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The general analysis of the reaction e + e~ — N + N + z°, in the case of longitudinally polarized electron beam, has been performed
in the one-photon-annihilation approximation, accounting for the polarization states of the final nucleon. This analysis is useful for
the description of the continuum (non-resonant) and resonant (with different possible vector mesons or excited baryons in the
intermediate virtual states of the Feynman diagrams) contributions. The conservation of the hadron electromagnetic currents and P-
invariance of the hadron electromagnetic interaction were used to express the matrix element in terms of the six complex independent
invariant amplitudes. The general structure of the hadronic tensor for the case of unpolarized final hadrons and polarized nucleon has
been derived. The spin-independent part of the hadronic tensor is determined by five structure functions and the spin-dependent one
by 13 structure functions. The transversal, longitudinal and normal components of the nucleon polarization four-vector are expressed
by means of the four-vectors of the particle momenta. The five independent invariant variables which describe the reaction have been
introduced. The limits of the changing of these variables have been considered. The kinematical double invariant variables regions
are given in the figure. The kinematics, suitable to study the invariant mass distributions, is investigated.

Keywords: polarization phenomena, electron, invariant amplitudes, hadronic tensor, kinematics

PACS: 12.20.-m, 13.40.-f, 13.60.-Hb, 13.88.+¢

About 20 years ago, the BES started a baryon resonance program [1] at Beijing Electron-Positron Collider
(BEPC) [2,3]. The major experimental results on N~ resonances from e*e” annihilations for last 20 years and some of
their interesting phenomenological implications are reviewed in [1].

The measurements of time-like region electromagnetic form factors of hadrons can be done in the electron-
positron annihilation process, which provides a key to understanding quantum chromodynamics effects in bound states.
For example, there is great progress in the study of baryon electromagnetic form factors in the time like regions, both on
the experimental [4—-6] and theoretical sides [7-9]. The measurement of the e*e” reactions permits to study also the
excited hyperon states, such as A",Z" and =" [10,12]. Up to now, the N~ production from e*e” annihilations has
been studied only around charmonium region.

The reaction e" +e — p+p+7z°, where N' resonances can manifest themselves as intermediate states of
corresponding Feynman diagrams, was measured with BESIII detector at the BEPCII collider. In the experiment [13],
this reaction has been studied in the vicinity of the (3770) resonance. The Born cross section of

e +e —w(3770) »p+ p+ 7’ has been extracted allowing the continuum production amplitude to interfere with the
resonance production amplitude. Later, the measurement of this reaction was performed at higher energies [14], namely
at 13 center of mass energies, \/; , from 4.008 to 4.600 GeV (in the vicinity of the ¥(4260) resonance).

Some interesting results on the N s production have been obtained. The N *(1440) peak was observed, for the
first time, directly from 7N invariant mass spectrum (due to the absence of the strong A peak). Besides several well
known N resonances around 1520MeV and 1670MeV , three new N resonances above 2Gel were found using
partial wave analyses. The measurement of the y(2S)— ppz’ channel (by CLEO Collaboration) found a similar
strong N "(1440) peak [15]. There is no obvious N (1440) peak for e*e” —ppz" in the vicinity of the y (3770) [13].

The time-like region became accessible with the advent of high-precision, high-intensity e“e” colliders at
intermediate energies. New data from BESIII, collected in a high-precision energy scan in 2015, will offer improved
precision over a large ¢° range. The coming upgrade of the BEPCII collider up to c.m.s. energies of 4.9 Gel’ will alow
to study more details of the N* production. The topics which planned to study at BESIII in the near future can be
found in [16].
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4334-2022-2-03
© G.I. Gakh, M.I. Konchatnij, N.P. Merenkov, E. Tomasi-Gustafsson, 2022


https://doi.org/10.26565/2312-4334-2022-2-03
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index
https://orcid.org/0000-0002-9972-5348
https://orcid.org/0000-0002-9743-3827
https://orcid.org/0000-0002-5263-3948

24
EEJP. 2 (2022) Gennadiy 1. Gakh, Mykhailo 1. Konchatnij, et al

This paper opens the series of works devoted to the general analysis,in the one-photon-annihilation approximation,
of the differential cross section and polarization observables in the process e +e” — N+ N +7z°, where N(N) is

proton (antiproton) or neutron (antineutron). We intend to account for the continuum (non-resonant) and resonance
(with different possible vector mesons or excited baryons in intermediate virtual states of Feynman diagrams)
contributions. Here we concentrate on the detailed analysis of the hadronic tensor and kinematics suitable to calculate
invariant variables distributions.

FORMALISM
We study the reaction

e’(k1)+e+(k2)—)N(p1)+]V(p2)+7z0(k), (1

where the notation of the particle four-momenta is indicated in the parenthesis. In one-photon annihilation
approximation ¢ =k, +k, = p, + p, +k is the four-momentum of the virtual photon.

The matrix element, in this approximation, can be written down as an contraction of the leptonic (el #) and

hadronic (a] u ) currents

2
e _
M =q—21”Jﬂ, 1" =v(ky)y u(k,), ()
where k% =m?, pl2 = p§ =M?*, m(M) is the pion (nucleon) mass. Further, we neglect the electron mass where it is

possible.
Then, the square of the matrix element can be written as

2 2
A VT Ly 3)

4 uv? HTV

|M [

The structure of the hadronic tensor
The hadronic tensor H ,, has the following general form for the case when the polarizations of the final particles

are not measured
Hyv(o):ngvarHZéyEv+H3[3,uﬁv+H4(}3y]€v+}3vi€ﬂ)+iH5(pyigv_ﬁvi€y)’ (4)
where &, =g, -4,4,/q . k,=k,~(k-q/q)q, and p,=p,—(pq/q’)q,. p=p,—p,. H,(i=1-5) are the so-

called structure functions depending on three invariant variables s,,s, and s =¢” (see below).

The leptonic tensor L, has the following form in the case when electron beam is polarized

L,= -4 g, + 2k J,, +k k) +2im (uvng), Q)
where (uvab)=,, ;a b” and 77, is the spin four-vector of the electron (we chose 0% = s =+1), m, is the

electron mass.
At chosen normalization, the differential cross section of the process (1), in terms of the leptonic and hadronic
tensors, has the following form (we neglect the electron mass for the initial particles leptonic current)

2 d3 d3 3
0§6LMHVdR1,dR3= pd p, dk
87°¢q wr €8 2E, 2E, 2E

do =

5(k1 +kz —P— D _k)s (6)

where E, (E,) is the nucleon (antinucleon) energy and E is the pion one.
In the case when the nucleon polarization is measured, we can use the following form of the hadronic tensor
1
H, _EHW(O)’LTW’

where the tensor 7, depends on the nucleon polarization 4-vector $* and it can be written as the sum of the

symmetrical T;fi) and antisymmetrical T;ff) parts.
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The symmetrical part can be written as follows

T S) = Im{Ty i+ Ty B+ T BT, B+ T, G + T R+ T, P+ T kP - ()

where
ki = k(vkgS) + k(ukgS), k" = k(vpaS)+k(upgs),

pi = p"(vkgS)+ p'(1kqS), B’ = p"(vpgS)+ p'(1pgS).
G = 2" (paS), R* =k (hpgS), P = b " (kpas),

“=[k"p"+ p k" kpgS), (nabe)=,, ,a’b ¢, (abed)= ,, ,a"b"c d°.

The antisymmetrical part is

T(S)=iRe{T,(uvgS)+T,, (pS)Nuvpq)+T,, (aS)uv pq) + T, (pS)uvkq) + T, (qS)(1vkg) . (®)

The invariant amplitudes
The general form of the matrix element (2) can be chosen by analogy with the process of the pion
electroproduction on the nucleons [17]. If the gauge invariance and the space parity conservation take place, we have

o, 1,23

2
e L6 —
M=_zo: T (P s Mov(py) A vs =17 Y'7Y, ©
where ¢, is the pion wave function and the M, structures have the following form

1
M1=5y7F

uv?

M, =p"K'F,,, M, =y"kK'E,,, M, =(y"p" ~2My"y")E,,, (10)

uv?

M, =q"k" ”V,MG:q y'F F, —lyqv—lvqy.

uv?

The invariant amplitudes 4,(i =1—6) are the complex functions of three independent variables: for example, g° — the
square of the total invariant mass of the final hadrons, and s,, =(p,, +k)’ -the square of the invariant masses of the
N7z° and N7z° systems.

Equations (9) and (10) mean that, in general case, J,, can be written as follows

J, =0 u(p) 750, v(p,), (11)
where the matrix Oﬂ has the form
0,=k-qp,—p-qk )4 —q’k, A +(k-q A, +p-q4,-q" 4)y,+ (12)

+(A6 q,— 4p/,1 As ky)‘§+(A1_4MA4)(7/ﬂé_qﬂ)-

The hadronic structure functions in Eq. (4), which are independent on the nucleon polarization states, can be
written, in general case, in terms of the invariant amplitudes as follows

=2[m’q* +(p-q)’ —(k-q)*1| A, [ +P* | k-q A+ p-q A, —q” A [ +
+4Mp-qRelk-q A, +p-q A, —q° AA;, }, A, = A —4MA,, (13)

H,=2{(p-q)’| 4, I’+[¢° (P +4*) = (p- @)’ 1| 4 |*+ (g —k)’[(p-q)* | 4, |*+ q* | 4 |*]

+q°(q* | Ay |’ = | Ay 1) }+4Ref—p-q(p-q 4, +q" A) A}, + p-q(q° 4, —2Mp-q 4,) 4] +
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+q [2M(p-q 4, +4* A)~q" 4 —p-q A1 45 —2Mq* p-q 4, 4, +4°[p-q(q—k)* 4, —2M (¢* 4+ p-q A)]1 45 }, (14)

Hy=2{(k-q)’[(q k)" | 4, =1 4 "1+ q* | Ay |’=q" | 4, P+ [(k-q—¢*) +q° p*1| 4, |* } +
+4Relk -q(q° —k-q) A, (A", +2MA}) + ¢* CMAA, +k-q 4, A)) }, (15)

H,=2{k-qp-q( 4 |’~(q=k) | 4, |+ p-q(q’ —k-q)| 4, "} + 2Re{2Mq’k - g4, 4; +
Hp-qk-q-q*) 4, +2Mq* 4, -q*(¢* ~k-q) A4+’ [(k-q—q*) 4, —2Mk - g4, — p-qA, ] 4; +
+q’[~k-q(g—k)" 4, +2M (k-q—q*) 4,14 +[2Mp - q(2k-q—q") 4, +¢* (4" + p* — k- ) A1 4; }, (16)
H, :—Zqzlm{[ZMA3—q-pA2—(q2—k~q)A5]Al*4+[—2Mk~qA2+q~pA6—

~(p* +q" k- A4 +[k-q(q—k)* 4, =2M (k-q—q°) 4,14 +[(q° —k-q) 4, +2Mk - q4,]4; =2Mq - p 4, 4; ). (17)

The relations between the invariant amplitudes and the hadronic structure functions in Egs. (7) and (8), which
depend on the nucleon polarization states, are more complicated and read

1

1

Ty =[p-q(4, —2MA,) —q* (2MA4; )+ [¢°(p*+q" —k-q)+ p-qlk-q—p- @4 4,

2
*25.19 (k-q 4 +p-q A, =" 4)(p-q 4 +q*4), (18)
1

2 2 2 2
(p-9)+tmq —k-q(p-q+q )Ag]AfH

T =[g°4 —p-qA,+
w =147 45— P-q 4, 24,

(p, +pz)2
q- D

2M(p-q A A; —q* 4, A7) + (k-qA;+p-qA,—q’A)p-q 4 +q* 4), 19)

2 2 . k 2 .
Tpk=[k-q(2MA2+A3)—q2A6—(k-q—q2—2pq )A4]A14—2q%(k-qA3+p-qA4—q2AG)AZ, (20)
1

: 1

. 2+ 2m2_k. 2 .

14

26]'}71
. k- +p,) .
Mg kg ) =PI g g =g A, e
1
1 * * *
TK=E{[q2A6—p'qA4—(p'q+q2)A3](p-qu+q2A5)—q2A3A14}, (22)
1
1 * *
7}=T{k-q[q2As—(k-q—qz)Ark-qA;]Ag+q2A4A14}, (23)
1
1 .
TKP=—H [¢°(p-q+k-q) 4 —k-qQ2p-q+q°) 4 —p-qQk-g—q°) 4,4, +
1
qZ(A4_A3)A1*4+q2[q2A6_k'qA3+(q2_k'q)A4]A;}a (24)
TG:2(k'qA3+p'qA4_qZAG)A1*4’ (25)

T, =2Mp-q(k-q| A, +p* | A, +q* | A, [ +| 4, )+

[2Mp -q(k-q—m*) A, +[k-q(p* —k-q@)+(p-q)* +m’q’ |4, + p-q(4M* + p*) 4, +
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2M[(k-q)* =m*q* 14, +[(k-qg—q*)' —(p-q)" —4M’q* 14,145, +
([(4M* = p*)p-q)* +P’k-q(k-qg—g))4, —2M[p-q(k-q+¢*) A +(p-9)* + p’q*) 4,1+
(4M* = p*)p-qq° 414, +[~(4M* = p*)p-qk-q 4 + p*[(k-q)" —m’q* 14,145 +
[p* p-qlk-q-m*) 4, +2M[p* k-q+(p-@)* 14,14, + p* k-q(k-g—m*) 4, 47, (26)
T, =2M(k-q| 4" +p-q| 4, ')+ p-q (4 +4) 4, +
[(k-qg—p-q)k-q—q")4, —2Mq* (4 + A))A; +[(k-q)" —m*q*14,4; +
[((k-g=m*)p-q 4, +2M (k-q+ p-q) A14; + (k-q—m*)k-q 4,4 +(k-q—q*)k-q4, —q* 4) 45, (27)
T, =2M(k-q| 4 | +q* | A P +p-q A4)+2(q- p, 4 —k- p, A) 4], +
[(4M* = p*)p-q 4, +q" A) =2M[(k-q+q°) A + p-q 4,114, —(A4M* = p*Yk-q 4,4, (28)
T =[2M[(k-q—p-q) 4, =" A1+ (¢ =k -q)( 4y + A4, +
pal(p-q—k-@) 4 +q" A4 +(p-q—p*)k-q AL, 4 +p-q 4, 4)+

[~k-qp-qA,+[-k-qp-q+q°(p-q—p*)14,14; (29)

T, =—2M| A4, i +[2M[(k’q_q2)A5 —P-q4,1+2q p, (4 _AG)_p2A4]A1*4 +

kgs

P leq( A4, - 4,4 )= pg 4, 4; + (kg —q° ) 4,4, (30)

The nucleon polarization 4-vector
In the rest frame of the nucleon (p, =0) its polarization four-vector has the form S* =(0,n), n’ =1, and, in

general case, 3-vector n has three independent components: two in the plane (q,K) and one along 3-vector [k xq]. It

means that in arbitrary Lorentz system 4-vector S* can be expressed by means of 4-vectors of the particle momenta and
expanded by three independent 4-vectors: longitudinal S/, transversal S; and normal S} .
Let us choose the longitudinal polarization such that in the rest frame n = —q/| q|. It can be expressed in terms of

4-vectors p/* and q", and has the following form

. y_MZ "
sp=T PP 9 k=g py-¢ M, S, p=05=-1.0

MK

Note also that in c. m. s. of the process (1), where q = 0,

Ip,| Ep
Slfl:(_la L 1)'
M Mip,|

The transversal polarization was chosen to be orthogonal to the longitudinal one, that is

S4.84=0,—S,-p, =0, S, -q=0, S2 =—1.
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The relation S;-g =0 indicates that the polarization 4-vector S¥ is expressed in terms of the 4-vectors p,, p,
and k. Only two 4-vectors are independent since we have the following relation p,+ p,+ k=0. Choosing p, and k
one can obtain

(@ k-p—q-pk-q)p/+[(qg-p) -’ M 1"
KN

Sr = , (32)

where

N = \|~(ukp,g)(pkp,q), N> =2k-qk-p q-p,—q° (k-p)’)—M*(k-q)° —m’(q-p,)’ +¢’M’m’ .

In both coordinate system (the rest system and c. m. s.) the 4-vector S;' has not the time component and its space
component is

[ax[kxq]] [p,x[kxp,]]
Ilax[kxqll|" |[p, x[kxp,]1|

in the rest frame and the c. m. s., correspondingly.
It is clear that the normal polarization is

k
so W@ _ o BBy e sy = 0,19KD G the rest). (33)
N |[kxp,]| [[qxKk]|
KINEMATICS
We define five independent invariant variables as follows
§= (k1 +k2)2 = (pl +p, +k)27 S = (p1 +k)2 = (k1 +k2 _pz)za (34

s, =(p, +k)2 = (k, +k2—pl)2, t, = (k _pl)z :(p2+k—k2)2, t, = (k, _p2)2 =(p, +k—k1)2-

The scalar products of the 4-momenta in the process can be written in terms of these invariants as
2k - p,=s—s+t,—m’, 2k, p =s—s,+t,—m’, 2k k=5 +t,—t,—M?, 3%

2k, k=s,+t,—t,—M*, 2p,-p, =s—s,—5, +m’, 2k -k, =s—2m’,
2k, py=M*+m’ —t,, 2k -p,=M>+m’ —t, 2k-p, =5, -M*—m*, 2k-p, =5, - M’ —m’.

The limits of the changing of the invariant variables can be obtained from the condition of positivity of the
quantity (-A) = (k,k,p,p,)’, where A is the Gramian determinant. It has a form

2m} s—=2m} M’+ml—t, s—s +t,—m
1 s=2m} 2m’ s—s,+t,—m> M’+m—t,
16 M?+m}—t, s—s,+t,—m. 2M* s—s —s,+m’

s—s +t,—m M>+m’ —t, s—s,—s,+m’ 2M"

Taking into account the azimuthal symmetry relative to the line of the colliding electron-positron beams, the phase
space of the final particles can be written as [18]

V4 dt, dt, ds, ds,
dR3 = ) s
16(s—2m;) NEY

Note, that we can neglect, with the very high accuracy, the electron mass in our calculations.

(36)
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All the scalar products in hadronic part depend on the variables s,s, and s,

s, =, _5+s,

g =s,p=2M>—m’ +s,+s,—-5,q-p=k-p= Jk-q -M*,d =s,-M*,d, =s,—M".

In further works we are going to concentrate on the double differential distributions. To study the (s,,¢,) or (s,,f,)
-distributions, it is enough to measure the 4-momentum p, or p,, respectively. To investigate the
(5,55,), (8,54)), (8,,1,), (,,1,) -ones, we have to measure both p, and p,.

Let us consider the ranges of the invariant variables to study the (s,,s,) distribution. In this case, it is necessary to

integrate over ¢, and ¢, . From the positivity of the quantity (-A), we conclude

A(S,5,,8,,8,) 2 2\ B(s,5,,5,) C(5,5,,1,)
- (s+s,—M?) —4ss,

; (37

A(S,5,,8,,,) =m [2M* —M?*(3s, +5,) + 55, —2m’s —s,(s =5, —5,)]
—M[m’s+5,(s, =25 —1,) +1,(25 —5,) ] = t,[s(s, + 5, =5 =2m* ) + 5,5, |+ m s(s —5)+ M = M*(s+s, +1,) —5,5,(s —5,),
B(s,5,,5,) = 5,5,(s, +5, =) +2M°* =M *(s +s, +5, + m’)
+M?[ss, +5,(s=25,)+m’ (s, +5, —25) ]+ m*s + m’[s(s —s, —5,) = 5,5, ],
C(s,8,,t,) =s[t,(s—s, +1, —M*)+ M*s, ]+ m[M* = M?(s+2s,)—s(s, +2t,) + s +ms].

The expression under the square root in Eq. (37) factorizes, and the limits on the variable #,(s,) can be found
from the condition C(s,s,,t,) >0, (B(s,s,,s,) 2 0). For the variable ¢, they read

4 2
t27St2£t2+,tZt:% M2+2m82—s+sli\/(1— e j[(s+sl—M2)2—4ssl] (3%)

N

As concerns the s, limits, we have

1
S, <8,58,., 8, =Z(D(S,sl)J_rJF(s,sl)G(s,sl)], 39)

1

D(s,5,)=M*=M?*(s—2s, +m*)+m*(s+s,) +5,(s—5,),
F(s,8,)=(s+s,—M?*) —dss,, G(s,s,) = (s, +m’ —M?>) —4m’s,.

Both expressions F(s,s,) and G(s,s,) have not to be negative, and we obtain
(m+M)* <s, <(Ns—M)>. (40)

It is clear that the inequalities (38), (39) and (40) define the regions (s,,s,) and (s,,z,) which are plotted in
Figs. 1 a) and 1 b), correspondingly. Because of the symmetry of the Gramian determinant at (s, Sy, b t,)—
permutation one can use the above inequalities to obtain also the region (s,,?,).

It is interesting to investigate the distribution over the nucleon-antinucleon invariant mass squared
s, =(p,+p,) =2M* +m’ +s5—s5, —s,. For this goal, we define firstly the region (s,,s,,) and use the inequality (see

Eq.(37))

2 2
B(s,s,,8, =2M"+m" +s5—5,—-5,)20

to obtain the limits on the variable S, at fixed values of the variable s |,
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2
S <8 <8,,8, = %[2M2 +m’+s -8, i\/(l - 4?/[ N(s+ m’ _512)2 —4m*s]]. 41)
12
b)
a) tz/:
S b
o
S1 S
C) d)
S1+
»
ta S1
S1-
t $12

Figure 1. The kinematical double invariant variables regions calculated at s =10Gel>

(@) =(5155,) » (®) =(s1,1,) (©) =(4,1,) and (d) (81258 -

Taking into account that the expression under square root in Eq.(41) has not to be negative, one finds the limits on
the variable s,

4M* <5, < (s —m).

As concerns the region (Z,f,), the corresponding boundaries are more complicated and the analytical
expressions for them require additional short notation. We introduce

2u U—v+x u+w-y
1
G(x,y,z,u,v,w)=—5 U—v+x 2x w+x—z|,
Uu+w—y w+x-z 2w
s <8 <S,,

ath
S =0 ( — ) ,b:2\/G(s,tl,sz,mj,mez,MZJG[tZ,sz,tl,Mz,mf,mz],
T (m—s;) -4,

azsz’[s(z‘l —m2)+M2(t+—M2)—s2t2] +s(z‘2s2+—2M2t])+mez[me2 (s—2M2)+

+m2(s—2M2 +2s2)+M2 (M2 +1, +2s2+)+st7—s2 (t++s2)} ,

_ﬂuﬂ'z +q <s, < Z’vﬂ‘l tbl ,
2t, 2m

e
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where
a =t (t,-m)+m’ (=M’ +m> +t,)+ M’t b =s(t, - M*)+m’ (s +2M?),

szi =s5,%t,t, =¢ iz‘z,/l(x,y,z):x2 —2xy—2xz+y> =2yz+2°,

2:\//1[t1,2,m M2 \/lt t,,m’ = /"L[s,mj,mf].

The boundaries of the region (l‘l, tz) are determined by the equation

- +a, AA+D
2‘12;; 1 — sj’lmz 1 . (42)
2 e

It is clear that, at such high energies, the electron mass cannot influence the kinematics, and to simplify following
calculations we go to the limit 71, — > (0. The Eq.(42), in this limiting case, reads

G(MP ==t ] (1, =My ) e+ M,
M? -1, 21,

5

and gives
- +
t, <t, <t

t, = a, =M[2t (s +1,)—m’s+2M* = M* (s +4t,)]+
+st,(m* —s—1t,),b, = s{M[M* +4t,(t, — M*)+2t,(s +1,)] +

(55 +, —4MP )+, = M)[m? (6, — M) +2M* =2, (s +1)] .

@ —b, srl<a3+b = 2M(M +m)+m’ —s, by =[s—m" \Js—(m+2M)

2

The regions (¢,,t,) and (s,,s,,) are plotted in the lower row in Fig. 1.

In addition, the dependence on the invariant mass of the N N -system is also of the great interest. It is evident, that
to study this dependence, it is enough to measure the pion 4-momentum k& only. This ensures, at least, investigations of
the double distributions over invariants ¢ =(k,—k)’, s, =(p,+p,)’ or & =(k,—k)’,s,. To perform the
corresponding calculations, it is necessary to investigate the Gramian determinant using 7 (or 7, ) and s,, variable of

five independent invariant variables. In present paper such kind of distributions are not considered but we hope to study
them in the next publications.

The matrix element squared of the process (1), as well as the differential cross section, are defined by the
convolution of the leptonic and hadronic tensors (see Eq. (6)), that can be expressed in terms of the invariant amplitudes
and chosen invariant variables. To calculate the contribution of any dynamical mechanism to the cross section, it is
enough to know only the corresponding invariant amplitudes and this simplification is an essential advantage of the
developed here formalism.
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3ATAJIbHUI AHAJII3 PEAKIIE ¢" +¢” > N+ N + 7’
I'.I. Tax?, M.I. Konuatuuii?, M.II. Mepenkos?, Ersie Tomaci-I'ycragccon®
“Hayionanvnuii naykosuii yeump «Xapxiscokuti izuko-mexuiunuil iHcmumymy
eyn. Akademiuna, 1, 61108, m. Xapkis, Yxpaina

SIRFU, CEA, Vuieepcumem Iapuoic-Caxne, 91191, )XKis-crop-leemm, @panyis
YV HabnukeHHi OAHO(GOTOHHOI AHIriNAlil BMKOHAHO 3aralbHMH aHANi3 peakiii e’ +e — N+ N +7° y BUMAAKYy MO3IOBKHBO
MOJISIPU30BAHOTO ITyYKa EJIEKTPOHIB 3 BpPaXyBaHHSM MOJIIPU3AIifHAX CTaHIB KiHIIEBOTO HyKJIOHA. Lleif aHami3 € KOPUCHUM IS OTTUCY
BHECKIB KOHTHHyMa (HE pE30HACHMI) Ta PE30HAHCHOTO (3 PI3HUMH MOXJIMBHMH BEKTOPHMMH ME30HaAMH a0o 30ymKEeHHMH
OapioHaMM y IpPOMDKHHMX BipTyanbHHX craHax niarpam @eitHmana). s Bupasy MaTpHYHOTO e€JE€MEHTa y TepMiHax IIEeCTH
KOMIUIEKCHUX HE3aJe)KHUX 1HBapiaHTHHUX aMIUTITYA OyJIO BHKOPHCTaHO 30€peKeHHs eJISKTPOMAarHiTHUX CTPyMIB aIpoHIiB Ta P-
IHBapiaHTHICTh EJISKTPOMArHITHOI B3aeMoil aApoHiB. byna BH3HaueHa 3arajbHa CTPYKTypa aJpOHHOrO TEH30pa y BHIIAJIKY
HEMOJSIPH30BaHMX KIHIIEBUX aApOHIB 1 mosspu3oBaHoro HykioHa. CriHHe3aJe)KHa 4YacTHHA aIPOHHOTO TEH30pa BHU3HAYAETHCS
I’AThMa CTPYKTypHUMH (YHKI[sIMH, a crhiH3aiexxHa — 13 cTpykrypHumu QyHkuisimu. [lomepeyna, MOB3IOBXKHS Ta HOpMalbHA
KOMITOHEHTH HYKJIOHHOTO YOTHPUBEKTOpA MOJSIpU3allii BUPaXKEHI Yy TepMiHaX YOTUPUBEKTOPIB IMIYJIbCIB YaCTHHOK. 3aCTOCOBaHi
I’ SITh HE3aJICKHIUX 1HBApiaHTHUX 3MIHHUX IIO OMHCYIOTH peakiito. JlocmimkeHi Mexi icHyBaHHA [uX 3MiHHUX. KiHemaTndaHi o0nacti
MOJBIHUX 1HBapiaHTHUX 3MIHHHX TPUBENEHI HA PUCYHKY. JlocmikeHa KiHEMaTHKa sKa 3pydYHa Ui AOCIHIIKEHHS PO3MOILIIB MO
IHBapiaHTHIH Maci.
Kurouosi ci1oBa: monspu3amiiiii SBUIIA, €IEKTPOH, iBapiaHTHI aMILTITY M, aAPOHHUH TEH30p, KIHeMaTHKa.





