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The Kharkov potential is a recent field theoretical model of nucleon-nucleon (NN) interaction that has been built
up in the framework of the instant form of relativistic dynamics starting with the total Hamiltonian of interacting
meson and nucleon fields and using the method of unitary clothing transformations (UCTSs). The latter connect the
representation of “bare” particles (BPR) and the representation of “clothed” particles (CPR), i.c., the particles with
physical properties. Unlike many available NN potentials each of which is the kernel of the corresponding nonrela-
tivistic Lippmann-Schwinger (LS) equation this potential being dependent in momentum space on the Feynman-like
propagators and covariant cutoff factors at the meson-nucleon vertices is the kernel of relativistic integral equations
for the NN bound and scattering states. We show our calculations with the Bonn and Kharkov potentials for such
quantities as the phase shifts in the neutron-proton scattering up to the pion production threshold, the binding ener-
gies of deuteron and triton, the nucleon momentum distributions in these nuclei and some Nd elastic scattering ob-
servables. Special attention is paid to finding from the contemporary n-p phase shift analysis some optimum values
of the adjustable parameters included.
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INTRODUCTION

In many textbooks on nuclear physics we encounter
the following form

can be expressed through the creation and destruction
operators that meet

[a(p',s),a"(p.s) ], = Pod(P—P)d,
[a(p.s).a(p',sY)], =[a’(p.s).a"(p"s) ], =0,

where p, =+/p?+m?, m the mass of particle and s its
spin index, if any.

The method in question is aimed at expressing a
field Hamiltonian through the so-called clothed-particle

creation (annihilation) operators {«.}, e.g., al(a,) for

H=K+V )

of the nuclear Hamiltonian, where K is the one-body
operator of kinetic energy and the interaction between
nucleons
Vv =ZV(i, D+ ZV(i, LK +..(,j,k=12,..,N) ()
i<j i<j<k

consists of the two-body V (i, j), three-body V (i, j,k)

and more complex forces. The UCT method [1, 2] al-
lows us to construct such interactions on one and the
same physical footing.

Our departure point is the Hamiltonian of interacting
meson and nucleon fields in case of mesodynamics with
the Yukawa-type couplings between mesons (7, 1, p, )
and nucleons (antinucleons). As an illustration, in case
of the vector mesons we separate out the scalar Hg(X)
and nonscalar Hponsc(X) contributions

Hee (%) = 07 (X)7,0 (Rl () +£f—;j(2)o—,,vw(xw¢”(2). 0
2
Wmdﬂ=;#W@MW@W@MWWH-

, ®3)
L P o Q7 Qo ()
to the Hamiltonian density. Here

P () = 0", (X) = 0" 5 (X)
the tensor of vector field ¢/(X) («#=0,1,2,3) in the
Schrodinger (S) picture. In its turn, the fields involved
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bosons, b/(b,) for fermions and d(d.) for antifermi-
ons via UCTs W () =W (a) =exp(R), R=-R" inthe
similarity transformation

a=W(a)aW(a,), (5)
that connects a primary set « in BPR with the new op-
erators in CPR.

A key point of the clothing procedure of interested is
to remove the so-called bad terms from the Hamiltonian.

H=H(a)=Hq(a)+H (a) = ©)

=W (e )H (2. W' () = K(,).

By definition, such terms prevent the physical vacu-
um |Q) (H lowest eigenstate) and one-clothed-
particle states |n.)=a/(n)|Q) to be H eigenvectors

for all n considered. In this context all primary Yuka-
wa-type (trilinear) couplings shown above should be
eliminated as a whole.



1. RELATIVISTIC INTERACTIONS
IN MESON-NUCLEON SYSTEM
Omitting some details, we arrive to a new form of
our field theoretical Hamiltonian
H=K(a.)=Kg +K;, (7
with a new free part
Ke =H. () 00~ ala, +b'b, +d/d,
and interaction K, between the clothed particles.
Doing so, we get the following operator structure
K, ~albfab, (N — zN) +

+b/bib.b, (NN — NN)+dd d.d, (NN — NN)+

cTcTc

+b/b/b/b.b.b, (NNN — NNN) +...
+alalb,d, +H.c.J(NN <> 27) +...
+alb/bib.b, + H.CJ(NN <> ZNN) +...

cTcTc
separate terms of which are responsible for different
processes in the given system.

In this context, we will confine ourselves to the nu-
cleon-nucleon interaction operator, viz., after normal
ordering of the fermion operators we derive NN — NN
interaction operator generated by the one-pion-
exchange, i.e., exchange by the intermediate pseudosca-

lar boson with the physical mass x (Fig. 1).

(8)

K(NN = NN) = [ d PP, dB,0P,V (Br, Pa: Br, P2)bI (PY (B2)be (P)be (P2), (9)

Vi (Bl B B By) = — £ M (B, + By BBy x
NN (P Pas Prr P2 2 20) EﬁlEﬁzEﬁiE;‘)'z 1+ P2 =P~ P2

T (Py ) 75U(Py)

o
(p—p)* —u

7 U(P2)75(Py). (10)

The corresponding relativistic and properly symmetrized NN quasipotential is

(Qb (B! () | K(NN — NN) | bf (By)b{ (B,)€2),

g2

m2

. o 1 L
V P ’4’ ;4‘ 74' =——= 5 p +4’ _4‘ _4' X
nn (Pr: B2; Pr. B2) 2 1) 2 EﬁlEszpl'E,a'z (P + P2 — Py~ P2)

1

U(P,)75U(Py) — (L <> 2). (11)

XWF&)%M?&)%{ T
1

A distinctive feature of this potential is the presence
of the covariant (Feynman-like) “propagator”

2 (p—p)’ =12 (pr—po)° 1
2 P Py P

2 P P 2

1 }
(P~ Pp)* —

On the energy shell for the NN scattering, that is
Ei=Ep +E; = Elﬁi +Eﬁ'z =E¢, this expression is

converted into the genuine Feynman propagator. It is
typical of other interactions.

2 P P P

2 Direct s P Exchange P

Fig. 1. The one-meson-exchange off energy-shell graphs (left) and Feynman diagrams (right) for NN scattering

2. CALCULATIONS OF THE PHASE-SHIFTS
FOR n-p-SCATTERING

We will compare our calculations [3] with the Khar-
kov potential and those by the Bonn group. To clarify
some similarities and differences between them, one
needs keep in mind that the potential B by the Bonn
group can be obtained from the Kharkov potential with
help of the replacements for boson propagators

Vo2 -1 2 -1
[(p=py-mi | —>—[(p=p)'-mi] .
cut-off functions
Ny n,
p-mg 0 [ Apemg
AF-(p-p) AF+(Pp-p)

and neglecting off-energy-shell corrections and tensor-
tensor term

4

f2
4m?

xu(p)u(-p )[707"/ —dov ]U(— p) —0.

It has turned out that the values of the adjustable pa-
rameters (coupling constants and cut-off factors) which
provide a fair treatment of the available n-p scattering
data can be considerably different for the both models
(Table 1).

In Fig. 2 we show the energy dependence of the
phase shifts and the mixing parameter &, that regulates
the °S, - °D; transitions, while Fig. 3 allow us to see the

off-energy-shell differences for the corresponding half-
off-shell R — matrices. Recall that on-shell R — matrix
elements R(p, p, ) are proportional to tan5(p,) .

(Ep—E)2T(P ) 707 — Yoy ¥
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The best-fit parameters for the two models

Table 1

Meson Bonn UCT3 UCT4
g2lax 14.4 14.67 14.31
. AL 1700 2497 2364.25
m, 138.03 138.03 138.03
g2lAx 3 6.11 4.67
n
n A 1500 955.0 1188.87
n
m, 548.8 548.8 548.8
g2l4n 0.9 1.54 1.38
P
A 1850 1483 1469.78
p P
f,/g, 6.1 5.2 5.75
m, 769 769 769
gl l4n 245 28.13 28.25
o A, 1850 2061 2017.27
My 782.6 782.6 782.6
g2/ar 2.488 2.04 1.85
S As 2000 2349.97 2004.05
M 983 983 983
g2/4x |18.3773,(8.9437) | 18576, (11.11) 19.20, (10.93)
o, T=0, A 2000, (1900) 161154, (1986) | 1727.02, (2241.14)
(T=1) 7
Mo 720, (550) 713.04, (565.4) 721.58, (567.03)

Column UCT3 (UCT4) fits the Bonn potential (WCJ1 potential from [4]).
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Fig. 2. Neutron-proton phase-shifts for the uncoupled (a)
and coupled (b) partial waves versus the nucleon kinetic
energy in the lab. frame with the UCT3 parameters
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Fig. 3. Half-off-shell R-matrices for uncoupled waves
at lab. energy equal to 150 MeV (p, =265 MeV)

3. DEUTERON AND TRITON PROPERTIES
Some results of our calculations are collected in

Tables 2 and 3.

Table 2

Deuteron and low-energy parameters. The experimental
values are from Table 4.2 in [5]

Parameters | Bonn B UCT3 Experiment
a,(fm) -23.71 | -23.724 | -23.748 £0.010
r,(fm) 2.71 2.725 2.75+0.05
a,(fm) 5.426 5.41 5.419 + 0.007
r.(fm) 1.761 1.772 1.754 + 0.008

&;,(MeV) 2.223 2.243 2.224575
P, (%) 4.99 5.35 -




Table 3
Triton binding energies of Kharkov potential compare
with other popular solutions (in MeV)

Solution (NEr?!ZIt;\tlil\iEgic) Difference
Kharkov (UCT3) -7.72 (-7.838) 0.066
Bonn -8.14 0.099
CD-Bonn -8.150 (-8.249) -
Experiment 8.48

The shift observed in these p — dependences of the
deuteron wave function component u(p) (Fig. 4) is of
interest for further explorations. These wave functions
have following normalization

[ p*dp[wd(p)+yi(p)]=1.

10' u(p) 4

p[m’]
Fig. 4. Deuteron wave functions y,(p) =u(p)

and y, (p) =w(p). Solid (dotted) curves
for Bonn Potential B (Kharkov) potential

In addition, we compare in Fig. 5 the nucleon mo-
mentum distributions for the triton (left) and the deuter-
on (right).
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Fig. 5. Deuteron (left) and triton (right) nucleon
momentum distributions

4. SUMMARY

Starting from a total Hamiltonian for interacting me-
son and nucleon fields, we come to Hamiltonian and
boost generator in CPR whose interaction parts consist
of new relativistic interactions responsible for physical
(not virtual) processes, particularly, in the system of
bosons (7, 1-, p-, @ — mesons) and fermions (nucleons
and antinucleons). The corresponding quasipotentials
(these essentially nonlocal objects) for binary processes
NN — NN, NN — NN, etc. and are Hermitian and
energy independent. It makes them attractive for various
applications in nuclear physics. They embody the off-
shell and recoil effects (the latter in all orders of the 1/c?
— expansion) without addressing to any off-shell extrap-
olations of the S — matrix for the NN scattering.

Triton wave function is solved by the Faddeev 3-
body theory with Kharkov potential. The magnitude of
the binding energy of the triton (7.77 MeV) is smaller
than data (8.48 MeV). This is the same situation of the
case which one have calculated using the nonrelativistic
potential, e.g., CDBonn. Therefore we may need the so-
called 3-body force.

As a whole, persistent clouds of virtual particles are
no longer explicitly contained in CPR, and their influ-
ence is included in properties of clothed particles (these
quasiparticles of UCT method). In addition, we would
like to stress that problem of the mass and vertex
renormalizations is intimately interwoven with con-
structing the interactions between clothed nucleons.
Renormalized quantities are calculated step by step in
course of clothing procedure unlike some approaches,
where they are introduced by "hands".
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IMPUMEHEHHWSA XAPBKOBCKOI'O HOTEHHHUAJIA
B TEOPUH SAJIEPHBIX CHUJI U AIEPHBIX PEAKIIAM

A. Apcrananues, H. Kamada, A. Ille6exo, M. Cmenanosa, H. Witala, C. fIxoenes

XapbKOBCKUH MOTEHIIMAJ, HEJABHO MPEUIOKEHHAS TEOPETHKO-TIOIeBast MOIETh HYKJIOH-HyKJIoHHOTO (NN) B3a-
UMOJICHCTBUS, OBUT MTOCTPOCH B paMKax TaK HAa3bIBAEMOH MTHOBCHHOW (POPMBI PEISTHBHCTCKOW TUHAMUKH, UMES
raMWIbTOHUAH B3aUMOJIEHCTBYIOIINX ME30HHBIX U HYKJIIOHHOTO IOJIEH U UCIOJIb3YSl METOJl YHUTAPHBIX OJIEBAIOILIUX
npeoOpa3oBaHuil. OTH MPe0OPa30BaHKS CBI3BIBAIOT MPEICTABICHUE “TOJIBIX” YAaCTHI[ C MPEICTABICHHEM “ONETHIX”
YaCTHII, T.C. YaCTHIl C HaOIr01aeMbiMu ((prusndecknumMu) cBoiictBamu. B omiimune ot MHOTHX NN -IOTCHIIMAIOB, KaXK-
JIbI U3 KOTOPBIX SIBJSIETCS SAPOM COOTBETCTBYIOIIETO HEPEISTUBUCTCKOTO ypaBHeHus JIunmanHa-IlIBunrepa, 3TOT
MOTEHIIMA, 3aBUCSIINA B UMITYJIbCHOM IPOCTPAHCTBE OT (peHHMAaH-TI0JJOOHBIX MPOMAraTOPOB M KOBAPHAHTHBIX 00-
pe3aromux (akTopoB B ME30H-HYKJIOHHBIX BEPIIUHAX, SIBIISCTCS SIIPOM PESITUBUCTCKUX UHTEIPAILHBIX YPaBHCHUH
111 NN-CBsI3aHHBIX COCTOSIHUI M COCTOSIHMM paccestHus. Ml okakeM Hallu BblYMciIeHUs ¢ bBoHHCKUM 1 X apbKOB-
CKUM MOTEHIMATaMH JUTA TaKUX BEJIMYWH, KaK (pa30BbIC CIBUTH B HEUTPOH-IPOTOHHOM PAaCCESHUH JI0 TIOPOTa POK-
JIEHUs] TMOHOB, YHEPI U CBSI3U AEUTPOHA M TPUTOHA, UMITYJICHBIX paclpeAc/ieHU HYKJIIOHOB B 3THX SIAPaxX U HEKO-
TOpBIX HabmomaemMbIx B yrpyrom Nd-paccessann. Oco00e BHUMaHHE yIENSETCS ONPEIeIICHIIO M3 COBPEMEHHOTO N-
p-¢a3oBoro aHanH3a ONTUMATBHBIX 3HAYCHUH IS MTOTOHOYHEIX ITApaMETPOB.

3ACTOCYBAHHA XAPKIBCBKOI'O HOTEHIIAJIY
B TEOPII ATEPHUX CHJI I AAEPHUX PEAKIIIA

A. Apcnhananies, H. Kamada, O. Illedexo, M. Cmenanosa, H. Witala, C. Axoenes

XapkiBChKHIA IOTEHIIIA, Y HEAABHIN Yac 3ampOroHOBaHA TEOPETUKO-TIOIb0BA MOIENb HYKIOH-HYKIOHHOT (NN)
B3a€EMO/Iii, OyB MOOY/ZOBaHUI B paMKax TakK 3BaHOi MUTTEBOI (pOPMH peNIITHBICTCHKOT AMHAMIKH, MalOYH TaMijIbTo-
HiaH B3aEMOJIIFOYMX ME30HHHUX 1 HYKJIOHHOTO TOJIIB 1 BUKOPUCTOBYIOYH METO]I YHITAPHUX OJSTAI0UHX IEPETBOPEHb.
L1i nepeTBOpeHHS MOB'A3yIOTh 300payKEHHS “TOJMX YaCTUHOK 3 300pa)KEHHSIM “OITHEHHMX’ YaCTUHOK, TOOTO yac-
THHOK 3 CIIOCTEepPEeKyBaHUMU ((i3MIHMMH) BiIacTUBOCTAMH. Ha BimmiHy Bim Oarateox NN-TIOTEHIiamiB, KOXKEH 3
SKUX € SAPOM BIAMOBIIHOTO HEpENSATHBICTCHKOTO piBHAHHSA JlimMana-IlIBiHrepa, mei MOTEHIIAN, MO 3alEKUTh Y
IMIIyJIbCHOMY TPOCTOpi Bin (heHHMaH-TIOAIOHUX MpomaraTopiB i KOBapiaHTHHX OOpi3yIOUHMX (akTOpiB y MeE30H-
HYKJIOHHUX BEPIIMHAX, € SAPOM PENISTHBICTCHKUX IHTETrpanbHUX PiBHSIHB Ui NN-TIOB'SI3aHUX CTaHIB 1 CTaHIB po3-
citoBaHHs. MU nokaxeMo Hali o04nciieHHs1 3 BOHHCBKMM Ta XapKiBChbKUM IOTEHIIaaMH JJIsl TAKUX BEJUUYMH, K
(hazoBi 3pymIeHHS B HEUTPOH-TIPOTOHHOMY PO3CIIOBaHHI JI0 TIOPOTa HAPOKEHHS MOHIB, CHEPTii 3B'I3KYy JCUTpOHA i
TPUTOHA, IMIYJIBCHUX PO3MOAUIIB HYKJIOHIB y HHX SApax 1 JESKUX CIIOCTEPeKyBaHMX y HpyxkHomy Nd-
poscitoBanHi. OcobnrBa yBara MpuAIISIETbCS BU3HAYCHHIO 3 CY4acHOro n-p-(ha3oBOro aHajizy ONTHMAJIbHHX 3Ha-
YEHb JIJIS MiITOHOYHUX MapaMeTpiB.
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