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Abstract

Relevance. The most modern and widely applied phenomenological theory, which well describes an entire range
of physical characteristics of such processes as elastic and inelastic proton-proton and antiproton-proton scattering
at high energies, is the Regge poles method in relativistic theory. Based on a simple amplitude, such as the dipole
pomeron, where the pomeron is the Regge pole, the researchers add different terms to it. Using such more complex
amplitudes, it is possible to explain well or satisfactorily together not only the experimental data for these reactions
obtained at the end of the last century, but also the latest ones obtained at the Large Hadron Collider.

Purpose. The purpose of this study is to find numerical values of the amplitude parameters at which the vicinity
of minimum of the differential cross-sections of elastic proton scattering on protons at high energies are satisfactorily
described, and to answer whether the parameters satisfy the obtained constraints.

Methods. To find the amplitude parameters, the least squares method is used and minima equations are obtained for
the squares of differences between the experimental and theoretical values of these cross-sections. These equations are
transcendental, and therefore, they are solved by approximation. Within the framework of successive approximations,
a method is selected that ensures fast convergence of the process, namely: the faster descent method or the gradient
method. Parameter errors are calculated using a covariance matrix. The statistical acceptability of the model is
determined according to the Fischer criterion.

Results. Numerical calculations from experimental data of differential cross-sections of elastic pp-scattering were
used to find the values of the parameters and the scale multiplier of the amplitude. Differential cross-sections are
calculated from the amplitude near the minima. The corresponding graphs of these cross-sections are presented. The
coincidence with the experiment is satisfactory in most cases, and in some cases, it is of high quality. A covariance
matrix is obtained, from which the errors of the model parameters are found. Under general conditions, restrictions on
the found approximate values of parameters are derived. It is shown that they satisfy the constraint. According to the
Fischer criterion, the statistical acceptability of the model was verified, which turned out to be positive.

Conclusions. The proposed simple amplitude ensures that the Froissart constraint and unitarity are met. It will serve
as a seed for constructing more complex amplitudes that will describe a wide range of experiments on proton-proton
and antiproton-proton scattering at high energies
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Introduction

Regge’s theory of complex angular moments in quantum me-
chanics, which is generalised to relativistic S-matrix in
terms of Mandelstam variables, which has been developed
for more than 50 years and is used to explain experimental
results obtained in processes implemented in high-energy
collisions of elementary particles. This primarily concerns
pp- and p p-scattering both elastic and inelastic. Over the
past 10 years, on the Large Hadron Collider has been obtained
data on differential cross-sections (and not only) of the
elastic pp-scattering at several energies [1-3]. Measurements
at the Collider when two protons collide with a total energy
of 7 TeV [2] in the centre of mass system turned out to be
decisive, since they were the first experiment after launching
the accelerator and showed the potential of the detector.

Phenomenological models of Regge require com-
plex amplitudes containing many terms and even more
parameters to describe a large database of experimental
data on the total and differential sections, the slope, and
curvature parameter of the last section, and the ratio of
the real part of the amplitude to its imaginary one at zero
transferred momentum. For example, to describe the to-
tal cross-section of scatterings in a wide energy region,
socalled reggeones are introduced, i.e., f- and w-mesons,
nonlinear trajectories with the intersept larger than 1[4].
Adding such terms to the amplitude means that 6 added
parameters appear. To explain more physical quantities
in wide areas of variables, one needs to add other terms:
introduce a tripole pomeron, odderon [5-7]. Even more
parameters need to be considered if the spin structure of
the amplitude is factored [5; 8; 9].

Most models that simultaneously explain the phys-
ical quantities listed above necessarily contain in the am-
plitude the pomeron [4; 10] (and possibly odderon), its
trajectory, i.e., they take such a primitive amplitude as a
basis. The simplest one includes a dipole pomeron, and it
corresponds to the first degree Ins, where s is the square
of the energy of protons in the system of their centre of
mass. The tripole pomeron corresponds to In’s, etc.

Keeping in mind the optical theorem that relates
the amplitude to the total cross-section, instead of the
amplitude as a sum in degrees of logarithm, an expression
for the total cross-section of the process can be written.
However, the already tripole pomeron violates the uni-
tarity of the theory, which is often ignored in numerical
calculations, considering that the current high energies
are far from asymptotically large, where this violation be-
comes noticeable. To restore unitarity, as a rule, the am-
plitude over which the so-called eikonal transformation is
performed is used [11; 12].

In this paper, the authors investigate the simple di-
pole pomeron amplitude proposed in [13] and containing
two exponents with a dependence on the square of the
transferred impulse, i.e., the diffraction cone of the differ-
ential cross-section is described by a combination of two
exponents. To determine the model parameters within
the framework of regression (numerical calculations), the
least squares method will be used, which leads to equations

whose solutions are these parameters. Using them, differ-
ential cross-sections in the vicinity of their minimum will
also be calculated in comparison with experimental val-
ues. Parameter errors will be determined. Constraints on
parameters will also be obtained, the implementation of
which will be directly checked. The statistical acceptability
of the model will also be determined.

Materials and Methods

In [13], it was shown that the amplitude of a dipole pomeron
with two exponential dependences on the square of the
transferred momentum in the centre of mass system for
pp-scattering at high energies leads to the expression of a
differential cross-section of the process that has extrema,
including a minimum, as well as an experimental curve
for each energy of available experiments. The trajectory
of the pomeron is chosen so as not to break the unitari-
ty, i.e., its intersept (t=0) equals 1: a(t)=1+a't, where
a’=0.266 GeV?, t is the square of the transferred impulse
is specified. The amplitude has terms with independent
parameters a, b, ¢, which also affect the shape of the the-
oretical curve. It also has a common multiplier that sets
its scale. The specified amplitude has the following form:

s s
P(s,t) = isgo[e® + ce’!In(—i—)](=i—)*®1 (1)
So So

where the Mandelstam variables are s=(p,+p,)’ and
t=(p,-p,)> p, D, are the proton initial four-impulses, p,
is the four-impulse of a scattered proton, s,=1 GeV?, g is
the scale multiplier, a, b, ¢ are the mentioned parameters.

In amplitude (1), unknown parameters are found
using numerical calculations. To calculate the ampli-
tude parameters from experimental data of differential
cross-sections, the least squares method, which is widely
used in statistics, is used, which searches for the mini-
mum square of the difference between the theoretical and
experimental values of a physical quantity. The system of
three equations obtained using this method is solved by
the rapid descent method [14], or otherwise by the gradi-
ent method. It was chosen because upon performing cal-
culations in consecutive approximations, i.e., iterations,
it quickly converges to a solution. This method reduces
the amount of machine time upon calculations.

For compactness and convenience of solving a sys-
tem of equations, it is written in matrix form. This allows
creating simple and transparent programmes for finding
approximate parameter values.

The equations themselves are transcendental, so
they are solved approximately. This way, the parameters
will have errors. To determine these errors, a covariance
matrix is calculated, on the diagonal of which there are
squares of standard deviation, i.e., squares of errors.

For day, experimental data for the differential
cross-section of elastic pp-scattering at high energies exist
at eight energies from 23.5 GeV to 13 TeV. The limitation
of the model is that the proposed simple amplitude with
three parameters is only an initial one for construct-
ing more complex amplitudes. It is important that this



initial amplitude describes the minima of the specified
cross-sections and their vicinity. However, this descrip-
tion for each energy can only be made with its own set
of parameters.

As noted above, with a single set of parameter val-
ues, such description is possible with more complex am-
plitudes, which contain considerably more terms and,
accordingly, many more parameters.

The complete set of parameters, which is an approxi-
mateset, is subject to added verification. It lies in obtaining
an answer to whether the parameters satisfy the resulting
general constraints, which are written as inequalities. If
the result is positive, one can be sure that the accuracy of
calculations is sufficient. Substituting parameters in the
inequality showed that all of them are fulfilled, and the
obtained values are quite far from the limit values of the
constraints. Furthermore, the inequalities obtained earlier
in [13] are also satisfied.

However, to find out the adequacy of the model,
it is necessary to verify its statistical acceptability, which
was done using the Fischer criterion [15]. This simple sta-
tistical method is widely used in the regressive analysis of
experimental data by models, i.e., upon their theoretical
explanation. All values of the Fischer quantile turned out
to be less than the critical one, i.e., the model is statistically
acceptable.

=t; 2 2
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Expanded form of Equation (2.1-2.3) for real func-
tions F,, they will be written as follows (4-9):
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Functions F, can be considered the elements of the

matrix F (10):
Fy
Fe <F>
F3

To solve the system of Equations (4-6) according to
the rapid descent method, as in [14], an auxiliary function
is introduced as follows:

(10
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Results and Discussion

According to the least squares method, wherein the square
of the difference between the experimental and theoretical
values of a physical quantity reaches a minimum, the am-
plitude parameters a, b and ¢ are found (1).

After differentiating the specified square by these
parameters and equating the results with zero, a system
of three equations (2.1-2.3) is obtained as follows:

lzil[(fi)exp - fl] % = (2-1)
lzil[(fi)exp - fl] % =0 (2.2)
lzil[(fi)exp - fl] % =0 2.3

In equations (2.1-2.3) (fl,)exp — experimental values
of these cross-sections at energies of 2.76, 7, 13 TeV [1-3],
23.5, 30.7, 44.7, 52.8 TV 62.5 GeV (for references to exper-
imental data at these energies, see [5]) for the squared
of transferred impulse ¢, (10 on both sides of the mini-
mum, except for the energy of 2.76 TeV, for which it was
impossible to do this from the data available), fl — their
theoretical values (3). In Equation (3) g=g,s,, w=0.3894
mb-GeV? — transfer coefficient from units where h=c=1,
to mb/GeV2.

)Za(fi) 3

So

& =F"F = F + F} + F# (1n
where in expression (11) T is the matrix transposition sign.
Values of parameters that are the solution of the equation
®=0, are also solutions of the system of Equations (4-6).
On [ step of successive approximations, solutions
for parameters are obtained according to Formula (12):

F'W,W/F,
Ay =4, — wr,  (12)
AN VA A UUATA D
where (13):
a
4= (b) a3)
c
while the Jacobi matrix (14)
da 0db Oc
w= 9 0F 0F (14)
da db Odc
da db Odc
The elements of matrix (14) have the form (15-23):
oF afi dfi a%f;
a_al = 21 [_EE + ((fi)exp - fl) aaz] (15)
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0F _ 21 [_0fidfi A i1
ab i=1[ ab aa+((f‘)exl’ fl)aaab] (16)

0F _ yo1 [_0fi9fi N 9%
ac i=1[ dc da + ((fl)e’(p fl) Baac] a7

0F, _ 21 [_0fidfi N ) 9%
da i=1[ da ab+((f1)exp fl)aaab] (18)

0F, _ 21 Afi df; 8% f;
=L R (We - ) 5E] 9

0F _ w1 [_0fi0fi N _ )i
ac i=1[ ac ab+((f1)exp fl)abac] (20)

9Fs _ <1 [ 9fidfi N _ ) 9%
da i=1[ da ac + ((fz)exp fl) Baac] @D

0Fs _ yo1 [_0fidfi N ) 9%
ab i=1[ o oc T (OC‘)EXP fl) abac] (22)
0F3 _ 21 ofi0fi a%fy
2=t [ (D - )R] @

Errors in the values of parameters (13) that occur

= Af (tp4) (7
E—ftd)=&—yi—Zp., (A —Ap) + .. = AE, — i1 Dy A Agr + ..

0Ag

where y=¢ - f(t, A); D,=0f(t, A)/0A,; AAk,=/Tk,—Ak,; m -
number of parameters.

After performing some transformations in (27), the
following equation is obtained (28):

Qumin = 46T(E —WDR™'DT)W(E — DR™'DTW) A& (28)
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Figure 1. Differential cross-section elastic
pp-scattering at Vs= 23.5 GeV

when solving equations (4-6) are obtained from the diagonal
elements of the covariance matrix [15]. This matrix has
the following form (24):

B=S2R™!, R l=—_uwr (24)

where S? is the estimated value of the square of the standard
deviation ¢ u is the multiplier before WF, in Formula (12).
This is the estimated value of [15] (25):

_ Qmin

n—m

52 (25)

where n is the number of experimental data used in cal-

culations, m is the number of parameters. Value Q . by
definition (26):
Qmin = L& =7 =C-N"E -9 @6

where §is the column of experimental values of differential
cross-sections, ¥ is the column of theoretical values (3) of
these cross-sections when found g, a, b, c.

By entering a matrix-column A¢, elements of
which are A¢,=x-f,, and using the decomposition by pa-
rameters at a fixed energy, the following expression (27)
is obtained:

(27)

where E is the unit matrix.

Together with experimental ones, Figures (1-8)
demonstrate theoretical cross-sections in the vicinity of
minima, which are calculated for the found values of pa-
rameters and the scale multiplier.
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Figure 2. Differential cross-section of elastic
pp-scattering at Vs=30.7 GeV
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0.06 4 exper
—— theor
sqrt(s)=7 TeV
0054
%
[
o
3 4
g om
5
2]
© 0,03
0,02
1

0,40

Figure 7. Differential cross-section elastic
pp-scattering at Vs=7 TeV

As can be seen from the figures, the graphs of dif-
ferential cross-sections of the model up to an energy of
2.76 TeV are in satisfactory agreement with the experi-
mental data. Notably, the shapes of the theoretical curves
for all energies are similar to the experimental ones, but
Figures 6-8 demonstrate noticeable shifts between them,
but not in all sections of the curves. This means that in
these cases, the parameters found were farther from their
exact values, which exist only theoretically. The cross-sec-
tions in Figures 1-5 turned out to be the closest to the ex-
perimental ones, i.e., better parameters were found here
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than in earlier cases. The quality of parameters depends
on the choice of their zero approximation upon solving
equations. While this initial choice is quite arbitrary.
The worst agreement with the experiment is observed at
7 TeV. But in this case, the experimental errors are also
much larger than at other energies. The need to improve
the statistics of this experiment is drawn in the study [16].
However, the experiment for pp-scattering at 7 TeV has
not yet been repeated. In models with a larger number of
parameters, a better match with the experiment can be
achieved.
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The values of the scale multiplier and model param-
eters obtained from equations (2-4) are shown in Table 1.
Table 1 also demonstrates the parameter errors calculated

using the covariance matrix (24). They are insignificant,
except for the parameter c at energies of 2.76, 7, and 13 TeV,
for which they are 8.5%, 7.0%, and 4.4%, respectively.

Table 1. Values of the scale multiplier and parameters at different energies

No. Vs, GeV g a, GeV~2 b, GeV~2 c

1. 23.5 0.254 -0.3739+0.001 1.3990+0.004 -3.148+0.001
2. 30.7 0.3004 0.9523+0.002 3.95+0.005 -10.10%+0.005
3. 44,7 1.138 0.645=+0.00001 -0.562+0.000004 -0.01927+0.0003
4. 52.8 0.1823 -0.512+0.001 1.9365+0.002 -2.981+0.0007
5. 62.5 0.1763 -0.5436+0.0004 2.0406+0.001 -2.9406+0.0005
6. 2760 1.930 -2.8607+0.0010 -0.6804+0.0017 -0.2354+0.020
7. 7000 2.3825 -3.65+0.0002 -2.901+0.0002 -0.08563+0.006
8. 13000 1.536 -5.3738+0.0002 -4.2338+0.0002 -0.0912+0.004

In [13], a constraint on the parameters a, b, ¢ was
obtained provided that a>0, b<0, which is not common.
The following is a constraint for arbitrary valid values a
and b. Recall that the solution x=e(®?" (expression (9) for
equation (10) in [13]) is a positive number, i.e., only pos-
itive solutions of the quadratic equation are considered.
General view of such equation (29):

px2+qx+r=0 (29)

Positive solutions are obtained in the following
cases (30):
p>0, ~q+[q*-4pr>0,
p>0, -q—q?-4pr>0,
p<0, -q+/q?~4pr<0,
p<0, -q—/q*~4pr<0
For equation (10) in [13] p=a+a’L, q=—|c|L(a+b+2a’L),

r=c*(b+a’'L)(L*+n*/4), L=In(s/s )]. Thus, for the parameters
a, b, c four groups of constraints are obtained (31.1-31.4):

1) p>0, g>0, r<0; a>0, b< -(a+2a’L); -a’L<a<0, b<-a’L,
b<|a|-2a’L;

2) p>0, q<0, r<¢’/4p; a>0, b> -(a+2a’L), (b+a’L)(L?+1?/4)<
<L*(a+b+2a’L)*/4(a+a’L); -a’L<a<0, b>|a[-2a’L, (b+a’L)

(L?+m?/4)<L?(a+b+2a’L)?/4(a+a’L) (31.1)
p>0, q<0, r>0; - a’L<a<0, b>- a’L, b>[a[-2a’L; (31.2)
p<0, >0, -a’L<a<0, b<- a’'L, b<[a[-2a’L); (31.3)
p<0, <0, r>0; -a’L<a<0, b>-a’L, b>|a[-2a’L (31.4)

Table 2 demonstrates the calculated coefficients of
quadratic equation (29).

Table 2. Values of the coefficients of equation (29) and its discriminant factor

1. Vs, GeV

2. 23.5 6.3140 1.3056 -87.1414 1,291.52 1,454.05
3. 30.70 6.8485 2.7740 -591.1049 29,067.25 31,489.28
4. 44.7 7.5999 2.6666 -0.6043 0.0326 0.0342
5. 52.8 7.9330 1.5982 -133.4911 2,351.80 2,787.49
6. 62.5 8.2703 1.6563 -143.4081 2,598.50 3,104.19
7. 2,760 15.8460 1.3543 -18.2366 49.66 61.39
8. 7,000 17.7073 1.0601 -4.3508 4.19 4.46

9. 13,000 18.9454 -0.3343 -0.8144 2.42 -

In this table, for the collision energies at the found
values of the parameters, the coefficients of equation (29)
are given and for p>0 factor that is included in the dis-
criminant. Since all r are positive, then for (unique) p<0,
the discriminant is always positive, i.e., it does not give
any restriction on the coefficients. For the complete set of

parameter values, the coefficient q turned out to be negative,
this reduces the number of resulting irregularities that need
to be verified. This also applies to inequalities for which r<0.

Further, Table 3 demonstrates the calculated cor-
responding parts of the inequalities, which include the
model parameters.
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Table 3. Calculated values of the expressions from inequalities (31.1, 31.2, 31.4) and inequality (23) from the study [13]
for the corresponding values of parameters a, b and ¢

(31.1), 2)
30.70 0.9523 3.95 -4.5957 284.9<308.8
44.7 0.645 -0.562 -4.6881 87.9<92.2
(p>0) a<0 bS (b>) |al-2’L (bi%i)z(g;);;/(?fﬂ?Jr
23.5 -0.3739 1.3990 -2.9851 130.33<146.72
52.8 -0.512 1.9365 -3.7084 264.65<313.69
62.5 -0.5436 2.0406 -3.8562 300.50<358.98
2760 -2.8607 -0.6804 -5.5694 896.25<1107.88
7000 -3.65 -2.901 -5.7703 571.72<608.73
(31.2)
(p>0) a<0 b12 -a’L (<a<0) (b>) |a|-2a’L
23.5 -0.3739 1.3990 -1.6785 -2.9830
52.8 -0.512 1.9365 -2.1094 -3.7068
62.5 -0.5436 2.0406 -2.1998 -3.8060
2760 -2.8607 -0.6804 -4.2161 -5.5715
7000 -3.65 -2.901 -4.7109 -5.7715
(31.4)
(p<0),a(<0) b19 (a<)-o’L (b>) -a’L (b>) |a|-2a’L
13000 -5.3738 -4.2338 -5.0395 -5.0395 -4.7052
a b c (na’/2ya)? 4a/(nc)?
44.7 0.645 -0.562 -0.01927 0.2707 703.97

Table 3 shows numerical calculations of inequali-
ties (31.1, 31.2) and (31.4), and from (31.1) only the second
part was to be calculated. This is marked in the second
line. The reason is related to the signs of the coefficients
of the quadratic equation, as already explained in the pre-
vious paragraph. The same reason for the lack of inequal-
ity analysis (31.3).

The first column of the table contains the values of
the collision energies, and the second and third columns
contain the values of the parameters a and b. In the fourth
column up to end including the twentieth row, the calcu-
lated values of the left or right parts of the corresponding
inequalities are given, and in parentheses — the param-
eters that relate to the constraint. Similarly, the fifth col-
umn shows the values of the left and right sides of the
corresponding inequalities.

The last two rows of the table represent the results
of calculations of inequality (23) obtained in [13] with pa-
rameter constraints not under general conditions.

Table 3 demonstrates that for the entire set of

parameters a, b and c the inequalities are met. Notably,
for the corresponding a and b, the inequality (21) from [13]
is also performed: a | b | >(7a’/2)*=0.15.

The possibility of using the model for further gen-
eralisations is determined according to the Fischer crite-
rion [15]. It is characterised by the correlation of the re-
maining amount to the recovery amount. The first sum
considers the errors of calculations based on the theoret-
ical model, where there are both experimental errors and
errors from an approximate solution of equations, and
the second - only experimental errors. The Fischer quan-
tile is calculated according to the formula (32):

21 2
_ i=1[(fi)exp —f(S, ti)] 2
oy ;12
i=1[(fi)exp - ﬁexp] m
where f, " is the average value of the experimental data
sample, m is the number of parameters, n is the number

of selected experimental points. The resulting quantiles
are presented in Table 4.

(32)
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Table 4. Value of Fischer quantiles for collision energies

Tabular value of F for m=3, n=21 with

a probability of 95% [15]

1 23.5 0.030
2 30.70 0.020
3 44.7 0.068
4 52.8 0.049 3.07
5 62.5 0.0043
6 2,760 0.37
7 7,000 0.036
8 13,000 0.0072

In Table 4 for high energies at which there are ex-
perimental data of differential cross-sections of elastic
pp-scattering represented is calculated according to the
Fischer quantile formula (31). The sample average for each
energy is the arithmetic mean of 21 experimental points,
which was used in calculating the parameters. The third
column shows that with the most used 95% confidence in
practice, Fischer quantiles are less than the critical value.
Thus, the model is statistically acceptable.

Conclusions

In the amplitude of elastic pp-scattering, which con-
tains a dipole pomeron with a linear trajectory and its in-
tersept equals 1, and the diffraction cone of the differential
cross-section is described by two exponents, the values of
the parameters and the scaling factor were found by the re-
gression method involving the least squares method. With
these values, the differential cross-sections around their
minima were calculated for eight energies. They coincide
better with the experiment at energies from 23.5 to 62.5 GeV
than for energies of 2.76, 7, and 13 TeV. The difference be-
tween the experiment and the theory at an energy of 7 TeV
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ITpocTa Mozesb I OMKCY OKOJIy MiHiMyMy ndepeHIiaTbHOTO Iepepisy Ipy:KHOTO
PpO3CigHHA IIPOTOHIB Ha IPOTOHAX 32 BUCOKUX €Heprii
Hop6ept Mocunosuy Benne!, Onekcanzgp Isanosud Jlenzaen?, 3oaTan 3oaradosud Topuy?

'Y>KropoZcbK1ii Hal[iOHAJIbHUY YHIBEPCUTET
88000, Bys1. YHiBepcuTeTChKa, 14, M. YXropoz, Ykpaina

THCTUTYT enekTpoHHOI ¢isnku HAH Ykpainu
88017, Bys1. YHiBepcuTeTCbKa, 21, M. YKropoJ, YkpaiHa

AHoranig

AxTyanbHicTh. HalicydacHIIIow i MMPOKO 3aCTOCOBAHOK (pEeHOMEHOJIOTIYHOI0 TEOpi€lo, AKa J06pe OIMUCYE LU
crieKTp Gi3sMYHUX XapaKTEPUCTHK TaKUX IIPOIIECIB SIK MPYKHE i HEMpYKHE IPOTOH-TIPOTOHHE Ta aHTUIIPOTOH-TIPOTOHHE
PO3CiAHHA 32 BUCOKUX €Hepriii, € MeToZ MoJtociB Pe/ke B peIATUBICTCHKIN Teopii. BUXoAs4u 3 mMpocToi aMIUTITYAH,
HaTpUKJIaZ AUIIOJIbHOI TOMEPOHHOI, Jie IOMEPOH € MOJIocoM Pe/ke, ZOCTIAHNKY A0AAOTH A0 Hei pi3Hi wieHHU. 3a
TOTIOMOTOI0 TAKUX CKIaAHILIINX aMIUTITY/ BAAEThCA 0Ope a60 33J0BUTHHO MOSICHUTH Pa30M He TLTbKH eKCIIEpUMEHTATbHI
JlaHi ISl 3raflaHuX peakiliif, OTpUMaHi B KiHIli MUHYJIOTO CTOJIITTS, ajie ¥ OCTaHHi, oZiepXKaHi Ha BeslMkoMy aZipoHHOMY
KoJanzepi.

MeTta. MeTo10 CTaTTi € 3HAXO/PKEHHS YHCETbHUX 3HAYEHb [TapaMeTPiB aMIUIITy !, IIPU SIKUX 33ZJ0BUIBHO ONHCYIOTHCS
OKOJIU MBHIMYMIB AuidepeHIiaIbHUX MepePi3iB MPYKHOT'O PO3CisTHHSA IPOTOHIB HA IIPOTOHAX 32 BUCOKUX €HEPTil, a
TaKOJX BiZIOBLIb HA IUTAHHS, YX 33J0BOJIBHSAIOT TapaMeTPU OTPUMAaHUM OOMEKEHHAM.

MeToau. /s 3HaX0MKeHHS TapaMeTpPiB aMIUTI TN BUKOPUCTaHO METO/ HaMeHITUX KB paTiB i OTPYMaHO PiBHAHHSA
MiHIMyMiB /11 KBaZpaTiB Pi3HULb Mi’K eKCIIepUMEeHTaTbHUMY Ta TEOPETUYHUMU 3HaUeHHAMM 3a3HaueHuXx nepepisis. Li
PiBHSIHHS TPAHCLIEHTAEHTHI, TOMY PO3B’I3YIOTbCsI HAOIKEeHHIO. B paMKkax MoCTiZIoBHIX HAO/IMKeHb BUOPAHO METOZ, SIKUI
3abe3meuye MBUAKY 301KHICTb ITPOIIECy, a caMe: METO/] CKOPIIIIOTo CIIyCKy ab0 rpaZiieHTHHM MeTo . [ToxubKu mapameTpiB
064KCIEHO 3a JOIIOMOTOF0 KOBapialliiiHoi MaTpuili. CTaTHCTUYHA IPUHHATHICTD MOZEI BU3HAYEHO 3a KpuTepieM Pirrepa.

PesynbTaTu. YncesbHUMU PO3paxyHKaMH 3 eKCIIEPUMEHTAIbHUX JaHUX AWdepeHliaTbHUX Mepepi3iB MPYKHOTOo
PP-pO3CisTHHA 3HAWEHO 3HAYEHHSA TapaMeTPiB i MacIITabHOTO MHOXKHIKA aMIUTITYAH. 32 aMIUTITYAO0 B OKOJTi MiHIMyMiB
obuncieHo andepeHLianbHi nepepisu. [TpescTasieHo BifnoBiaHi rpadiky 1yx epepisis. 36ir 3 eKcriepuMeHTOM B OUTBIITOCT]
BUIJIKIB 33/I0BIIbHU, B OKPEMUX — AKiCHUH. OTpUMaHO KOBapial[iiiHy MaTpUIO, 3 sIKOi 3Ha/IeHO IOXUOKY ITapaMeTpiB
Mozeni. [1py 3araJibHUX YMOBaX BUBeJEHO OOMeXXeHHsI Ha 3HalileHi Hab/bKeHi 3Ha4eHHs napaMmeTpiB. [lokasaHo,
110 BOHY OOMEKEHHAM 33/J0BOJIbHAIOTE. 3a KpuTepieM dilrtepa BUKOHAHO IIepeBipKy CTAaTUCTHYHOI IPUMHATHOCTI MOZIeT,
1110 BUABWJIACA TIO3UTHUBHOIO

BucHOBKM. 3anporioHOBaHa IPOCTa aMILIiTy/ia 3abe3nedye BUKOHAHHs oOMexeHHs: Ppyaccapa Ta yHiTapHOCTi. BoHa
CITy>KUTHME SIK 3aTpaBajIbHa I MOOYA0BY OGUIBII CKIaZHUX aMIULTYZ, [0 OMMCYBaTUMYyTh LIKPOKE KOJIO eKCIIEPUMEHTIB
[IPOTOH-IIPOTOHHOT'O ¥ aHTUIIPOTOH-IIPOTOHHOI'O PO3CifIHb 32 BUCOKUX €HePTiil

Kirro4oBi cjioBa: amIutityza, mapaMeTp, AUONIbHUN TOMEPOH, KoBapialiifiHa MaTpHILIs



