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THE CURVATURE IN HIGH ENERGY pp AND pp
ELASTIC SCATTERING
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The values of the slope parameter B(s,t), curvature C(s,2) and p(s,0) have been
calculated within the wide s- and r-ranges with the allowance made for the
diffraction cone curvature. The calculated t-dependence of B(1) is tested via the local
slopes obtained by the overlapping bins procedure. The slope parameter B(s,t=0)

increases as In s while the curvature parameter C(s,0) is predicted to be decreasing
depending on s. By analysing the r-dependence of partial p(#) the reduced value of

p(0)=0.159 has been obtained for UA4 data.

Introduction

In the elastic hadron’s scattering the long
distances appear to be essential and,
therefore, the perturbative methods are thus
far unusable here. In this connection the
knowledge of such fundamental parameters
of the elastic scattering as the total cross
section

o, (s) = 4nIm 7{s,0), (1)
the slope
Be) - S 2242 @
the curvature
C(s,t) = ———B(s t), 3)

and the phase of the Coulomb and nuclear
forward amplitudes

( )_ ReT(s 0)

Im7(s,0)
is decisive in further development of the
Pomeron theories. Recently measured
unexpected values of these parameters [1,2]
have initiated the revision of the methods of
their determination ({3-7]. This concerns
primarily the first measurement of the p
value in the UA4 experiment at
Vs =546GeV [1], where the value of

)
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p=0.24 was obtained contradicting both the
predictions of the most of models and
experimental data for adjacent energy points.
The second experiment, UA4/2,

(Vs =541GeV  [8]) gave p=0.135 which
agrees completely both with most of theories
and experiment. However, the problem of
disagreement of these two results remains
open.

Other new interesting phenomenon lies in
that the pp -scattering curvature vanishes at

Tevatron energies Js=18TeV [2], whereas
it has been considered as the condition of the
transition to the "asymptopia" [9]. The total
cross sections measured in various series of
the Tevatron experiments also contradict
each other (72.8 + 3.1 [10] and 80.03 + 2.24
[11]). In this case the first value agrees with
the Ins-physics, while the second one
indicates that the "asymptopia" (i.e. the
Froissart boundary ) is attained. Taking into
account that at high energies the values of
0w, B and p were determined in the same
ISR experiments and keeping in mind
mentioned above, the development of the up
to date criteria of the unified approach for
their determination seems to be natural. It has
been shown in [3] that, starting with the
available experimental data, we are up
against a considerable uncertainty in the
determination of o, B and p and the further
experiments at lower momentum transfer
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values appear to be necessary. A modified
method of determination of the slope,
curvature and phase on the basis of the
experimental data has been suggested in [4].
A critical analysis of the data at +/s =194,
546, 1800 GeV has been performed allowing
one to find that the earlier values of the slope
B are systematically underestimated, whereas
the aforementioned p from the UA4
experiment takes the value of p=0.2440.04.
We have also used in [5] (as well as in [4])
the s~-domain, which goes beyond the region
of the interference of the Coulomb and
nuclear amplitudes. Furthermore, we have
applied the physical threshold properties of
the scattering amplitude expressed in the
nonlinear pomeron trajectory [12] and have
obtained: p=0.18540.028 [5]. In this relation
the idea arises to revise available elastic pp
and pp scattering data for high energies
within a wide interval of ¢ starting from the
method suggested in [5]. Due to the unified
approach in calculating the aforementioned
characteristics B, C and p we shall predict
their energy behaviour. This would be very
desirable in view of the future experimental
projects PP2PP [13] at RHIC and TOTEM
[14] at LHC. <.

For this purposes we should find the
scattering amplitude model, which reflects
adequately the fine structure of diffraction
cone peculiarities. Some models able to
account for the curvature of the cone were
compared in [4] by the best fit of the
differential  cross-section. However, the
results did not differ appreciably in 3°. It is
hard to estimate blindly the quality of the
diffraction cone curvature model. However,
with the help of the overlapping bins method
(OBM) procedure [6,14] one may construct
the "experimental" slopes set which properly
account for the mentioned peculiarities.

In this paper, we shall analyze the
available data on the pp- and pp-scattering
with the help of the OBM and choose the
model describing the observable curvature of
the diffraction cone. Next, we shall study the
t-behaviour of B and C within the framework
of the phenomenological model which
considers naturally the curvature as the
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revelation of the threshold behaviour of the
scattering amplitude in the f-channel in the
first cone region and at all available energies
(/s >10GeV) and, thus, recalculate the
p£(s,0), B(s,0) and C(s,0) values.

Finally, we shall try to elucidate the
causes of the discrepancy in measured
values for UA4 [1] and UA4/2 [§
experiments and develop the
recommendations for measuring this value
keeping in mind the future experiments.

The overlapping bins procedure for obtaining
the local slope

To check the expected behaviour of the

slope (and curvature) over t we shall operate

with its "experimental" value. This value can

be obtained by the model-independent

method in a form of an array of local 4
slopes defined as:

(’g:") =i (p, +i)+ . (51

for different #-bins from the available
diffraction cross-section. In the Coulomb
interference region the first term in (5
represents the nuclear contribution and the
second term F. is the standard Coulomb
amplitude, which can be calculated from [15]
with a good approximation (see below).
Thus, one extra parameter is added, but one
may fix it (for example, to its experimental
value) at 7=0 to keep the fitting procedure
meaningful over a limited number of points.
Each bin contains a reasonable number of
experimental differential cross section points
(usually 10-20). Contrary to the procedure
traditional in the studies of the break [17], the
bins are shifted with respect to each other by
one or more measuring channel in such a
manner that they overlap (for more detail see
[6]). Within the bin used for fitting the data

(%Et{), , and b,

Consequently, and that is the goal of using
the overlapping bins, we obtained a number
of "experimental" values bjxAb; close to the
original number of true experimental points

for (9] (Figure 1). The error bars Ab
dt .

2
s

a; are free parameters.
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shown in the figure represent the fitting
uncertainty.

- PP 19.42 GeV

5 E:L N T O 1 | 1. l
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Figure 1. Calculated B(t) for pp at

Vs =194GeV [17].

Solid line - calculated by the formula (7 )
with the fitted parameters.

Using this procedure, we observe that the
slope plotted versus -7 (see Figure 1) for the
ISR energies when |f| increases, the
expenmental" B behaves itself from zero up
to |£|~0.5GeV? as a decreasing sequence of
local values distributed along a smooth curve
and oscillating around it.

Calculation of the energy and #-behaviour of
B(s,1), C(s,¢) and p(s,0)

Here we shall divert the reader's attention
from our attempt to account for the
oscillations observed in the slope and confine
ourselves to the consideration of only the
smooth component of the diffraction cone
fine structure, i.e. the curvature. To do this
we shall define the differential cross section
at the fixed energy as:

@_ _ G o B(r) ’
(%) =rzbrdeer]. @
where

:§|bf+y(‘/g_,f—to_,)| 7
The slope and the curvature are

determined by the nuclear part of (6) :
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B(s,t)=b 8

(S$ ) (S)+ J—_t ( )

Cs.)=—L ©)
(’o =t )

In these calculations, we used the
differential cross-section data for the
diffraction  cone region |f|<1(GeVic)’
comprising  rather large number of

experimental points in order to determine the
t-dependence of the slope and curvature
[1,2,8,16-25]. The last point of the
calculating interval on the large |z| side was
chosen close to the beginning of the dip or
shoulder near the |f|~1(GeV/c)’. 1t is
convenient to take it with the help of the
"experimental” points of the slopes obtained
by OBM as the deepest point of the local bins
set. This criterion of the diffraction cone end
corresponds to the common concept of the
"first diffraction cone".

Calculations were done by formulae (2)-
(3) with free parameters b, ¥, 0w and p.

In our calculations, we have restricted
ourselves to the data at the energies not lower
than those of the ISR (see Tables 1 and 2)
where the contribution of secondary
Reggeons decreases rapidly assuming that all
mentioned above concerns the Pomeron.

Let us start the successive and
simultaneous calculation of the parameters B,
C and p including the data from the
interference region into the computation
procedure. In our calculations we have fixed
the experimental oior.

The most impressive result of our
calculations are the new values of p at UA4
energy [1] (see Table 2) which go beyond the
limits of experimental error for the first case,
while for the second one, though it is
overestimated, they lie within these limits.
The results of calculations are presented in
Tables 1 and 2. The energy behaviour of the
slope and curvature parameters are:

B =9.0+1.4+(0.5310.12) In s (10)

One can notice that the calculated B(s) lie,
as earlier, along the line B(s) = B, + 2a’Ins, the
value of the pomeron trajectory slope agrees
with known data on o’
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As for the energy dependence of the
curvature parameter, Co(s) decreases (Fig.2),
agree with predictions [26] based on the
model that describes the whole family of
experimental elastic scattering data [27]. The
behaviour Cy(s) indicates the decay with s
and Cy(s) changes its sign at Js=45TeV
[26].
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Figure 2. Calculated data for the curvature C(s,0),
formula (8). Open circles pp-scattering, solid triangles
pp -scattering. Solid curve for pp data obtained in

[26]; dashed line is the same for pp-data.

Oscillation in the slope B(?) and the behavior
of the partial p(?)

As follows from above discussion, each p
corresponds to its own pattern of local slopes
(see figure 1) for which the slope parameter b
(or b and y) fitted together with p defines the
average local slope curve. In other words, the
search of p is reduced to the quest of the best
line over the local slopes. The shape of the
local slope set (e.g. for the case of UA4,
Figure 3(a)) i1s of explicit periodic structure.
Therefore, the slope parameter that
corresponds to his average curve and, hence,
p (i.e. its partial value) will fluctuate in the
same manner if one sequentially reduces the
data under fitting from the low |¢| side, as is
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seen clearly in Figure 4(a). Evidently, an
arbitrary addition or removal of the
experimental points within the interval of |f
comparable to the half-period of sai
oscillations may result in an abrupt change of
the parameters sought. To illustrate this we
shall add to the UA4 data [1] al
experimental points of the UA4/2 data set [§]
which lie beyond the domain of ther
overlapping (from the low |7] side), i.e. from
the 0.88-107°<(t|<2.25-10° interval. This
procedure results, thus, in a decrease of the
value of the fitted p (p=0.143), since the
average value of b is increasing in this case.
A sequential reduction of the added data
leads to the gradual increase of p up to the
value that corresponds to the best fit of the
UA4 data (p=0.233). To prevent the
undesirable dependence of the calculations
on the measurement edge in the interference
region, the latter should be expanded as
much as possible towards the first cone
region, i.e., by adding the corresponding
experimental points. In that case the solution
is stable against the oscillations (Figures 3(a)
and 3(b)). Therefore, we have also added to
the UA4 data the data of the measurements in
the first cone and calculated parameters p
and b by reducing gradually the fitted set in
the interference region. Now the pattern of
the partial parameters and is similar to that
for the case of the UA4/1 data (compare
figures 3(a), (b) and 4(a), (b)).

As follows from that analysis the
overestimated p in UA4 [1] results from not
sufficiently wide interval of measurements
by |#| both from the low |#| (1#/>|t]in, see
Table 1 in [9]) and large |f| sides. The
behaviour of the partial p should be the same
as in Figures 6(b) and 7(b) shows, i.e. the
smooth transition from the boundary value
p(t=0) to the p=0 is observed outside the
interference region.
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Figure 3a. Partial B vs t for UA4/2 [8] data.
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Figure 3b. Partial p vs t for UA4/2 [8] data.
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Figure 4a. The same as Fig. 3a for UA4 data [1]) Figure4b. The same as Fig. 3b for UA4 data [1]
complemented by UA4 data of diffraction cone [19].

complemented by UA4 data of diffraction cone [19].

Conclusion

We have studied the phenomenology of
the pp and pp elastic small-|#| scattering

within a wide energy range by using a model
in which the analytical properties of the
scattering amplitude are accounted by the
threshold singularity in the cross-channel. It
has been shown that such features reflect
adequately the smooth part of the #-
dependence of the slope in a form of a
concave curve found with the help of the
model-independent procedure of overlapping
t-bins. The values of the slope and curvature
not exceed noticeably those calculated earlier
in terms of the similar models [4] mainly due
to that we have used the fitted averaged
threshold in the cross channel (see Tables 1
and 2). The slope B(s,0) calculated with the

Table 1. Results of p(s, 0) calculation for pp-scattering
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allowance made for the curvature retains its
In s-rise. The C{(s,0) values for both processes
of pp- and pp-scattering decrease with

energy. It has been shown that p(s=0)
calculated with the inclusion of the curvature
lies in most cases within the limits of
experimental error. For the critical UA4 and
UA4/2 experiments and this value reaches
0.189 and 0.146, respectively, if one take into
account the correct z-behaviour of the partial
p. To obtain the correct values of p(s=0), the
region of  differential  cross-section
measurements must involve as large as
possible part of the interference region and a
sufficiently large region of the first cone to
ensure the reliable definition of the behaviour
of the nuclear amplitude.
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Vs | Cw | Pew APy P | X*/N I mo | Ref.
(GeV) | (mb) (Ger)?
194 | 3898 | -0.034 0.009 -0.038 |238/203 | 6.6.10°-0.0315 | 0.297 | [21]
0.0206-0.66 [18]
23.5 | 3893 | 0.022 0.014 0.036 | 166/117 | 6.6-10°-0.0316 | 0.380 { [21]
0.042-0.238 117]
306 | 40.16 | 0.034 0.008 0.040 | 199/115 1.06-10°-0.1 0.333 | [19]
0.016-0.456 [17]
447 | 417 0.062 0.011 0.060 | 308/165| 9.9-10°-0.0521 | 0.357 | [19]
0.0538-0.2887 [17]
526 | 4267 | 0.078 0.010 0.072 |250/157| 1.26:10°-0.100 [19]
0.0308-0.0721 [24]
0.076-0.448 [17]
62.5 | 43.1 0.080 0.010 0.095 137/84 | 1.67-10°-0.03596 | [22] | [21]
0.095 | 0.011 0.037-0.099 (211 | [20]
0.13-0.85 [22]
Table 2. Results of p(s,0) calculation for the pp -scattering
\/; Gtot pexp Apexp pth X,z /N |t' m() Ref
(GeV) (mb) (GeV)?
30.4 42.00 0.055 0.029 0.055 56/51 6.7-10°-0.0156 | 0.210 | [26]
0.05-0.85 [22]
52.6 43.65 0.106 0.016 0.090 84/55 9.7.10%-0.039 | 0.355 | [26]
0.11-0.85 [22]
62.5 43.9 0.120 0.030 0.124 41/40 6.32-10°-0.038 | 0.380 | [26]
0.13-0.85 [22]
541 62.2 0.135 0.016 0.146 | 210/185 | 7.58-10°-0.12 | 0.420 | [8]
0.0325-0.495 [20]
546 62.2 0.24 0.04 0.189 | 162/152 | 2.25.10°-0.035 | 0.384 | [1]
0.0325-0.495 [20]
1800 72.8 0.126 0.067 0.140 30/51 0210 | [2]
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KPUBU3HA Y BUCOKOEHEPTETUYHOMY pp TA pp
PO3CIsIHHI

€.E. Kontpou, K.€. Kontpom, O.1. Jlenaen

IucrutyT enexrponHoi ¢isuku HAH Ykpaiuu, 88016, m. Yxropogn, Bys. YHiBepcurercbka, 21

INapamerpu naxuay 5(s, ), kpususun C(5,¢) Ta (asu aMIUIiTY a4 PO3CITHHA pfs, ()
obumcacHI y IMpoKid obnmacti 3MIHHHX S i ¢ 3 ypaxyBaHHAM KDHBM3HH
JuPPaKUifHOro KOKyCy. 3HaCHA (-3aNEKHICTD B(s,t) MOPIBHIOETHCA 3 CYKYIHICTIO
JOKANBHEX HAXHUIB, ONEPIKAHUX 32 AOMOMOrOK0 NMpPONEIYPH NPEKPHBAIOYMX OiHiB.
BHABACHO, IO KPHBH3HA MiHAE 3HAK Mpu eHeprii kinpka TeB.
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