use the ratio of
R- the hadronic piece to the enhanced piecégf. The corre-

sponding ratio of the hadronic piece Af, to the enhanced

to obtain piece ofAyy determined , so everything is fixed:

,  aunt (PPAoq/20)?

= . 80 kbs 1
bLL_Pz(AUL/ZUtOt)_PaLL (0

5" 2 ag (ptlp)

This equation is valid in all the various degenerate limits
except the caseb,=0, both real and imaginary parts, in | :E 1 83)
which case it is indeterminate and one must work harder. 27 ayn (p+1lp)”
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One can easily take into account the Bethe phase correare too small for this method to succeed, this linear param-
tions to this procedure. Evidently, it will modify only tree  etrization, making use of the CNI enhancements, should
and has no effect on thg . We have already seen in Sec. Ill prove useful for determining the amplitudestatO, when
that because is so small and because it entékg only by  the polarization is independently measured. Furthermore, we
multiplying small quantitiep andrs or r,, it can be safely find it interesting that it is possible, at least in principle, to
neglected inay to the accuracy that we are working. The determine all of the spin dependent amplitudes without
corrections toAyy and A, are very similar; so,ayy  knowing the beam polarization independently.

—P?(R,+ 6l,) anda, | — P?(R_+ 4l _) to lowest order in

8, thus Eq.(74) becomes VII. CONCLUSIONS
po+ 8= —2aynoi/ P?A o, Motivated by the need to have an accurate knowledge of
the proton-proton single helicity-flip amplitudés at high
p_+8=2a, o/P?Aoy . (84)  energies, in order to devise an absolute polarimeter for use in

the forthcoming RHIC spin program, we have examined the
Sincedis a known quantity, the values pf andp_ can be evidence for the existence of an asymptotic parggfvhich
determined for use in the subsequent steps. is not negligible compared to the largely imaginary average

We now return to thext corrections; these are small but nonflip amplitudes . = 3 (¢, + ¢3) at high energies. There is

they may need to be taken into account in order to use thig general prejudice that=me¢s/\—t Im ¢, will be negli-
method if the amplitudeg_, ¢,, and ¢5 are quite small.  gibly small at high energies, say fpf >200 GeVk, and we
The explicit expressions for these terms are given in detaihave tried, using various techniques, to assess the validity of
for all of these asymmetries in Rdf5]. There are several this belief. We have explained how certain characteristics of
sources of these corrections. The most important arises frottie dynamical mechanisms are linked to the behavior of the
the slopes of the forward hadronic amplitudes, call ti&m  helicity amplitudes at high energies and small momentum
In the purely hadronic part they appear only in ortfebut,  transfers, namely their growth with energy, their phases,
through interference with the Coulomb singularities in eithertheir smallt behavior, and relations amongst them. On the
¢, or ¢g, they contribute tdy;. It is very likely that the basis of rigorous analytical methods we have demonstrated
slopes for the helicity-flip amplitudes are not very differentthat the same fundamental assumptions which lead to the
from the nonflipB., , a factor of 2 at most; cf. the discussion Froissart boundi¢, |<sIn?s permitrs to grow as Ins. This
in Sec. IV. To the degree that they are the same the corresurprising result implies that there is nothing in principle to
tion to b; is just aja4mwB, /0. This corrects the corre- stop ¢s from remaining large, or even growing, relative to
sponding ratidb; /a; by a known amount and can be simply ¢, at high energies. However, other methods of analysis,
accounted for. To the degree that the sloBesre different based either on information at low to medium energies, or
this procedure leaves behind a correction &-B,)/2  based upon dynamical models, do suggest a siwallat
multiplied by one of the presumably small amplitudés, RHIC energies, typicallyrs|<15%.

¢_, or ¢s and so is at a level of about 18. The forward Experimentally, for the region of interest to us, the best
slopes of the Coulomb amplitudes can be taken account ogonstraint ongs comes from the measurement Ay in the
in exactly the same way. CNI region atp, =200 GeVE. Assuming that the phase of

There is a correction to the real part ¢f, equal to  ¢s is the same as that @b, —a sensible assumption for an
2ax?14m? which is about 0.01; this can simply be added intoasymptotically surviving contribution—one findiss| =0.00
R, and everything goes through as before. The term propor 0.16. However, freeing the phase yie|ds|=0.2+0.3 and
tional to at arising from| ¢s|? is of order 103 and so can be a phase difference betweefy and ¢, of 0.15+0.27 radi-
ignored. ans. We believe that the former value is the more reliable.

Finally there is the heretofore unmentionelq which  There are conflicting nonperturbative estimatesr gfat t
vanishes linearly witht as t—0. Although the amplitude =0. By attempting to link helicity-flip to the isoscalar
never enters the enhanced piece, it does enter through inténomalous magnetic moment of the nucleon, Landshoff and
ference into the linear term i One guesses that its contri- Polkinghorne arrive at Im;=—0.06. This result is supported
bution will be negligible, but since nothing is known about by an eikonal analysis of Bourrely, Soffer, and collaborators,
it, one would like to make sure that it can be controlled.who find Imrs=—0.06 when the nucleon matter density is
Indeed, it can in principle be determined by this method: thigaken equal to the charge density. However, a more realistic
amplitude can be removed from the first steps of the game bghoice of matter density leads to hp=—0.018 at /s
using Ayn+Asd/2, instead ofAyy. The determination of =50GeV and —0.026 at \/s=500GeV. Surprisingly, a
the amplitudesp_ and ¢, goes through as before. Then by study by the ITEP group, based upon the importance for
considering Ayn—As9/2 one can determinB,. This can  helicity-flip of the peripheral interaction with the pion cloud

be used to corredhg, which can in turn be used to fixs. in the nucleon, and which should therefore not be too differ-
Finally, thenby can be used to fiX, and everything is ent from analyses based upon the matter density, yields
determined. Imr;=0.06, i.e., of opposite sign to the above mentioned

We do not want to oversell this method for self- results. On the other hand Ryskin has attempted to calculate
calibrating CNI polarimetry; we realize it is experimentally the anomalous color magnetic moment of a quark, based
very uncertain. However, even if the essential asymmetrieapon a mixture of perturbative QCD and the constituent
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guark model, and linking the result tés obtains Inrg higher energiedr,|<0.006 atp, =270 GeVt. On dynami-

=0.13, i.e., of opposite sign to the results based upon theal grounds we expett,|— 0, but the argument is not con-
electromagnetic anomalous moment. Perturbative QCD aglusive.
tempts by Kopeliovich and Zakharov to link the existence of ~ Finally, we have demonstrated the surprising result that
helicity-flip to the transverse momentum of the constituentgroton-proton elastic scattering is self analyzing, in the sense
turn out to be very sensitive to the form of the nucleon wavethat all the helicity amplitudes can be determined experimen-
function. If the wave function contains a significant compo-fally at very small momentum transfer, without a knowledge
nent corresponding to a compact scalad) diquark they of the_ magnitude of the beam. and _target polarization. The
find that Imrs increases in magnitude as the diquark dive €Xxperimental procedure for doing this is complex, but once
decreases. Quantitatively Ig=—0.05——0.15 forD=0.5 carried out successfully it would permit the callbrqnon of a
_.0.2fm. CNI polarimeter which could then be used very simply for
In summary while the various approaches give resultgoutine measurement of the beam polarization.
which differ in sign and magnitude, and while it is not clear
to what extent perturbative and nonperturbative approaches ACKNOWLEDGMENTS
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