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case the vertex function is the same as in Table 4.
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ABSTRACT

We present experimental results on proton-deuteron and deuteron—deuteron
elastic scattering measured at the two highest ISR energies, Vs = 53 GeV and
Vs = 63 GeV. The data cover the single and multiple scattering regions over a
wide interval of four-momentum transfer t. In both reactions we find clear evi-
dence for a substantial t-dependent contribution of inelastic intermediate states
in the multiple scattering region, as well as in single scattering. In the analy-
sis we use the Glauber multiple-scattering theory extended to include inelastic
shadow effects. This extension of the basic theory contains as input a triple
Regge parametrization describing the high-mass inclusive spectrum. The analysis
of inelastic corrections to multiple scattering on deuterons at high energies is
shown to provide a sensitive test of different parametrizations of inclusive pro-

duction in proton-proton collisions.
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INTRODUCTION

Several experiments were performed in the late sixties to measure the dif-
ferential cross-section for md [1] and pd [2] elastic scattering in the 1-10 GeV
region, the main idea being to test in a simple case the Glauber [3] eikonal
approach to hadron-nucleus scattering and to extract information on the real part
of the hadron-nucleon amplitude.

For a two-nucleon system like the deuteron, Glauber theory describes [4]
elastic scattering with just two terms: single scattering, where one nucleon
interacts and the other is a spectator, and double scattering, where both nucleons
take part in the process. These two terms have different signs and interfere
destructively. Since the first term is proportional to the hadron-nucleon ampli-
tude and the second to its square, the hadron-deuteron amplitude is sensitive to
the real part in the region of the interference minimum [5]. However, as well
known [6], one gets the differential cross-section by adding incoherently to the
amplitude squared another term associated with the D-component of the deuteron
wave function. As a consequence, the sensitivity to the realkpart is reduced to
impractical levels, at least for unpolarized deuterons.

Glauber theory was able to explain the gross features of the experimental
hadron-deuteron angular distribution, identifying the low-t and high-t regions
as single and double scattering, respectively. There is, however, at least one
case [7] which shows a systematic discrepancy between theory and experiment at
high momentum transfer. Many theoretical papers [8] indicated the deuteron re-
coil corrections as a possible explanation for this discrepancy and a recent
paper [9] also gave the right order of magnitude by simply including in the theory
the proper calculation of the Jacobian dQlab/dt. Other explanations are available
[10], but this discrepancy should be a transient phenomenon, vanishing with in-
creasing energy; a pd experiment at 24 GeV/c [11] seems to confirm this expecta-
tion.

Two other experiments were recently performed at Fermilab [12] and at the

CERN Intersecting Storage Rings (ISR) [13], measuring the pd elastic cross-section



between 50 and 400 GeV/c and at Vs = 53 GeV, respectively. However, the t-range
explored by these experiments does not sufficiently extend in the interference and
double scattering regions to allow for a detailed test of the theory.

Even if dd elastic scattering is the second in simplicity, and therefore
suitable for testing Glauber theory, not much effort was spent to explore it ex-
perimentally. A first experiment [14] investigated the energy region from 680 to
2120 MeV/c of incident deuteron momentum, and a second one [15] was performed at
7.9 GeV/c. Both experiments, however, have not enough statistics at large momen-
tum transfer for performing any significant test.

This was very unfortunate, because in dd scattering, contrary to the pd case,
the dip [16,17:, caused by the interference between single and double scattering '
is not completely filled by the D-wave contribution, since it occurs at a lower

. In addition, for -t > 0.3 GeV? there is still interference between

value of |t
double and triple scattering, which also is sensitive to the real part.

The injection and acceleration of deuterons in the ISR made it possible to
investigate pd and dd elastic scatterings at the highest available energies and
to perform a more refined experiment on dd elastic scattering.

The relatively high luminosities achieved and the background-free running
conditions allowed the measurement with good statistical accuracy of elastic dif-
ferential cross-sections in the t-range from about 0.07 GeV?, a practical lower
limit imposed by vacuum chamber geometry, up to about 2 GeV?. These measurements,

®

covering extensively the single and multiple scattering regions, were performed
at the two highest ISR energies, at which deuteron beams could be easily stored
and accelerated.

Both for the pd and the dd case, the theoretical analysis of the data required
the introduction of inelastic intermediate states (IIS) [18] in the Glauber formulae.
We also found that the results are sensitive to the type of the Regge parametriza-
tion for the (do/dtdM?)(pp - pX) one uses as input for the calculation of the
inelastic shadow effect. 1In particular, for the dd case we found that there is

a substantial cancellation between the IIS corrections in the double and the triple



scattering terms, which makes the dd elastic cross-section an even more sensitive
test of the Regge parametrization. Preliminary results on these subjects have
already been published [19].

The organization of this paper is as follows. In section 2 we discuss the
details of the experimental analysis of dd and pd elastic scattering. In
sections 3 and 4 we recall the basic Glauber formulae for pd and dd collisions,
respectively, with the inclusion of IIS. In section 5 we present our experimental
results, comparing them with lower energy data and with the theoretical curves,
and discuss the sensitivity to the Regge parametrization. Our conclusions are

given in section 6.

EXPERIMENTAL TECHNIQUE

In this section we describe the features of the experimental apparatus used
to detect elastic scattering events and the specific trigger conditions defining
the selection criteria. We then discuss the properties of the off-line event re-
construction and the characteristics of the final event sample. Details concerning
aspects of the experimental technique have also been described in recent publica-
tions [19].

2.1 Apparatus and trigger

The data on pd and dd elastic scattering at the two c.m. energies of 53 GeV
and 61 GeV were collected in four runs during which deuterons were accumulated in
one or both ISR rings at Pheam = 26.6 and 31.45 GeV/c, respectively. Deuteron cur-
rents up to 8 A were stored with peak luminosities of 103% em™? s7!; the ISR
performance during the deuteron runs achieved a beam lifetime consistent with the
interaction rate at the eight crossing regions around the ring.

Elastic scattering events were detected in two narrow angular regions in the
forward telescopes of the Split Field Magnet (SFM) detector.

The SFM has been described in detail elsewhere [20]; a plan view of the de-
tector is shown in fig. 1. It consists of a set of multiwire proportional chamﬁers
(about 70 000 wires) surrounding the interaction region and covering almost a 4T

solid angle. A first set of chambers covers the central region at large angles;
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a second set covers smaller angles in the two symmetric forward telescopes.
Additional chambers in the compensator magnets allow detection of particles down
to about 8 mrad to the beams with a momentum resolution Ap/p of about #0.07 for
elastic scattering at Ppeam 26.6 GeV/c. The steepness of the deuteron form
factor confines the region of interest for elastic scattering at very small values
of t. 1In fact it is around -t = 0.3 GeV? for pd and -t = 0.2 GeV? for dd scat-
tering that the interference between single and multiple scattering is maximal.

As a consequence, our elastic trigger was confined to the small angular regions
subtended by the compensator telescopes. Events were required to have one charged
track in each telescope with at least three space-points measured and having pro-
jections collinear within 8 mrad in the non-bending plane. Different scaling
factors could be applied to different t-intervals to enrich our high-t sample of
events. These triggers were recorded for off-line reconstruction and analysis to-
gether with monitor counts from a downstream scintillation hodoscope and other
detector information.

The off-line reconstruction chain consisted of three standard programs per-—
forming pattern recognition, track fitting in the magnetic field to a common ver-
tex, and a kinematical fit. The chain was preceded by a filter which selected
events according to the same criteria as for the trigger but with improved spatial
resolution. After the four-constraint kinematical fit, events corresponding to a
confidence level greater than 0.0l were retained in the final sample.

2.2 Characteristics of the event sample

At a topological level the main background to the elastic events of interest
is given by the deuteron break-up reaction. Given the large deuteron momentum in
the laboratory, the momentum measurement on the final state particles separates
easily the break-up products, which peak at half the beam momentum, from genuine
elastic events. This is clearly seen in fig. 2, where the correlation between the
two measured final state momenta is shown for pd and dd scattering at /s = 53 GeV.
The regions of single and double break-up appear completely separated from the
elastic scattering region. The other main sources of background are m° production

and beam scattering on the residual gas. Concerning the former, it has to be



-5 -

noted that mainly multipion coherent production may contribute to the background
and this mechanism is kinematically suppressed to a large extent by the deuteron
form factor and by the collinearity constraint in the event reconstruction. Single
coherent 7° production is in fact inhibited by isospin invariance at the deuteron
vertices. Beam-gas contamination was below the 1% level in all runs, consistent
with no effect associated with the beam lifetime. No background subtraction was
performed; the main characteristics of the data sample are given in table 1.

The acceptance of the detector and of the off-line reconstruction chain was
studied with Monte Carlo methods. This simulation took into account the beam
parameters, the detailed detector geometry, and absorption and scattering in the
ISR vacuum chamber and in the detector material. Trigger conditions, proportional
chamber inefficiencies, and losses in the reconstruction chain were also taken
into account.

The acceptance was found to be an essentially constant function of t from
-t = 0.05 GeV? to values in excess of 2 GeV?., It has been separately calculated
at the two ISR energies and the results were found to scale in t/p? as expected
from pure geometrical arguments.

The reliability of the simulation has been extensively checked by comparing
x? and collinearity distributions of real and Monte Carlo events in different
intervals of t with excellent agreement in all cases [19j. The same set of simu-

lated events was used to investigate the experimental t-resolution
2 _ dp 2 2 2
(dt)° = 2t | t > + p° (d6) , (2.1)

where the errors on angles and momenta are in turn smooth functions of t due to
the effect of multiple scattering in the vacuum chamber walls. It was found that
At/t = 77 at the position of the interference minimum in dd scattering with a
slow t-dependence as approximately 1//t.

After applying acceptance corrections and a normalization factor to get abso-
lute differential cross—sections, a t—dependent systematic uncertainty was com-

bined with the statistical errors of the data. This uncertainty is essentially
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contributed by the absorption in the ISR corrugated vacuum chamber walls, on the
average 4 x 1073 absorption lengths thick for normal traversal. We have deter-
mined the absorption uncertainty from an estimated 157 uncertainty in the path

length of the particles traversing the vacuum chamber. The over—all systematic

uncertainty on the data is reported in table 1.

THEORY FOR PROTON-DEUTERON SCATTERING AT VERY HIGH ENERGIES

The well-known Glauber [3] formula for hadron-deuteron scattering is obtained
assuming the nucleons of the deuteron as fixed scattering centres, their spatial
distribution being described by the deuteron wave function. Clearly this is true
in very gocd approximation in the deuteron rest system at small momentum transfers.
The scattering amplitude [4], neglecting the difference between neutron and pro-
ton, is given by

WIE 4oy = 2@l FE ) 4

>

. e g
i 2 1 iqr°*s | _ ﬂ] [+'
* Tip, fd ap(y| e [¥) f[qT+2qu+

Nhad

] . G.D

where Py is the incident proton momentum in the deuteron rest frame, q the trans-
ferred momentum, s the transverse part of the internal deuteron coordinate, and
qé the transverse component of the internal momentum transfer to the deuteron.

We define

> >
W] T Yy = 8@ = se(@) - [33-9)? - 25, (@)

0

Syp(a) = J.jo(qr)[uz(r) + w(r)] dr

0

2
vz sz<qr)[u<r>w<r) - W—<—r—)-:| ar ,
0
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u and w being the S and D radial wave functions of the deuteron and J its angular
momentum. The first term in eq. (3.1), corresponding to single scattering, can
be derived [21] from the Feynman graph of fig. 3a; the second represents double

scattering and is related to the diagram of fig. 3b.



As originally suggested by Abers et al. [22], the diagram of fig. 3b can be
complicated by the internal produption of one or several pions (fig. 4a): although
this production is suppressed by the longitudinal momentum transfer
q = M - mz)/2p2 at intermediate energies, it is certainly present at extremely
high energies.

Gribov [23] calculated this effect assuming Pomeron exchange as the dominant
prodgction mechanism (fig. 4b) by relating the product of the multipion amplitudes
to the inclusive cross-section. Similarly, using unitarity for the Reggeon-hadron
amplitude, one can calculate [24] the effect including also other Reggeized ex-
changes, and using the triple Regge coupling determined by the analysis of the
inclusive cross-section (fig. 4c). However, fig. 4c is a Feynman diagram, whereas
the Muller diagram is a unitarity diagram: this gives a difference in phase,
namely a minus sign for the Pomeron at q = 0, which modifies substantially the
relative contribution of the various terms [25].

If the produced mass is small, one can approximate the intermediate inelas-
tic amplitudes in terms of resonance production by simply replacing in the second
term of formula (3.1) the scattering amplitudes by the production amplitudes.

The modified scattering amplitude becomes [18]

(wledlw> - FGlauber *

>

i Z 2 iali"—s)'l-iqLZ >y q >, E
* iy L fd ap(v] e we, (e + 3)e, (31 + 3) +

L Z -imB3(q?/4) 2 1 a2 ig’-—9>+iq z ijm . : 2
+ 77p n; e ] d*qp dM (p| e =T L® |y) AF .~ (s +ie, s—ig; M%) ,
2 ijm

(3.2)
-
where qé and q; are the transverse and longitudinal components of the internal mo-
mentum transfer, i, j, m are the Regge pole indices (see fig. 4c), and AF, is the
discontinuity of the corresponding six-point amplitude; this is related to the

contribution to the inclusive cross-section for pp - pX
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.. ' 2 2
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where
ao*im 2y0p(0)=2B3(q*/4) (2Bi(q?/u)-2 2 "
qeaw = O ' sT X V.. (0,q%/4,a%/4) V. (q*/4)
(3.4)

In the above expression am(t), Bi(t) are the Regge trajectories and V are the

triple Reggeon and Reggeon-nucleon vertex functions.

THEORY FOR DEUTERON-DEUTERON SCATTERING
AT VERY HIGH ENERGIES

The theory for dd collisions is a straightforward application of Glauber
theory. Also in this case one has to average the scattering operator over the two
wave functions, each one in its rest system: the reference system is irrelevant,

because the form factor § is relativistically invariant. The result reads [16,17]:

(w1’w2ifdd|wl!WZ)= 8f(q)§2(q/2) + .

8i q > >
2
Wls@h)/dqlsmpfhl+7ﬁ[ql+%]

41 E -> E
4 - a 2 -
+ = “PQ j's (q )f[q1 + 2]f( q, + 2] d q,

3 5T fS(ql)g(qz)f[

|°hﬂ+

->
-> > ->
1Jf(Q1 + Q2)f[§" Q2JdZQ1dZQ2 -

Nl-n ¥

->
-> > - - > > ->
- qa]f(qa)f(ql +q, + qs)f(% -q; - qa]dzqzdzqzdzqs ’
(4.1)

- ,,Tapg fs<q1>s<q2)f[
where q;, q, are the internal momentum transfers of the target and projectile deu-
terons. The notation is analogous to the pd case in section 3. The first term
corresponds to single scattering (fig. 5a) and the next two terms to the two types
of double scattering, the '"normal" (fig. 5b) and the '"abnormal" one (fig. 5c);
the following term corresponds to triple scattering and it is depicted by the
Feynman graph of fig. 5d. The last term is the quadruple scattering which is too
complicated to be represented graphically; its contribution is small compared to

the coherent sum of the others [17].
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It is clear from the figures that only the '"normal" double scattering
(fig. 5b) and the triple scattering (fig. 5a) allow the modifications of the type
discussed above with the inclusion of inelastic states. While for the "normal"
double scattering the Gribov correction is trivially obtained from the preceding
section, some care is required for the triple scattering (fig. 6).

In effect, the intermediate production of particles can occur between the
first two scattering blobs [8] or between the last two. Since its analytical
expression is symmetric for interchange of q, and q,, one has to calculate the
effect with similar techniques as for the double scattering and to multiply the

result by a factor of two. The final formula reads:

: ~ 81 tot . . >
(wlwleddlwlwz) = Folauber * E——-So(q/Z)./‘dquT dM® AF." (s +ie, s-ig; Mz)so(qlT,qlL)

Py
>
- _16 2 = q 2 2 ,otot . e w2 >
-TFTP?L— d 47 f[ qp * ZJSO(qlT)f d 4y dM® AF." (s +ig, s-ieg; M )S°(q2T’ qZL) .

(4.2)
The discontinuity of the six-point amplitude AFEOt is related to the inclusive
cross-section for pp + pX through formulae (3.2) and (3.3). The arguments are the
energies of the initial and final states (see fig. 4b), which.are both physical,
contrary to those appearing in the usual Muller diagram.
It is interesting to remark that for the Pomeron dominance [a'(O) = OJ one

has

tot

; e~ (bo/2)(a?/4) _do 4.3)

. e M2) =
(s +i€, s - igj; M) Jean

AF

and the two correction terms have different sign (b, is the slope of do/dtdM?).
This makes dd elastic scattering a more sensitive test of the inelastic shadow
corrections to Glauber theory. Therefore, it would seem possible to test by this

process also the higher order corrections studied by Kancheli and Matinyan [26].

EXPERIMENTAL RESULTS AND THEORETICAL ANALYSIS

In this section we present experimental results on pd and dd elastic scat-

tering at both ISR energies.
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The theoretical differential cross-sections, derived in the preceding para-
graphs, représent absolute predictions which are directly related to the total pp
cross—section in the forward direction and its slope. This allows an immediate
check of the absolute normalization of the results in the region of small momentum
transfers for both reactions giving confidence in the acceptance corrections
applied to the data.

5.1 Proton-deuteron elastic scattering

Figure 7 shows our lower energy data points compared with Fermilab [12] and
ISR [13] results on an expanded t-scale. All the available small-angle data show
very good agreement with the theoretical prediction of eq. (3.2), which describes
very accurately the forward differential cross-section. Our results over the
entire t-range are shown in figs. 8 and 9 at both energies.

The data extend from -t = 0.06 GeV? to -t = 1.65 GeV? at Vs = 53 GeV and
from -t = 0.08 GeV? to -t = 1.85 GeV? at /s = 63 GeV. The statistics corres-
pond to 178 166 and 205 600 fitted events in the two cases, with 1 754 and 5 166
events above -t = 0.35 GeV?, respectively. The numerical results on the dif-
ferential cross-sections are, given in table 2. Exponential fits to the data in
limited t-intervals yield approximate values of the slopes in the single and
double scattering regions, about 30 GeV™? and 5 GeV 2, respectively. Given the
high values of the slopes in the forward direction, even more so for the dd scat-
tering case, the effect of the experimental t-resolution modifies to a sizeable
extent the t-dependence of the true cross-section. We can empirically describe
the true t-dependence of the cross—sections by fitting to the data the double-

exponential form

g% = |/a] (Pr/2)t Va, o (b2/2)t+id ’ R (5.1)

after convolution with the experimental resolution function. The results are

given in table 3.
The curves in figs. 8 and 9 are the theoretical predictions of eq. (3.2)

convoluted with the experimental resolution.



_11_

The ingredients of the theoretical calculation are the following:

i) the proton-proton amplitude

p
£(q) = Z% o;li + o(0)] ePt (5.2)

with
p(t) = p(0) + 7 [a(t) - 1], (5.3)

where o, is calculated using the parametrization of Amaldi et al. [27],

0(0) is the measured value [27], and a(t) is the Pomeron trajectory. This

position is consistent with derivative analycity relations [28]. The slope

is 2b(t) = by(t) + 2a(t) 1n s/s;, by = 8.23 GeV™> and o = 0.278 for

-t < 0.15 GeV?, and b, = 9.21 GeV™? and a = 0.10 for -t < 0.15 Gev? [29];

ii) the deuteron wave functions u(r) and w(r) in the analytic representation of
McGee [30];

iii) the parametrization of the resonant part of the inclusive spectrum for

pp > pX [31];

iv) the triple-Regge parametrizations [32-34] of the large mass (do/dtdM)(pp + pX).
The slopes of Vppm are determined in a self-consistent way with the existing
parametrizations.

It is clear from figs. 10 and 11 that in the region 0.2 £ -t £ 0.75 GeV? the
experimental cross-section lies definitely far from the prediction of the pure
Glauber theory (3.1) and that the addition of the IIS is able to explain this
large discrepancy. This is particularly evident from figs. 10b and 11b, where
the ratio (dO/dt)/(dG/dt)Glauber shows a beautiful interference pattern. The
reason is that adding coherently the terms in eq. (3.2) causes a reduction in the
single scattering region and an enhancement in the double scattering shoulder.

In fig. lla, we also show the relative contribution of the resonant part of
the M? integral in eq. (3.2), which is of the same order of magnitude as the higher
mass contribution. We have assumed as separation mass between resonant and high
mass regions Mg = 3.2 GeV?, which is still above the second major resonance in the

diffractive spectrum, since taking a higher value for Mé the prediction is slightly

above the high |t| points of the angular distribution. We have used everywhere
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the triple-Regge parametrization of Field and Tox [32] and neglected the quadru-
pole form factor in the IIS of eq. (3.2).
We have also tested the sensitivity of the pd differential cross-section to

the triple Regge parametrization, plotting in fig. 12 the fractional difference
(49 (opy - 49 (] 0
P = [dt (FF) - 3 (D)]/dt (FF) , (5.4)

where FF stands for Field and Fox [32] and D for Dakhno [34]. This quantity
reaches at -t = 0.4 GeV? a maximum value of 12%, which is much above error in the
fractional difference between reference cross—section (do/dt)/(FF) and experi-
mental data. In the same figure we show the quantity P for the Roy and Roberts
parametrization [33], which seems more consistent with the data than the one by
Dakhno [34]. The parameters used for the three different triple-Regge fits are
given in tables 4, 5, and 6. The slopes of the hadron-Reggeon form factors are
fixed consistently with the Dakhno parametrization.

On the grounds of the observed agreement between theory and experimental re-
sults, we can derive from eq. (3.3) the inelastic contribution to the total cross-

section defect, which is compared in fig. 13 with existing lower energy values [35].

The two ISR points show that Soin is a rapidly varying function of energy at

el
least up to an equivalent laboratory momentum of 1000 GeV/c. We have calculated
these two values using the Roy and Roberts parametrization [33], which avoids the
complications connected with the explicit presence of thebpion—exchange term.

In the differential cross-section a sizeable energy dependence is observed
between PS and ISR eﬁergies, as shown in fig. 14 where data at 12.8 and 24.0 GeV/c
are compared with our higher-energy data. This dependence, which amounts to about
a factor of 10 at -t = 2 GeV?, is mainly associated with the conspicuous shrinkage

of the elastic pp cross—section over the same energy range.

5.2 Deuteron—-deuteron elastic scattering

The experimental results on the dd differential cross—sections at /s = 53

and /s = 63 GeV are shown in figs. 15 and 16.
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53 GeV extend from -t = 0.06 GeV? to 1.4 GeV? and at

The data at Vs

0.08 GeV? to 1.41 GeV2?. The statistics correspond to

Vs = 63 GeV from -t
57 443 and 75 328 fitted events in the two cases, with 1 925 and 5 819 events
above -t = 0.18 GeV?, respectively. The numerical results are given in table 7.
Contrary to the pd case, a narrow interference minimum is clearly present at
both energies. The exponential slopes below and above the interference region
are about 56 GeV™? and 6.5 GeV™ 2, respectively. Also in this case an empirical
fit with two interfering exponentials can give a good description of the
t-dependence of the true differential cross—section. Given the very high value
of the first slope, this is sensibly modified by the finite t-resolution of the
experiment. The parameters describing the deconvoluted differential cross-sections,
according to eq. (5.1), are given in table 8.
From these fits true values for the position of the minimum and for the corres-

ponding differential cross-section are found to be

-t . = (0.179 * 0.005) GeV?, do/dt_. =(37.28 + 7.86) ub/GeV?, at Vs = 53 GeV

min min
-t . = (0.183 £ 0.005) GeV?, do/de_, = (33.78 % .8.57) ub/Gev?, at Vs = 63 GeV
(5.5)

The curves in figs. 15 and 16 are the theoretical predictions of eq. (4.2) after
convolution with the experimental t-resolution.

The ingredients in the calculation are the same as for the pd case.

Also in the dd case there is an apparent discrepancy between experimental
data and predictions of Glauber theory E17], as shown in figs. 17 and 18.
With the coherent sum of the inelastic corrections to the 'normal" double scat-
tering and to the triple scattering one recovers the agreement. From figs. 17a
and 18a, where the results including only the correction to the triple scattering
are plotted, it is clear that this is the result of a delicaté cancellation be-
tween the two terms of eq. (4.2): for these reasons dd elastic scattering pro-
vides a very sensitive test of the theory.

This cancellation is also visible in fig. 19, where we plot the fractional

difference in the spin-independent amplitude F; of Ref. 17
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118 G, ;.G
F=(F{" -TF)/F, , (5.6)

where IIS stands for inelastic intermediate states and G for Glauber. The solid
line is obtained by considering both terms of eq. (4.2), the dashed line only the
second correction term, and the dotted line only the first one.

It is clear that after the singularity at -t = 0.2 GeV? the solid line results
from the cancellation of the two terms. The singularity is responsible for the
minimum, which is partially filled by the other spin-dependent terms [17].

In this case the sensitivity to the triple-Regge parametrization is enhanced
by the cancellation, as shown in Fig. 20, in which the quantity P of eq. (5.4) for
the dd case is displayed. The maximum difference is obtained again for the Dakhno
parametrization [35], reaching 40% at -t = 0.23 GeV?: the difference for Roy and
Roberts [34] is small, as for the pdcase*x We stress that the sensitivity of the
results to the different triple-Regge parametrizations does not depend crucially
on the choice of the separation mass Mg introduced in section 5.1. For the more
usual value Mg = 4 GeV?, the sensitivity is still present, although reduced. The
upper limit on the M? integration was fixed in all cases requiring the con-
vergence of the integral.

Also the dd differential cross—section, similarly to the pd case, shows a
sizeable energy dependence associated with the shrinkage of the elementary pp
amplitude. In fig. 21 the data at 7.9 GeV/c are compared with the results at the
highest ISR energy.

The data in the high-t region differ by as much as a factor of ten, but seem
to extrapolate to the same cross—-section value at t = 0, as could be expected from

a shrinkage effect. A similar consideration holds also for the pd differential

cross—section in the double scattering region.

*) As for the pd case we did not include the quadrupole corrections in the inter-
mediate inelastic states. Work to include the quadrupole form factor in the
calculation of the integrals in eqs. (3.2) and (4.2) is in progress.
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CONCLUSIONS

We have measured the pd and dd elastic differential cross-sections at the two
highest ISR energies of 53 and 63 GeV c.m.s. The data extend from about
-t = 0.07 GeV? to about -t = 2 GeV?, covering extensively the single and multiple
scattering regions. We find that around the interference region the pure Glauber
theory is inadequate to describe the detailed properties of the differential
cross—sections by factors as big as 307 in particular regions of t. In both cases
a very good agreement between theory and experimental data can be reached by in-
cluding in the basic theory corrections arising from the propagation of inelastic
states in the deuteron. These corrections are generated by the virtual production
of low and high masses and show an enhanced sensitivity to the form of the triple
Regge parametrization describing the high mass portion of the inclusive proton
excitation spectrum.

The study of these energy-dependent corrections to pd and dd multiple scat-
tering may therefore open up a new approach to test detailed mechanisms of the

elementary pp interaction.
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Table 1

. p Systematic
Reaction Plab f.l’dt Events uncertainty
(GeV/c) (ub™h (%)
pd « pd 737 6 744 178 166 5
/s = 53 GeV
dd > dd 740 3 292 57 443 5
pd = pd 1 034 14 443 205 600 9
/s = 63 GeV
dd -+ dd 1 037 9 204 75 328 9
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able 2

Differential cross-sections for pd elastic scattering

/s = 53 GeV /s = 63 GeV
-t do/dt A(do/dt) -t do/dt A(do/dt)
(Gev?) (ub/GeV?) (ub/Gev?) (GeV?) (ub/Gev?) (ub/Gev?)
0.06 33 865.0 2 391.0 0.08 17 524.0 1 266.0
0.08 17 567.0 1 075.0 0.10 8 984.0 582.0
0.10 10 374.0 570.0 0.12 5 215.0 309.0
0.12 5 610.0 284.0 0.14 3 182.0 175.0
0.14 2 900.0 139.0 0.16 1 782.0 93.0
0.16 1 686.0 78.0 0.18 1 013.0 51.0
0.18 931.3 41.7 0.20 570.4 28.4
0.20 571.8 25.1 0.23 271.8 12.9
0.23 306.9 12.5 0.27 109.5 5.1
0.27 108.1 6.2 0.31 52.66 2.53
0.31 59.71 4.08 0.35 39.38 1.91
0.35 40.56 2.97 0.39 37.83 1.94
0.39 35.45 2.91 0.43 33.03 1.93
0.43 35.98 3.10 0.47 26.25 1.70
0.47 26.62 2.45 0.51 21.95 . 1.55
0.51 24.68 2.86 0.55 20.71 1.42
0.55 19.45 2.48 0.59 17.43 1.11
0.59 17.29 2.34 0.63 13.66 1.30
0.63 13.71 1.89 0.67 10.62 1.19
0.67 11.57 1.74 0.71 9.71 1.17
0.71 9.77 1.49 0.75 7.94 1.06
0.75 8.60 1.64 0.79 6.61 1.03
0.79 6.81 1.39 0.83 4.85 0.84
0.83 6.02 1.35 0.89 3.56 0.49
0.89 3.53 0.72 0.97 2.48 0.43
0.97 2.20 0.55 1.05 1.27 0.30
1.05 1.91 0.52 1.13 0.91 0.25
1.17 0.80 0.24 1.21 0.80 0.37
1.37 0.30 0.12 1.29 0.47 0.18
1.65 0.11 0.04 1.41 0.23 0.08
1.61 0.08 0.04
1.85 0.02 0.01
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Table 3

Parameters describing the deconvoluted elastic

pd cross-section [eq. (5.1)]

Vs = 53 GeV Vs = 63 GeV
a, (mb/Gev?) 172.63 + 4.94 141.15 + 11.08
b, (Gev™?) 28.29 £ 0.11 25.81 + 0.75
a, (mb/Gev?) 0.275 + 0.025 0.392 + 0.059
b, (GeV™?) 4.81 % 0.14 5.38 + 0.21
¢ (rad) 1.94 + 0.03 2.19 £ 0.07
x?/d.f. 1.27 0.94

Table 4

Parameters?®) of the triple-Regge expansion of Field and Fox [32]

PPP PMM MPP MMM P M
v, [mb/(Gen)*]| 6.26 | 24.64 | 0.71 18.7 -73.73 | -68.19
Vv, [mb/(Gev)*]| 38.6 | 2.8 6.49 0 0 0
B, [Gev™2] 3.69 | 8.3 -0.62 | 12.00 | © 0
B, [Gev2] 10.1 | -2.0 6.5 0 0. 0
B, (0) 1.0 0.5 1.0 0.5 0 0
BI(0) [Gev™?] | 0.39 | 1.0 0.39 1.0 1.0 1.0
a_(0) 1.0 1.0 0.5 0.5 1.0 0.5
al(0) [Gev 2] | 0.39 | 0.39 1.0 1.0 0.39 1.0
Bomm [Gev™2] 3.38 | 3.38 4.81 4.81 3.38 4.81
u 1.0 1.0 1.0 1.0 1.0 1.0
a) The notation is the same as in eqs. (3.3) and (3.4). The first

four Earameters give the behaviour of the vertex function

V.. V

= Bt B2t
iimNNi T V1 et Vp eReh
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Table 5

Parameters of the triple-Regge expansion of Roy and Roberts [33]

PPP MPP PMM MMM
v, [mb/(Gen)*] | 6.0 5.5 180.0 400.0
Vv, [mb/(Gev)*] | 2.0 | -5.5 | -160.0 | 100.0
B, [Gev™?] 18.0 | 4.0 3.5 18.0
B, [Gev™?] 3.0 9.0 20.0 3.0
B, (0) 1.0 1.0 0.2 0.2
B (0) [Gev™?] 0.25| 0.25 | 0.5 0.5
a_(0) 1.0 0.2 1.0 0.2
al(0) [Gev™?] 0.25| 0.5 0.25 0.5
B omm [Gev2] 3.38| 2.0 3.38 2.0
ng 1.0 1.0 1.0 1.0
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Table 6

Dakhno [34]

PPP prn | pp"P" | MPP | MMM spp | sMM | SP"P"
v, [mb/(Gev)*] | 27.6 | -179.04 | 186.0 | 114.0 | ~1260.0 | -234.0 |2446.0| 1861.0
v, [mb/(Gem)* ]| 0 0 0 0 0 0 0 0
B, [Gev2] 6.76 | 3.3 6.76 |12.96 | 9.61 13.69 | 9.615.29
B, [Gev™?] 0 0 0 0 0 0 0 0
B, (0) 1.0 |0 0 1.0 | 0.5 1.0 0.5 |0
B{(0) [Gev™2] | 0.28] 1.0 0 0.28 | 1.0 0.28 |1.0 |0
a_(0) 1.0 |1.0 1.0 [0.5 |o0.5 0 0 0
al(0) [cev™®] |0.280.28 0.28 1.0 | 1.0 0 0 0
B [Gev2] |3.38/3.38 3.38 | 4.81 | 4.81 3.38 | 3.38]3.38
n 1.0 | 1.0 1.0 |1.0 | 1.0 1.0 1.0 | 1.0
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able 7

Differential cross-sections for dd elastic scattering

Vs = 53 GeV Vs = 63 GeV

-t do/dt A(do/dt) -t do/dt A(do/dt)
(GeV?) (ub/Gev?) (ub/Gev?) (Gev?) (ub/Gev?) (ub/Gev?)
0.06 22 505.0 1 662.0 0.08 7 740.0 560.0
0.08 7 382.0 516.0 0.10 2 398.0 156.0
0.10 2 585.0 146.0 0.12 895.8 54.1
0.12 794.9 44,2 0.14 278.0 16.4
0.14 234.5 15.8 0.16 86.61 5.62
0.16 94.03 8.61 0.18 40.40 3.08
0.18 47.15 4.93 0.20 41.36 3.26
0.20 41.14 4.16 0.23 51.94 3.17
0.22 47.29 4.21 0.27 57.24 2.95
0.24 55.89 4,48 0.31 48.73 2.40
0.27 55.13 3.40 0.35 41.46 1.99
0.31 54.12 3.73 0.39 33.80 1.76
0.35 40.56 3.43 0.43 23.37 1.49
0.39 36.60 3.49 0.47 15.64 1.25
0.43 21.46 2.59 0.51 14.22 1.23
0.47 14.82 2.19 0.55 9.23 1.00
0.51 11.03 1.92 0.59 8.24 1.00
0.55 8.70 1.72 0.65 5.27 0.57
0.59 5.24 1.25 0.73 3.00 0.44
0.65 4.82 0.91 0.81 1.21 0.28
0.73 3.01 0.68 0.89 0.92 0.24
0.81 1.88 0.57 0.97 0.60 0.19
0.89 0.80 0.37 1.05 0.39 0.10
0.97 0.84 0.38 1.13 0.20 0.07
1.09 0.36 0.16 1.21 0.13 0.05
1.25 0.20 0.12 1.41 0.03 0.02
1.40 0.07 0.07
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Table 8

Parameters describing the deconvoluted elastic
dd cross-section [eq. (5.1)]

Vs = 53 GeV Vs = 63 GeV

a, (mb/Gev®) | 416.23 * 44.84 | 240.80 * 61.38

b, (Gev 2) 47.73 £ 1.29 44,84 £ 1,79
a, (mb/GeV?) 0.471 # 0.057 0.532 + 0.061
b, (Gev™?) 7.08 + 0.28 7.2 £ 0.23
¢ (rad) © 2,59 + 0.04 2.64 + 0.03

x2/d.f. 1.12 0.76
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Figure captions

Fig. 1 : Plan view of the SFM detector, showing the layout of the magnetic

structure and of the multiwire proportional chambers.

Fig. 2 : Correlation between measured final state.momenta in the two spectro-
meter arms at Vs = 53 GeV in:
a) pd collisions;
b) dd collisionms.
Elastic scattering appears clearly separated from single and double
break-up processes. Different peak heights arise from an interplay
of trigger acceptance and deuteron form factors.

Fig. 3 : Feynman graph representation of the pd elastic scattering amplitudes for:

a) single scattering;

b) double scattering.

Fig. 4 : Inelastic corrections to the double scattering diagram:
a) inelastic intermediate states in double scattering;
b) explicit Reggeon representation of inelastic amplitudes;

c) triple-Regge representation of (a).

Fig. 5 : Feynman graph representation of the dd elastic scattering amplitude:
a) single scattering;
b) "normal' double scattering;
c) "abnormal' double scattering;

d) triple scattering.

Fig. 6 Inelastic correction to the triple scattering.

Fig., 7 : Comparison of high-energy differential cross-sections for pd elastic
scattering in the low-t region. The solid curve is the prediction

of the extended Glauber theory, eq. (4.2).

Fig. 8 : Differential cross-section for pd elastic scattering at Vs = 53 GeV.

The solid curve is the absolute prediction of the full theory.
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Differential cross-section for pd elastic scattering at Vs = 63 GeV.

The solid curve is the absolute prediction of the full theory.

a) Differential cross—section for pd elastic scattering at Vs = 53 GeV
on an expanded t-scale around the interference region. The dashed
line is the pure Glauber theory.

b) Ratio of both full theory and experimental data to the Glauber

prediction as a function of t at Vs = 53 GeV.

a) Differential cross-section for pd elastic scattering at V5 = 63 GeV
on an expanded t-scale, around the interference region. The dashed
line is the pure Glauber theory; the dotted line shows the contri-
bution of only resonance states to the inelastic propagators.

b) Ratio of data and full theory to pure Glauber theory at /s = 63 GeV.

t-dependence of the fractional difference P [eq. (5.4)] between dif-
ferent Regge parametrizations as input to the full theory for pd

scattering (see text). The reference parametrization is taken to

be the one of Field and Fox [32]. .

Inelastic contribution to the pd total cross-section defect as a
function of equivalent laboratory momentum. Data up to 300 GeV/c
are taken from Ref. 35. The errors in the ISR points represent the

uncertainty on the triple-Regge parameters used in the calculation.

Comparison of pd elastic differential cross—sections at low energies
and at the highest ISR energy. Data at 12.8 GeV/c and 24 GeV/c are

from Bradamante et al. [2] and Amaldi et al. [11].

Differential cross-section for dd elastic scattering at Vs = 53 GeV.

The solid curve is the absolute prediction of the full theory.

Differential cross-section for dd elastic scattering at Vs = 63 GeV.

The solid curve is the absolute prediction of the full theory.
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Fig. 17 : a) Differential cross—section for dd elastic scattering at Vs = 53 GeV
on an expanded t-scale around the interference region. The dashed
line is the pure Glauber theory. The dashed-dotted line shows
the effect of IIS in the triple scattering only.

b) Ratio of both experimental points and full theory to the Glauber

term as a function of four-momentum transfer at vs = 53 GeV.

Fig. 18 a) Differential cross-section for dd elastic scattering at Vs = 63 GeV

on an expanded t-scale around the interference region. The con-
tributions of the pure Glauber term and of IIS in the triple
scattering term are shown.

b) Ratio of both experimental points and full theory to the Glauber

term as a function of four-momentum transfer at vs = 63 GeV.

Fig. 19 : t-dependence of the quantity F [eq. (5.6)], the fractional effect
of IIS on the spin-independent amplitude in dd scattering. The
dashed curve is for the inclusion of IIS only in triple scattering
and the dotted curve only in double scattering. The solid line is
the full resu1£ and shows the partial cancellation between the two

contributions.

Fig. 20 : t—-dependence of the fractional difference P [eq. (5.4)] between
different Regge parametrizations as input to the full theory for
dd scattering (see text). The reference parametrization is taken

to be that of Field and Fox [32].

Fig. 21 Comparison of dd elastic differential cross—sections at

Prap = 7.9 GeV/c [15] and at the highest ISR energy.
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