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Abstract

We present model amplitudes for pp—pp elastic scattering in the intermediate hard
scattering kinematic regime: m} | ¢|< s, and apply them to the calculation of spin
observables. In this region, the ¢-dependent Landshoff amplitudes have a significant
contribution to the spin observables. Helicity non-conserving effects may also play a
major role in this regime. Specific QCD motivated predictions for the spin observables
can be tested at polarized proton beam facilities. A program is suggested for elastic
polarized proton scattering experiments in this kinematic region, which can be used to
test the foundations of exclusive QCD.
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L Introduction ) T o

In recent papers! , we presented model amplitudes for elastic pp — pp scattering,
which were based on ideas from perturbative QCD. These amplitudes were constructed to
address a set of phenomenological questions®® concerning the application of perturbative
QCD to exclusive processes at energies and scattering angles where data show dramatic
structure in spin observables. The helicity-conserving amplitudes consist of two parts: (1)
QIM amplitudes® which coincide with an effective amplitude® approximation to a class of
diagrams involving quark interchange between the nucleons, and (2) Landshoff * amplitudes,
which correspond to independent quark scatterings involving three-gluon exchange in either
the ¢ or u channel. Within each type of mechanism, the relative normalization of the different
helicity amplitudes is determined by simple combinatoric arguments. However, the model
contains an unknown normalization factor which, in principle, can be calculated, Present
data imply that it is importaat to go beyond the specification of "leading-twist” amplitudes®
and include the possibility of helicity non-conserving effects associated with the Landshoff
mechanism. In our model, these considerations are incorporated naturally.

The dramatic structure in Ay at prop € 12 GeV/c can be described by an interference
between the Landshoff amplitudes and the QIM amplitudes. There is evidence that there
exists a kinematic regime where the amplitudes for elastic scattering are dominated by the
Landshoff mechanism.? To test the premises of our model, we will examine its predictions
for spin observables at higher energies. Although there is a steep power law decrease of the
cross sections with energy at fixed angle, large polarized beam luminosities may make it
possible to do elastic spin measurements in the large | ¢ |, small angle region, m) €| t|< s,
which interpolates between the.Regge and the large angle scattering regime. The use of
Siberian snakes to preserve polarization in high energy accelerators makes it possible to
obtain high luminosity polarized beams in pp colliders such as Fermilab, RHIC, UNK and
the SSC.* Measurements of elastic scattering spin observables at large | ¢ | and small
angles using these facilities can provide a wide range of information concerning the elastic
scattering mechanism and the possible application of exclusive QCD. The phenomenology
of Donnachie and Landshoff® indicates that this kinematic region is dominated by the
Landshoff mechanism. This contention is supported by the estimates of Botts” and is built
in to our original model amplitudes' , which we extend to high energies here.
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I1. Formulation of the Helicity Amplitudes

It is convenient to reformulate our model' 30 that it emphasizes the dominance of the
Landshoff contributions. We define the kinematic region of interest in terms of the variable

n = [(2m2 —t)/s]. In this region, #.a. = 29}, For the Landshoff amplitudes, #¥, we assume
that the contributions involving L{u) can be neglected because of the Sudhakov suppression
of the *backward scattering® cootributions. The QIM amplitudes, #7, can be simplified for
mmmmwemwmmmdqé). This gives

®F = L(t)2md - 1 + 201 - Y]]

# = L{t)2m3 - (1 - 9)[2+ (1 - 0)Y]
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The relative normalization of the Landshoff and QIM amplitudes has to be determined
phenomenologically. Here, we define the ratio of normalization factors as aft, v) = fial,
50 that we can write the overall helicity-conserving amplitudes in the small y kinematic
region as '

& = L) em} = 3 - 40 + Taft)+ -

& = L(t)(2m} - )3 - 50 + %o(t,u) +- &)

&, = L(e)2m3 ~ 1)~ aft,n) 4}

Note that the shape of the diferential cross section will depend on L(£) but that this function
now appears as an overall factor, which will cancel in the calculation of the spin asymmetries
we consider here. In writing these amplitudes, we assume that Q(t,7) and L(t) are well

2

behaved 30 that a(t, ) — 0 as y — 0. We bave systematically neglected terms of O(n?) and
O(an), which we have numerically shown to be negligible in each kinematic region.

It is important to consider helicity non-conserving amplitudes in order to have a com-
plete treatment of spin observables and to address the experimental evidence that the polar-
izaton P does not vanish. We associate helicity non-conservation with hadronic corrections
to asymptotic collinearity of the constituents. We do not know, a priori, the form of the non-
conserving amplitudes. Thus, we make an ansats based on parity and time reversal invariance
for pp — pp of the form: (neglecting u— channel contributions) @5 = f(t)[®; + & + &
and &; = 1/(t)®s, where f(t) is a complex factor measuring the degree of helicity non-
conservation.

Thus, our model is defined by considering two types of "small® corrections to the
simple Landshoff mechanism. Quark interchange (QIM) corrections are associated with the
parameter a(t, n) and hadron belicity-flip corrections with f(t). The relative sizes of oft, )
and f(t) depend on complicated unknown dynamics involving the interplay of constituent
and wave function effects, which are not well understood. In view of the possible complexity
of this interplay, it is important to have experimental input. The measurement of spin
obeervables in the small-angle regicn can be very instructive.

IIL Specification of the Spin Observables
In terms of the helicity amplitudes, the spin observables are written as

cmal P+ I8P+ +10 +4] 41
oP m —Im{(#, + & + &5 - )8]] '

aAnn = Re[, 83— 9:8; + 2| &, '] "
Y SN BTN TN FITN,

cgAgg = Re[hQ; + ‘3.3
gAse = Re[(®, + &; ~ 85 + 8,)9;].

We wish to examine the dependence of these observables oa aft,n), which determines the

relative strength of the QIM amplitudes and f(t), which measures the contribution of the
helicity non-conserving amplitudes.
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The Landshoff Dominant Kinematic Region

We first consider the region where —t is fixed and s is large enough so that a — 0
and 9 =| f || a |. Here, the spin amplitudes reflect the structure of the Landshoff multiple
scattering mechanism. The amplitudes ®; and &5 are approximately s -independent. The
helicity non-conserving amplitudes ®; should be small compared with ¢, and @3, but should
also be s-independent, while ®, will vanish as @ — 0. The amplitude &, involves two helicity
non-conserving "vertices” and should be further suppressed. In this limit, we can write the
spin observables in the form:

Pz—4(Imf)

Ann =9 f I: ~2(Im f)’ = 9Ags
(4)

1 1,
A = 37" 3"

Asp = %’I (Re £).

From our model assumptions, P, Ayy and Ags should be almost independent of . In this
limit, these observables depend only on the magnitude of the helicity-flip form factor, f(t).

In contrast, Az is not sensitive to the effects of belicity non-conserving corrections and has

a well defined functional dependence on 5, which reflects the spin structure of the individual
quark scatterings in the Landshoff mechanism. Figure 1 shows the f dependence of Ayy, P
and Asg. Observe that simultaneous measurements of P and Agg could be used to determine
Im f and Re f. Then, since Ayy and Ags are insensitive to the ratio Im(f)/Re(f), their
measurements would then be nontrivial checks of the underlying assumptions. The existence
of this pure "hard-scattering” regime where *Regge” effects are negligible provides a good
region to check the effects of the independent scattering mechanism proposed by Landshoff
and allows us to explore the form of the helicity-flip mechanism.

The Interference Region

There is also a possible "interference” region where 7, a and f are all small and
of comparable magnitude. The spin observables can all have considerable structure in this
region. Expanding the amplitudes by keeping terms which are bilinear in the small variables,

we have

P z—s-gl(ﬂe f)(Im a) - 4(Im f)

g, o, 51, 765 . ., 8 " ’_ )
Amv%n al +36Rca 1“(&0) 36rp(Rctx)‘l-Sl,fI 2(Im f)
ne, ., 17 153, ., 13 1,1
Ay = T2 al —uﬂca+ 32(1?.e¢7x) 8rp(}lea:) 37 -3

5)
+5n(Ref+ImD)

Ass ™~ Ayn —4(Im [P +9| f

2
A,L ksn(ﬂe f)

Since these observables involve two unknown functions, a(t, n) and f(t), we will only attempt
to point out some regularities which can help us understand the dynamics. The sumn Axy +
Ass does not depend on the QIM amplitudes to this order in a, so that this is a good measure
of the existence of a helicity non-conserving structure. In contrast, Apz has little dependence
on f, but is sensitive to the Landshoff-QIM interference. In addition, since most of the a
dependence cancels in the sum: Ayy + Agrg, this quantity serves as a cross check to the
assumptions about the helicity non-conserving nature of the amplitudes in this region. The
individual asymmetries Ayy, ALy and Ags are all influenced by both the Landshoff/QIM
interference and the helicity non-conserving term in this region. By making simultaneous
measurements of the asymmetries, their dependence on these parameters can be investigated.
Figure 2 shows the dependence of Ayy on a. Figure 3 shows the f dependence of Axy+ AcLL,
which is insensitive to the imaginary part of f. The sensitivity of Asy to Re(f) for given
7 theoretically makes it a good candidate for studying Re(f), but its small values may be
experimentally prohibitive to take advantage of this fact. The polarization P can potentially
be large and its sign should provide a good indication of the sign and magnitude of f(t), as
shown in figure 4. It is desirable to measure P with good precision in this region to determine
the effects of both the interference term and the helicity non-conserving amplitudes. Clearly,
our model indicates that both the QIM/Landshoff interference term and the helicity non-
conserving effects can be studied thoroughly by experiments in this kinematic region. Thus,

it is particularly valuable to make simultaneous measurements of all the spin observables.



The Hadronic Helicity Conserving Region

If we explore measurements of spin observables for very large s at fixed angle (),
there is a possibility of reaching large enough —t to neglect the helicity-flip effects. This
may be the appropriate kinematic limit to check the speculation of Ralston and Pire® that
hadronic helicity conservation need not be a property of Landshoff-type amplitudes. The
interference term a is assumed dominant over # and f in this region. We keep termas linear
in f, but neglect the 5 terms. The corresponding spin observables can be written as

P %(Re HIma) - 4(Im f)
Ann = 1;-22-{0{' +§—;—R¢a~:l’-g(ﬂca)’ )

Arp = Ags = —AnN

Agr = 0.

In this region, as the QIM-Landshoff interference becomes more dominant, the observables
Ann, Arp and Ags become approximately equal in magnitude and sensitive to the value

of a. In particular, figure 5 shows the sensitivity of Axy to the ratio Im(a)/Re(a). The

polarization P is likely small, due to its dependence on f, but if it is detectable, it could be
highly sensitive to I'm(a). Thus measurements of the asymmetries to a high precision could
give complete information about the interference of the Landshoff and QIM amplitudes in
this region..

IV. Conclusion

By investigating QIM-type amplitudes and hadronic helicity-flip as " corrections® to a
Landshoff independent quark scattering mechanism, we have studied what could be learned
by elastic scattering measurements involving polarized protons at large | ¢t | and small | t/s |.
Even if current data on Aww are explained by a low energy mechanism,'® newly proposed
experiments!! can provide access to a domain of exclusive QCD. Figure 6 shows the possible
kinematic regions accessible by experiments at Fermilab, UNK, RHIC (Brookhaven) and the
SSC. The lower energy accelerators can concentrate on the fixed | ¢ |2 § GeV/c (Landshoff)
and fixed small angle (n) with larger | t | regions, while the larger energy experiments can
investigate the regions discussed above at all | t |. A comprehensive experimental program

involving polarized beams at various accelerators, can measure all of the elastic pp asym-

metries in these kinematic regions. Such a program would shed light on the appliciability

of QCD to exclusive processes and would make it possible to study helicity non-conserving

dynamics and quark-interchange dynamics in a meaningful way.
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Figure 1. The observables Ay (solid), P (dashes) and Asy (dot-dash) as a
function of | f |2 in the Landshoff Region. In each case, the three curves, upper
to lower, correspond to the ratio Im(f)/Re(f) = 0.1, 0.5 and 1.0 respectively.
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Figure 2. The asymmetry Ayn as a function of | a |? in the interference region.
The three curves, lower to upper, correspond to the values of Im(a)/Re(a) to
be 0.1, 0.5 and 1.0 respectively. It is assumed here that | f [*x] a |*= ? for ali

figures in this region.
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Figure 3. The linear combination,
the interference region. The three curves, upper to lower, corres

of Im(f)/Re(f) to be 0.1, 0.5 and 1.0 respectively.
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Flg.ure 4. The polarization P plotted as a function of Re(f) in the interference
region. The three curves correspond to In(f)/Re(f) = 0.1, (solid) 0.5, (dashes)
and 1.0 (dot-dashed).
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Figure 5. The asymmetry Ayy plotted as a function of a in the badronic helicity-
conserving region. The three curves correspond to the ratios Im(a)/ Re(a) = 0.1,
(solid}) 0.5, (dashes) and 1.0 (dot-dashed).
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Figure 6. A —t-s plot of the experimental regions discussed in the text. The
specific regions are labeled: L, - fixed [ t], large 3; Ly - fixed | ¢ |, very large s; 1
-1t} and s of moderate values; HC - fixed angle (7) with | t ] and s large.
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