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BypAaHoB .SLB. HAP· 
Pacm;eIIJieHHe Mace nceBAOCKaJrn:pHhIX H BeKTOpHhIX Me30HOB, 
nopO)KAaeMoe OAHOPOAHhIM BaKyyMHhIM I'JIIOOHHhIM IlOJieM 

E2-94-88 

Macchi IlCCBAOCKamipHbIX H BeKTOpHhIX Me30HOB BhllIHCJieHhI B paMKaX o6o6-
m;eHHOH MOAeJIH HaM6y-11oHa-Jla3HHHO C OAff0pDAHhIM BaKYYMffhIM I'JIIOOHHhIM 
IlOJieM. HaJIHl!He BaKyyMHOI'O nom1 npHBOAHT K aHaJIHTH'!ecKOMY KOHcpaii:HMeHTy 

KBapKOB. Becu;BeTHhle MOAhI onpeAeJISIIOTC51 KOHcpaii:HMHpOBaHHhlMH I'JIIOOHaMH 
H OilHChIBaIOTCSI HeJIOKaJihHhIMH KBapKOBhIMH TOKaMH C COOTBeTCTBYIOIIIHMH 
paAHaJihHhIMH H op6HTaJibHblMH KBaHTOBhIMH l!HCJiaMH. B paMKax paccMaTpH
BaeMoii: MOAeJIH ecTeCTBeHHO B03HHKaeT B3aHMOAeii:CTBHe CilHHa KBapKa C Ba
KYYMHhIM I'JIIOOHHblM IlOJieM. IloKa3aHO, '!TO 3TO B3aHMOAeii:CTBHe BeAeT K 
pacm;enJieHHIO Mace ncel!AOCKaJISipHhIX H BeKTOpHbIX Me30HOB C OAHHaKOBOY. 

. KBapKoBoii: CTPYKTypoii: (p-:n:, K-K" H T.n.). B OTJIH'!He OT CTaHAapTHOii: MO

AeJIH HaM6y - 11oHa-Jla3HHHO 3TO Il03BOJISieT HCilOJib30BaTb o6m;yro AJISI o60HX 
HOHeTOB KOHCTaHTY 'leTbipexcpepMHOHHOI'O B3aHMOAeHCTBHSI. 

Pa6orn BhIIlOJIHeHa B Jla6oparopHH TeopeTHl!ecKoii: cpH3HKH HM. H.H.Boro
JI1060Ba O11.SJ:11. 

Ilpenp1111T Q6,,e,11111e1111oro 11HCTl1TYTa ll)'lepHblX l1CCJ1e)'IOBa1111ii: ,n:y611a, 1994 
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Mass Splitting of the Pseudoscalar and Vector Mesons 
Induced by the Homogeneous Vacuum Gluon Field 
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Masses of the pseudoscalar and vector mesons <\Fe calculated within the 
generalized Nambu - Jona-Lasinio model taking into account homogeneous va
cuum gluon field. This vacuum provides an analytical quark confinement. Colorless 

modes are determined by the confined gluons and are described by the nonlocal 
quark currents with appropriate radial and angular quantum numbers. An 
interaction of the quark spin with the vacuum gluon field arises naturally within 

· • the model under consideration. It is shown that this spin-field interaction leads 
to mass splitting between vector and pseudoscalar mesons with identical quark 

structure (p-:n:, K-K" and so on). In contrast to the standard NJL-model, this 

allows to use the four-fermion coupling constant being common for both nonets. 
The investigation has been performed at the Bogoliubov Laboratory of 

Theoretical Physics, JINR. 
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Vacuumself:dual gluon fielddike iristariton solutions [1)-[4)';stochastic field;:[5} ~r th~ 
.fields with a constant strength [6, 7; 8} are w'idely used to'explain•vkiousfoatures of the· 
low~e~~rgy hadron physics., _In'parHcular, fl.· Leutwyfor h~s shown t~at (a.nti)self~dual ho~ 
mogeneous:gluon field provides an analytical quark_ confinement (6). In contrast to pure 

. chroinomagnetic or :.chroi:rioelectric configurations,: self-· or antiself-dual fields· are .stable 
' in.a sense that the effective potential for:these fields is a real function'. ,Unfortuiui.tely, 

numerous attempts to estimate the field strength, minimizing the effective·potential, have 
not given definitkresult; Ageneral reason,for'.ihisis quite dear: phaiie t~ansitionidn 

/ quantum field systems accompanied by appearance of nonze~o vacuum fields -~ccu'r out of 
" perturbation.region and their successful investig~tion is damped by a Jack of nbnpertur-: .. 
· bative methods;_ At pr~sent time,' a task to prove ~n existance of the Vacuum field and' t</ 

estimate its stre;gth, 'starting with the first principles, seems to .be quite complicated:· ... 1 · 

... ·. We shall follow another, in some sense phenomenological, poiht of view.' Namely, we : ' 
. suppose; that 'self-. 01/ antiself~dual ho~ogeneous giuon· field. realizes . the QCD ·. vacuum 

, at low energies,,and find.out the points inhadron. physics where' this vacuu~'field can;·• 
pl~y ari important role .. Our consideration is based on·the boso~ization proc~du.~e;of the 
standard NJL-model[9; IO). 'At the ;ame time,'takii:i.g°into account the'background field 
both in''the quark and gluon propagators' requires essential modification of tlii~ procedure .. 

Starting with the Euclidean geneiatirig functional of QCD ~ith the background gluon 
· field [2; 11) weconstruct thecolorsinglet bilocal quar~ cu\:rents: Confined gluon fields 

... · .• en'sure a natural expansion of th~ bilo~al quark ·currents over the nonloc~l ~hes. Vii th. ap: 
•·. · propriate r·.;dial and orbital quantum xi.umbers; An idei of sudi' expansion w~ 'dis~ussed . 
. in generaJJorrn in (12]'. Realizatioh ofthis idea}mplies an existance of a set of ortho~~r~' ' 
malized functions. Particular form of these functions reflects specific physical peculiarities 

. ofthe system:-We showthat tne.homogeneous•(anti)seU~dual vacuum'fiel{deterinines . 
quite definite set ..:. generalized Laguer~e .polyneimials·:- As a result of the expansion, an, . 

. interaction of quarks is realized by the current-current terms in the effective Lagrangian,· 
the currents are nonlocal and carry radial and orbital quantum numbers. In contrast to 

; norirenormalizablelo~a1NJL 11!-odel, our ienef~lization l~~ds to tb.e eff~ctive rbur-f~rmion 
. theory, that is superrenor~alizable due to a ~onlocality, of the currents. ·, •. . · . : 

By means of the standard· N Jt bosonization ·.we•· get.-a representation of generating 
, functional in terms of the locafmesbn field~, inter.icting with the nonlocal quark currents. · 

·._ These meson fields have a complet'e set of quantum number; includiri:g radi~l'n and orbital 
. lone~. Effective meson theory is ultra~iolet finite due ·to nonlocalnieson interactions'.. It 

. . . should • be . noted'' th~t. w~ are based on·. the 'repr~sentatiein .. for' geneiati:iig fmictional :Of 
. QCD, that impli~s an averiging over som~ par~eters of backgrdund field (fo~ detaile~ ' , , • , • • . I 
see (2, 111). In.the case of the homogeneous field we have to average over self-'and antiself- .\ 

·· dual configurations.· and over directions of. the field.· Due· to this averaging' a.ll · amplituciek 
at hadro~ level ~re inv~riant under space ~otations and parity tran~forniation. . . 

• ... ·. Par~rrietrization of :the generalized. model. is .• quite naturaL ··•. The quark Dl<!:5Ses,, the 
four~ferniion coupling costant and the background field strength are the free parameters . 

.-' In presence of the background field under consideration the quark propagator and the 
~esori-quarkvei:tices are nonlocal. This nonlocality·has an interesting cotisequence.,.. 

- . ' ~·~ - ' ) . -. ' ; . ," . . -
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the sj>ect~a of radi~l aM orbital meson excitations a~ equidist~nt (13]. :1n other words, 
, the homogeneous self:dual vacuu~ field provides;Regge spe~tra of.the m~on excitations. 

'In this paper we pay attention to. anoth~ point where the vacuum glu~n: field seems 
to be quite important:. From the quantum mecbaniral point ~f view, difference between·· 
the masses of the psc~closca.1.ar and vector mesons with identical quark content relates to 
the contact spin-spin int~r'acti~~ of quarks;,· In relativisiic field theory &i · interact.ion of 

~. - .. ' • ' , 'i • ' . ' • . . ' ' ' 

this kind should be realized via vector gauge field; . . . . . , . . . , , . .. .. 
··An interaction of the quark spin. with the vacuum gluon fi~ld arises naturally .;.,,ithin the · 

gen.eralized NJL-model-. It is taken into account in the quark propagator through the term . · 
'_7µBµ~7,,, whe:re7~ are the Dirac'm~trices and Bµ,)

1
is the b'ackground field strength te'nsor'.' . 

It is shown that this spin-field interaction leads to ~s splitting between the vector ~d 
.. 'pseudoscalar mesons with identi'cal qua~k structure (Jr~, •K~K~ ~d so on). Accountin.f 

of. ihis dynamical reason for the mass splitting reduces number of free parameters of the 
. . m~del in comparis~n with. the local NJJ:.-:model, where successful d~cription of the meson 
. m~sei requires. four~fermion/~upling ~on.stan.ts to, be different for the pseudoscalar and.' 
vecto! ~onets_ · (14]. :, ' .· ·_ .. • ;,' : . ··• ',; . ',: ·• , ••, ·•• . · ·. ·. ··. '. · ; ·,· .. · . 

' :The paper is organized as follows. In Sect. 2,3 we introduce all ddinitioris and discuss ·. 
the quark a~d gluon dy~amics in the background, field. 1 The. collective modes are con

, sidered in Sect. 4.' The masses of the pseudoscalar and-vector m~~ns are'calculated in 
·sect.s;-- ' ,, . ' ' ••,;'. ':,, /,' 

2:·;- Eticlid~~ gen~ta'.tirig,functio11kif•··.· 
. ; ,·· ~- .> ·, ', : . _,1,.\--\:'. / \-', > ;~·,;_ ', <' ;·, ~n-·:· -.:~;~ :.' ,..: ,_<, '::-: > .. -.<, ·.> ): '.·,·>;'.; ·~ .·_, " 

• I After in~egrat_i?n ?:VC~, the _quantum gl~o~ !i~ds'A: th~' gener~i~g £, 
i '\vit~

1
thebackground:gl11on,~!¥d B; in the Euc~d~an metrics ca.ri be 

· form 12, 11]: · \' · ·· . · · · · 
'.. ·\ ·'. "., '" ' . ' ·t .': ,11 .'· ·\.'( 

z.'.=1vf 4;~DqDq:eip{j~4~.1jf'q,(~)(i;µ~µ .. 
' .·.·;·. ,, : ... i,-::, .,\ si'. •• ·•; 

,', , nj 1· . ( . , ; '.. . , .:1 
9 ' 4 4 "a.1 :.rz,., a1 • .-an ' ' fn = n! d Yi:•· d Yn]µf (yi) · •·· · 1,:-/Yn)Gl'l••·":-,(~~•·•••Y~ I B),, 

. i;(y) ~ q,(;,;)"tµt~q,(i).' ' ' . ' ·.: ' : . ' 
'-, \ , • . t I r '\ \t 

I
t • I' '11 

,, Th_e repr~entation (2.1) implies that the vacuum'field B; is characterized by a set of 
'parameters;{u~}.and the,v~um,staie is clegerierat~ resp~cting:_t~ charige of these.· 
parameters: Integration. over du_, means that all amplitudes have_ t~ _be averaged over 

, , {u..;..,}: Th~ fun~tion c;t-;_"'is the ex~t (up to'.the qu~k loopsrn~po'int gluon·G~~ 
' . . . . ' ' ', ' ., ' -- ., . \ ' . ' : , .~ . . , ' ' . . . ,,· ,. , ·, 
function m the external field B;. Here and below we use the notation: 

,, • ·.· .::.,, •'•.·•·., 0 1-•,i,)' ~-v',.,•::v•,•'<J~ 
. . Vµ~oµ-igBµ, Bµ:=Bµt, V,.:::8µ-:.igB,. ,,Bµ=BµC ·,, .· ........ , .. . 

',i > .. :' '~.' ,, • ,,,' •,:: .,,, • .. / .. , ,.•-.,•::' C ,', \,':•• ;• ::( :: :;~'.,_\'·::,,;,,:·.' ::.' ,• .; :: (, •,:•.'\'.':,' 

. where th·e matrices t"'and·C" are the generators of the ~lor group.SUc(3), in the furid3:-, :. 
mental arid adjoint'represeiitations. ··.. · 1 :. ' . 

C ', .••, •I'<·:,.;•,., ,·' ': ., ' \', ... :..,: ,· ·;.: ',~ 

/ 

\ 

I ; 

' ' ,,,.,,,~ I 

. ': We ~ill b~ i'nter~st:d,in (~q)-co!I~ct~ve modes:'.'-nd consider the forlil:ot Eq'.(2.1) trun-. 
cated up to the terrri L2.' ' · . ' / , . -

.. • ' _: -: ·· ' ' -· i · ., . •. t .N / . · · . ~-. •. ·, 

f~~1~~;~~qD~,e~p{Jd 4it:q1(~)(i:7µ:rµ.-mP~;(x)_f L;}, . :(2,2) 
' ; ; . . . ·•. : .. , . . '.' . . . . .. :. . " ' 

L2 ;;,. 9: Jdt;Jd4yj;(x)a:Ui, y I :J3)j!i) . : . , 
. Repres~ntaiio~~ ch) a;;:I'ii:~r-ar; :Uan:if~tl; i~v~~ia~r:~de~. ;hfhackgfound ,gaug~ 
, , transfor~ations.(15):"'.: - . - . . . . ' . . . .. . ,, 

j I ~ • ' , • 

q. (x) -:. e-:-fw<x>q·: (x)' . A :....+ i-iw{x> X e;~(x> 
f.. ;, .,· I f .. ;I /,< · ' µ • ,/' 

··B·~ :; ~iw(x\B· •·• i~{x) ·+·!./.:;,;,(,\a<. iwi;i , .. . ,. -:-:+ e . . . µe e, . . .. µe . • . '· ·'. . . •, . -. g .. . . ' .' ' 

Th~ standard :r.UL~moder correspond~ to the-generating functional (2.2) ~ith. . '. ·'. ' :, '.;,. ,::~_ : : ::\ ,·.,,: . :·-\_' •',• -'.,./-.'· ',. .. ·> -~·· 
·,· ' •' Ba= ff and a~b(x y) == o~bo ~o(x'~ yp ,-. . . . .. 

' " ,~-..-~.':,:,'-:<.~•~:,•';;,/:'.: ,>, .·',_:.;,:\d µ,v·.,,· ~ .:;· •>':•.•,,'\ .• '",.~,c :- •;·\:,:·_,•_ .. ,'..;,· •:,.'._ ;.1 .. ; ,::··, 
We.will approximate the two-point' Green function in Eq. (2'.2) by the gluon propagator iri 

. ·;.th~ external field:· In ~ther words/g~n~raliz~tio;· of the N JL~model c'onsists in \aking into. 
'account an influ'ence of.the backgro~nd,field both on the ilucin_ ~nd-qu~rkpropagators> 

-•., ~.,, S ,i r •• ( <' , : C :'1 • ' • •' •' ; ' ,:- ,+, < • t •, .. C ,, 0 • • •' ~ \; ( ' <' • ' 

"i·Q~;rks·~ri~ gl~o~~ in the h~ii-ldg,eneo.its',b~~kgii>und 
·,·.-:fi~}d(•:.--- ,· . .::·,, .. _,,:"_•····,J·· :':,'-:_:.}"·:,,,.,.·., '·•.·.·•,· .• :-._, 

' ~-I',./:·:·, .. , ,,_·::.:· \,_',~ .. 1\• . .:;:, .. :_~:.;:/··,';"· ··;·\~"'.:":,'· ;\~~·.>.,;,- < ,·' , ,, ;,.--<,,;-,,., ·, :,;:, .. ·~· ~~:\,.-·._·-;_:-::,;·t';;~.::'': 

The homogeneous (anti)self~dual gluon.field has the.following form (e.g., see (6;7; 16, 17]) 
·. , . ..- . ',· ·~- ·_·.· a.·: ·•-,._,. ~ .,· .... ·_ .:2:•'.-- .. ~ ·t·: . , '. 

, ,?,.(x) = l/µvXv,;=;','fl: Bl:'v.3:.!'.; · :n.:=:=} , . 
- ., •. '• , .. ,· . . ·,- , ' ·\," .,. :. :. . '.,:· _· , lj •... ;, _· . , - -.., . . ·' ,. \ , ' 

... where the, vec_toi n defi~es)i, direc!ion in, the color spa_~!!. The_ ~ons~antt~ns<>r Bµ,:, satisfies 
'., ,.the following conditions: , · · · ·. , · ·, · · '-...:.·.. · -

<.! 1 ~: • ,' : . • .; . ' 

. .. ·. . •. '.. . _':. . . . ,·: . 2': :· .. - ... i· 1··.,.-:.: :: 'i ' '; • ... ·· . 
Bµv =-:,:Ev,.,· B;PBP~,=: ,'Bo;,v', Bµ.v = tµvaf)Bd{J 1 ±Bµ,; . 

The gauge inv~riant. quantity _B is a'. tensi~n. cif .the ba~kgr~und fi~ld, 
Any.matrix n ~ nata E SUc(3) can ·be reduced to the ge~~ral f~r~' 

'' • ' \: _; • '' • - ~, ,, .~ • :, •. :: ". '/. ,, _:, j ', ..,: ,::. ' ','. , 

• 1 . ··-: n=t3 cos~,+t8,,sinf,~0~f<21r 

by -~p;rnpr~at~ globitl ~aug~; t;ansf~r~a~ion; As ~o~n -~ the ch}omo~agiiet·i~ ii a;d ch rO: 
moelectiic E fields relates•to each othedike H '=1 ±it f~~ the_ (ant~)self-dU:alconfig~ration, ; 
one hasonly two spheri~ai angles (B,cp) defining.a directi~n of the'fields in th_e x-space'. 
N~w we1 can write down the:explicit form of the measure 'du~ac: '., ' :·.: . ' . . . . 

, · , , ·, • c, • , , /, 

·:,, .:, ' :·:··r .; , . ?!'~:.:,,:,· .. ,> -i1r ;•11'"\,,, .• 

.:fi~O'va: ~•-.(· / )~jd#si~()JJCf./di'l}~" 
' .• f_ \ ', \·~;:·:.~

0 
·o'···, ;,- -i·· ·.o ,". \o_.;-·'.-•.- ±< 

•-3_ 

·, 
. f ., \; 

.,;< r· 
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where the sign E:t: den?tes averaging over the self- and antiself-dual configurations, which 
.. are assumed to be equiprobable. _ ; . ' -- · · , . . , , ·: ' . 
. The averaging ove'.r e can be included into the formalizm, described hdow. ·. However, I 

in or<kr to simplify further calculations and clarify a contribution of the background field ] , 
under consideration into.forming the bound quark systems we will omit the integral ov~r:, . l 

, { in -Eq_.(3.3) and fix particular vector n• = iaa, so that: . .. 1 

'. . ,_ ' ,· ·:, 

'n. = tat~ diag(~. ~.-~) , : iJ~,Bpv =~(t8)_2 IJ21i;,, =· ;_;,,,A~lipv , . 
I ,_.I; ' ,.',·. ~ • . I r ': .:• ., ' ,_/ J 1:• "" ,,:, ., .• •, , ,, •: ' ,' 'I' 

where we use.notation: 
2 '· ' ,_·I.•• 112 

.. . . , . A =:=.JiB, v=diag(3,3,3) ,· 
, • • • , ' • . • . • . j < • , ' • ~· '' • - I 

that is convenient for further calculations. . 
bi the adjoint representation one has -. 

. . r,; ·: . 
· .. - "c•~· v3K·. ·.·,B- ·•B-, 3K2B2c-, , 
,.n ~ ~ T. , ;,-,P' pv= --4 . '~P".' .·· 

•·• K~= ~K4~ = K7~ ~ _cK67 ~•i, J(l ~ diag(0,0,0,1, 1; 1~1,0)~ 
,-, \ '',. '' •' ·' · .. ' ·'("·'. ; >\:·:: :'. ', '/,:i ,, ', i'.,_\,i ',_.· ,i .. · .· _: ,, . ' . . " 

I ' The rest of elements of _the matrix K are equal to zero; .. . ' . ' 
' ···The ~k',and_gluon propagl!,tors satisfy _the equations ( gB; = B;): .. 

, ,, ' \ ' •• -''' ... • ,-, ' ',,'. ' \• < ,, ',; ·,. • • ' ' \1 ', " ' 
(i7,.V,. _; m1)S1(i,y I B) = "'7'6(x-_y)•, 

. · .. · (V2i,...'+ 4iB,i:)G~,.(x;;, 1 B) ::d ;liµpli(x ;~ y} . ' 
. •,.!.•., : •.•• •i:·, •••,, . ·~•,:::·~•,', .. ,> ' ' ,l,'!_,.,:'•-1, :.,-,:••\ .. ,' .,.',',1 •• ... ·•_,::··:,,', ,,,: '.:,·• ,- ••.•.: .. \'.: _\ 

The equations {3.4) and (3.5) can be solved using the Schwinger proper time technique 
{C.:g.; see (II]). The quark propagator' takes.th~ following form: : . ,,:, '; \ i / : 

s ( I B) ' iV ,.1~+ m I 5( :::,)'' -'-(;i~) H ( / I B) :i(r.By} (3 sf 
J x,y . = V:.:·~t:cr:~!P"'.,:x~;i:::~~ ·• J x\~": /' '." /, -, . 

Ji,_ (pl B_-) = ..!...-/&_, ~~~;' (l~s), •7 _-[a,+ !;,.1;-,is,_!_(1/p)] 
, . . , ,vA .. , · , 1 +s . . A . , . . A ... , . 

' . ,._':[·,,~ .. 1+ 2;. ·:, :,•_··-·1 '\" . ' 
<x P±+:P=r=~~ihh>ls 2 

, .. , ._: .·.·_ .. ·. ,·/'. . -~' :• >, ,_1: _-_s , 
where the following notation are introduce<l (see also Eq.(3~1)): , 

', ,'. : ·•.:,. ·,' ! ' •. '·,. ' . ,_' ' .. \ ; ,. ' ' 

, 1 : ·'. -, -· .. in}·· · -•'· -· · -.,.·, ·,.,. 
! · .· ·P:1/:= 2(1 ±1s), ~/ ~-."};; 1 (xBy) = x,.BP"y~ ,,, 

\ ..... ', . ··.·.· • ta. :. ,. . .. 

(pf-y)::: Pµf pJ,'Yv , . f,.,,_:= _vA2!P" , ... ' 

The uppfi'(lower) sign in the matrix P corr~onds to the s~lf~du 
1 Let u~ introdu~ the variableµ'= p .. 7.,, The function ii 1(µ I B) 

function in the'compi~x ll-i>Iane.' It mean~ that' there is no pole . 

i 
j 

l . ,!\ 

' \ 

mass. In other, word~,'. the so~called analytical qu~rk confinement is- manifested: The 
parameter A ( tension B) determines 'a cha~acteristic region ofth~ v~iation ~f ihe function 
HAplB) ; i-~-, it defin~s the scale of'confinem~nt. . ' , ·. _.•• '.. , ' _ • · 

/. 1 The termer ,.".B~~ in the quark propag~~oi. (3-6) can be inte~pret~d as interaction of . 
'quarl~ spin wiih the vacuum field. The second line in Eq.(3.7) relates just io the terni . ' 

. . -... ' , . . ', , ,· . , I... ',. , . .. , . . , ' .. , . ' 

· u~.,B,.,; in Eq. (3-6): We shall dis.cuss an influence ofthis spiri~field interaction on meson; ·· 
, -masses in Sect. 5.. 1 . . . , • ., . · . , .. , . . . 

' • Gluon propagator can be represented in the form (s~e Eq:(3.5)) :· .. ' . -- ,- . . . ' , . .. . ·, , \ ·: --: .. ~ ~ ;: ' ._._ ' . 

. . , Gµ.,(x, y .I B) = e½(r.Dv) D;,Ax :_· y l·B)e½(r.D~) , · _··. · (3.7) 

I n:t(z (B) = 6,..,[K2]•bD(~ l A2)+~~(z), . . ' . . .· . 
. R:~(z I B) = c5µ.,[(l·~J{ 2)D(z IO)+ K 2Do(z I A2)W& + 2if~~K~bDi(iJA2

).; 
• ', ,;'.' ' ',, ' ,'· ' ' I~. ,'t,· '.:,.,,.·J,- . 

. D(zlA2) = ~2,r~~z2 exp 1 ~ A:z2} \· . . . . . . . , . . / .. A3-8) 

\ 'Th~ Fouri~r transf~rm,ofthe furict~~ -~(zl A2) isan entir~ analyti~al function in the 
· morri~ntu~ space. U describ~s a propagation of confined mo·d~s ~f the gluon fields. We.· 

s~ppose that these c<?nfined modes pJay crucial role in generatioi of h~dron bound states_ 
· Other terms R•b ( z) do not take any significant part in forming the bound states and ¥(ill 

-• /' I ' - ~v •' ) 1; ; • 0 • ( , ', ' •,• , ;_ • ',- ', •' •,'.• • -, • ••-

be omitted below. , , , .'. , •·· ' • _· ; : · ·, · , _·: ·; , , .. 
I ', . 

• 4 ,·· ;C~lcirless collective modes':· 
. . .. . - . I . • . . (c. 

'Ac~~~ding to Eq.(3:8) the' term i~ in Eq.(2.2), iooks: .. 

. . '~/-:;;fja:,d({;J(~i1,r [,il•••f •,1(x)J;;J\,-' ~ I BJ 
1· . . . . . ';.. .; . ,, , ' .•. · .•. b'6 1 .... --

~ {qf (y_)7., [et~~Y:l' tbqf'(y)} :• . 

Using the identity 
./·. ' ' -· 

( 

one can get 

t•: [~_;:i/J]. •a' = ·[;-iwt•' eiw] · · 
k3 ·• · . ; , kj '· 

I 

( ~ · ·c· · · •t• ) · ._v;=w _ w=w • , 

L2·~·9;1 I~;id4yJ;(x,y~D:Ux :- y (.B)J!(y,x)', · · 

J;(x,i= _ Q,(x,y)7ptaQ,(x,y),, · · · 

wher~ Q1(x,y)= ~~½(rhy)q;(;), Q1(x,y) ~ ij;(x)e½<;~;)_ ··, .. - , / 
· Then the Fierz transformation of the color, flavor (~e consider Ni == 3) and, Dirac 

matrices is perform~d. Keeping only the ~calar J•5 ' pseudoscalar. JaP' vector J• V and 
',, • . ,' ... -·- ' , . ,. --, , , f ' ! ", 

~-
~ 

'I 
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(· 

. . . . ·.• .· . 
axial vecfor :,aA colorless currents we obtain: 

. '. L2_~ ~ 't,CJ j /~4x~4~D~x -:/1 A2)J;ix;y)JaJ(~:~) '.. (4.1) 

_ Ja;{;,yj :==refJ(y)M;f'rJ ~i<ii~~>qr(x),, · (4.2) . 

rs 't rp· . . rV rA• . . , = , . = z,s ', · = ,,,. , = ,s,,,.'., 
.. · .. ; 1' · , ·. ·. · l , . , 
Cs~ Cp·::d·-, Cv =CA;,;_ - , 
' 9 .. ' · . , I 18 . 

Ma-flavor 'mixing matrices, being equaUo. the matrices A a or· theirJinear. c~mbinations 
(a= 0, ... ,8). The currents (4.'2)·are the scala~s under color gr6up transform~tions (2.3). 

Und~ tran~formation (i ~ x+½Y, Y.-~ x-:-½Y) representation (4.1) takestheform: 

i2:;: ~: f}c;jfd4~d4yD(Y, LA,2)J:Ax/y)J~)(x,y) ;, . •,. . . ·. 

. ' .·' aJ ' '·: . •.· ·. '; · .. ,i : . ,' ..' • . '/ 
' ' JaJ(x,y) == q(x)MarJe-',yV(~lq(x) ,. · ', 

• •• ' ' ' ,> ,· • 

' ' 
I, 

. {·i 

v'i, (x)=v,,. (x)~ v,,.1 

(x), v; (~) ~a~ (x)~ ii3~(1), 
. . . ' ., . . ' . . . . 8 . ,. . . 

v,; (x)___~a,,. (x) +'ii3,,(x), ~t(x)'.=:= ax,,. . .. 
' ,. ' . ' ,. ' 

Frnr~ a qu~ntu~ niech~i~al vidwpoi~t;' desc~iption' of the radial ~nd mbitai 'excitations 'is .· 
provided by 'an appropriate orthogonal.set of polynomi~ls. 'n' ~eans that a decorJ.positioli 
of the biloc.tl ~urrents has thd form:. · , . 1, , , • • • • • '• • \ . 

J .··( ' ') ;_:: ~( ·2)tf2j' nl .("):rJln'.'(.); aJ ,x, Y • - L.:..,_ Y . , µ, ... µ., Y µ,,;,µ, ~ .,' 

:;"/ . . .: .. nl ; • ..• ·:.' .. ·. :_; ' .. 

,\ 

(4.3) 
j,1 ,_' 

.. .:f· ln. ·' (y') '=- L (y2')T(l) . (. n ') . (n ~ y/ Gy2) · •. 
I "' ••• µ, .. : nl µ, ... µ, . y y . Vy- ' . ·. ,, ,• .': ~- , .. ·/ ' .. , ~ '. ·:··:· : ··'.: \, ,,:··,:. ,:\: :_ ', ·.•,·, ' i ·~. I., ~1 ,'·" ',' 

The irreducible tensors of the four-dimensional rotational group rJL,,, are orthogonal: . 
.': ·,1 . . ··. ' .•· i ·,. ' 1 : ' \ ; ' ; . ·,: . ' .... · .•. ·' 

• l . f 2;rJ~!::,,,(ny)TY:!..v.(ny) = 2'(e+1/k«51'1~{:;.«5,,',vt,,,; (4.4) 
', ' / ·, /' , ' , .- . , ' , '". r /, j\ ,' I , 

(f5) _1 

. \'·.1 ,... ·.',: ' .. , _...... ,'; J {l i >.\, . ·; ':. 

.. and are subjected to the condition's: 
. . .. . . ;c,J : .. , (n ) ~-T(l) :·' (·n•· ). ' . f(t) .· ··(n. ). = O· 

µ, ... µ ... v ••. µ, Y • µ.1 ••• v .•. µ. ... µ, II , µ. ... µ ... µ, Y ' 

, ... , \. >·r' c•ii ·_. (.:. '. ).T· ·c,i, ( :·) , .. 1 ·cc~>(. . .. ) n n,-- .nn, 
µ., ... µ,_, 'V. µ,,. .. µ, II, "".".' 2' l,, Y ,Y_ 

1
• 

, , , - ' : ' ( .. ~ . ·. ·. ' - ~. , . .t. _.' . . ' \ 

The measure dw in Eq. ( 4.4) relates to integration over the spherical angle~ ·of the vector n 11 · 

~nd c?l inEq.(4.5) are the Gegenbau~r (ultraspherical) 'polyn~miak The p~iynomiah 
Lnt( u) obey the. condition: · ·. · · 1 · · · · · · ' · · .· 1 

• ' 
' ' ' , . ' 

(X) ). • '" • ', . ,', ,-

· .. I ~~Pt( U )L~( u)_Ln•t( ~) ~)in~,' '.> 
... 0 ',· • . . . ,• 

,·· 

!, 

i; 
1: 

11):, . 
·1 .' 

ti} 

.I .. , 

;i, 

,l . /. 

./ 
I . • , , .. , . , , ', I, · ,' , . , ,· . . ( , 

The function D(yjA2) (see Eq.(3.8)) leads,to the 'weight function 
,' , I • ' 

1 . J \.. -~ l '. ' 
p,(u) := u e-" , 

· that ~orr:;porids; to. the g~rieralized ~aguefre;: p6lynom_i;.ls .L~( ~ )i • Oth~r te;~s of the · 
gluon propagator do not;provide_any possibility for decomposition like (4.3};'Such a s_itu-. 
at ion suggests that only confined gluons ( contributing to D(yjA 2)) provide the generation 
of houfid states. At the same time, the function D acbumulat~s the nonabelian natu~~ of 

'.'the gl~ons - their self-interaction: This is the point, wh~re QCD differs from q~antum 
. . · .. · · · •. I · · · · I . . ·· · ·. · ·,, · , • . • · · . 

electrodynamics actually. · As a result we have a mechanism of the generation, of bound 
states, that is different from the potential picture. . .. . , ' . . . , , 

The d~composition leads to the representation f~r L 2 [13]: 
. . . ,,-· - .. , 

. . . ·1 ·1· · .. ··[:_ ;· . ]2. 
: ·- · - 2 , ' 4 aJln ,\ 

, · L2 - E 2A2 GJln ,d X ~µ, ... ,,,(x) /, 
- , aJln . .. .· -~ ·. , . . . : .. ·. . . . . , 

·' , 2 · 2 · ·(e:1- l) · .. ;· -~J~n : . . !·. > ''.aJln;, ·., · 
;GJ{n = CJ 9: 2ln!(f+,n)!' ·~;1::.,,,(x) =fx)_Vii,:--µ_,(~)_q(x) '; 

vaJln
1

(x):::VaJtn (~(x))_'';:-_ -,·, . 
,,., ... ,,; , · ... t···~'. ·.·::A . < . \,, :'<": i· . ··. • ... '. •·, 

. =:Ma~/{.{F. ,, '( ~t(x )) r<'> /·(·i ~ (x_ )): •·. }·•}·, 
. . . • nt . , A2 . . ,,, ... ,,., , ... A . . , 

~:,: .,.,_:., -~ ·,. ..,··· - .... · ;;'~-~ ::·-·;,•,,,, ~:'. : _ .. _: 

F~(~) ~ (~)~ }ditt+~e;~{Lt} .·\ ·. (4;9): 

: ,~ '. ' , i ? ) i : i ; ·.4 /. o \ , : ;- : , : . , ~ ', , ; : . . t ' . ' . . . . . . i .. ' , . 

(4.6) 

':(4.8) .·' 

, The doubled brackets in Eq.( 4'.8) mean that the covariant derivatives commute inside this. 
,,._ • • ' ~ •' ' • • , ' • • .-, , e • , -• .... ' 

. brackets. The functions Fnt(s) are entire analytical functions in.the complex s-plane, they·. 
, " • ,: . , -· .,, ·:: • ";; "' . ,. ·,. . ·" . , , : ~--, ·, . · ', ' '. ,,' ·, i, ·_ ·_,:_ ·> • .: , ' · 1 

• • •• ' ,_'·: '. ;. / ;' '1 ,~ , ., 

· obey-confinement condition. , . .. ' ·• • ·, · \, . , , ' ·, · I_;_ •• • .·. · . . . ,.. . · '. -

> i ' The.vertex functions have the:foliowing asymptoti~ beba.~ior for llirge'Eucli4ea~ mo~:: :1 
' ' mentum: · r · 

. )iFJ[p2]TJ~! .. i,,[JJ] :V(p2)!~,1~ '· 
. · Therefor;, there is single. div~rg~nt diagrarri given .in Fig.I.. This 'div~rge~cy cah be 're-' 
·.moved by the.counter~term.of the form:-2J(x)TrVS,:which can be inserted int~th'e_ 

interaction Lagrangian ( 4:6)~ Af~er' thi~ renorfualizatiori we arri~e at the exp~essi~n: . . . 
... . , '/ ' • ':, .' + ,·' • . . ' ' 

; ' .. ' 'z :jdu::,D;n~~p {j f d'xd'yq(x)S~'(,:,111),(y) , i .·· , .. · 

. J IT 

1,1:r \ I 
f ,, .. 

\ , ✓ , ~ Z: 2~);},n/d4
~ [J;[~},'~x)·- Tr~;,~~;;sJ2}-~ (4.H) . 

- ·. ,_ ~-\ -, -~: :·:-- :_.' a~l~ ,·;·, _.,< ·:_,~ .·· . _ : ·, , ·' ,~;:. ·/, _' 
The sign duvac means an averaging over self--and antiself-dual configurniioris and directions 
of the b~ckground ,field. · ' . · ,, . . ' . ·. '· , · 

.-·-:••-'· 
i~.· 

·, oC 
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; .,· Representation (C4.ll),(4.7)-(4.9)) manifests the following properties. The quarks ,, 
are confined -due_ to background field. _ The 'nonlocal quark currents ( 4. 7) are invariant 
undei-transformatioris (2.3), i.e.; they are color singlets. These currents have a suitable' _ 

' \ ' set of quantum 'n~mb~rs incl~ding· the radial ri and orbital !l ones; The effective th~ory I 
L ' ' ' ' - l - l .. •• -~ 

dete~miiied by Eqs.( ( 4.11),( 4.7)-.( 4.9)) is UV-fini,te due, to a ~onlocality of the vertex ( 4.8). 
: , The quark masses rry, four-fermion coupling constant g an&scale A 'arethe parameters 

·or the effective the?ry; defined in Eqs.(( 4.li ),( 4. 7)-{1.9)). ·, , : i i • . , . '' · 
·_ -Starti~g.with the representati~n (4.11} one can introduce the.local meson-like fields 

, by means or' the bcisoniiation-,pr~cedure,like in the standard NJlrmodel [9, 10, 14] ~rid. 
get'the follo;_ying, repre;ehtaticin' for the generatingfuncti~nal in. t~rIIlS of the mes~n fields 
if!~" (,- ~ (Jln), ,µ -;s (µ~;:'.µ,~)): . _: , . , : _ , _.:' . . ' , . : , 

Z
1

= NjIT n~:"·e~p{! j,.f d~;d4yif!:"(x) [(□ ~ M;")o~~ - ~}~ 
, I 2 , . 

,~ ', a,c. 
1 

, ~ 1 • " , 

~h~~rrj"(f '....-,~)jif!:"(y) + in1[it!] }, ./ "(4.12) 

, : , L 1•,:· :· , _.·:-, ·, -
/in~= ~21 txd4Yf~~ha'"' . , 
x~B"(;) [rrBK;a'"'(x ::_ y) ':..., 15a";a'i<'II(x .__, y) lipB:~· (y) 

~i:: ,", 'i\ )~~, ! ·?4'( :i / •:; aL ·-··• µ a,~
1

,: •• ,a~,c~ \ \ >::•. -·•· ·, : 
!~ mfd ~~···Id ~":TJ..ha•"•~~· (xk) rl'l,•;•,l'm \, (xi,·:-'.fm!, (4:13)\ 

'::l_,,m-3 .· .. ;_ .:::, .. _.k-1,, .· .·,. /,i~-,··,., ~··; 

,"' ~ ·Jdu~Tr'{. v:.1~'(xSs(x1:x21 I~) .. :. :v/n"m(xm);(x~,i1 ·1 B)}',:(4.14) 
'./ :" t ,'' 1 -.,,, • •. ,•' '_!'-··' ,•. :,•' ,' (•.,, :;'. ','' 

1

", •/' -~ • •i ,, . '. • I . _.' ·.•, :• .- ' 

., ."·· ' ',•·, ,~- ,-.··•,·.,_•.,' ·-,_ < . :··,._ , ·:. '- . : : <_: :.. . :.'~ '., .-·.,._· f :" ,,, .·,:· \ :-: '.· :_ . : -.\ •,., 

Below' we restrict' ourselves by _the ofre-loop appr~ximatiori.' The integral over, duvac in 
, Eq; ( 4: ui )" has ; been ''tran;i~rred to· the ~xponential, that. is accurate at the 

I 
one-loop levei . 

j \ / ' I . I ,1 • ' • ' ' ,• ' '".'\ ,', ,. l ( •, ,,a'•' • • .. , 'I' . ,· ' . ,. ~ ' - . ' ·, ,• •· ,, ' , : ,' - ' 

· and suitable for our neare_st '.purposes.; · ,- . _ . . . ' . ·, . . . . , , , 1 , •• , _ ' , 

·>.Note that terms linear in fields ip:" ha,yenot appeared iri'the action,(4.13). They are 
subtracted by the counterterrris in Eq.(4.ll)related to thediagrani.in Fig.I. . -· 

j ' ' • ' • ',' ' • ' ',, '/ ·'' ' , - ' ' ' • ; _·,- •• '. / I'"' 

Meson masses, ¥a'.. are :defined by the equatioD;· - , - · · , _ :, · :, · - , 

' A2:+a!fta"( -2Mfj ~ o. ,. (4.15) 

the diagonal part. of the polarizati~n op~rnt~r , .. 
,' ,. , ,,,. ·. ::.,;~!~- .:-:: ... ', \.-':1, ',.: .', .. . , , /,·. , I : \ ·:·· \: \, , 

rr:~t''(x :c. ~);;,_f.de:v~:l { vµa",(~)S(x'. ylB)V,{~' (y)S(y: x r ,13)},. 

· ~u: ~~-- th~' 

1

asi~~t~ii~s ( 4:~o)the
1 

~~l~~izatio~ o;er~tin:'( ~-16) ·i~• UV~knite.· 
The ccmstants , , . , . . , . . . · · -. ./. , . 

·')ia" ~·11Vrr~"(~,M:S 
, "' '. i I ~, · , .. ; .i , , , 

-,., 
·I-

1·, 

J dJ 

:1· 
' ' 

' I\'{ 

l,' 

! 
I 

,( 

,\ 

I 

I 

play, a role of the effective coupling con~tants ofthe me~<>n~quark interaction. · Relation 
(4.17) agrees with'the co~positiness'condition iri quantum field theory [18] .. , ' , . 

Generating functional (4.12) ·satisfies all demands ~f the nonl~cal QFT [19f Partic~
larly, this fun~tional .leads to,the unitary, S-matr_ix; According to .representation (4,12)-. , 
(4.14) meson-meson interaction is described by the vertex functionsT given in Eq.(4:14). 
They are UV-finite ~rid can be computed. ' ' '' ' . ' ' ' ' I . ,' . ' ' ' ' ' ' I ' ' ' / 

F;ee parameters defi;ing the ~ffective m~o~ the~ry (4.12)-(4.14) ha.'ve a. clear physical 
.- .·-, meaning .. They are the quark m'a.sses mf> the confinement scale A (stre~gth of the back

"ground field) and the f~ur~fermion coupling constant g. The last one ~nters only through 
··, bozon m_asses, which. are ~alculated by ~cans of Eq.(4.15). . . 

5 
. . : . _:, . ', ' \ . , ,·, ~ .;, . , '· : .. ' ' ( . . ,'. '. '-.. ' . ·. ' 

-The Masses of Pseudosca1ar.ari.d Vector Mesons , 
I , .. . , , ' ·, , . . . ,. '. : .i-· '. 

l!1 t~is section w~ apply th~ model (4.1'2)-(4.l5)for'.,calculation of the masses of light 
pseudoscalar and-yector.mescins.·.There are many.papers [20]-[23]devoted to'calculation 

-·:._ of the 'light' meson' spectra ,within the standard (local)' N JL-model. , Their successful d~ - . 
'' 'scription of the mll.Ss. splitti~g between, the pseud~scalar a,nd vector meso~s is ,achieved' ', 
, by using independent fotir-fermion. coupling constants g,p -/=- gv for' the pseudoscala:i _aiid 
vector mesons [14]. From our p~int ofview; it ~ould beniore reasonable to consider the 
coupling constant. to be cou'imon for both n~iiets !JP ~ gv =- g. · The parameter g ~elates ' 

' '. to the foui:-fer~ion interadi~n L2 in-Eq.(2.2) and there a.re no int~iisic reason_ for differ~ ' 
ence between.gp<and g'v,· One 'has to appeal fo 1some dynamical mechanism in.order to 
eiplain mass splitting betwe~n the pseudoscalar:,\md vect;;r ~esons wi,th ideiitical quark 
'structure. 1 In the ~~nielativi~tic quantun'i. ~echanics ',this. dynamics. ar1ses from the spi~-

(spin interaction of quarks. In other. words, one has to take into account the quark spin ' 
'. degrees of freedo~. Tlie point wher~ SIJ~Il ofqll.arks enters into the model (4.12F{4;15) is 

1 

.the quark prop~gator:(3.6):: As'it has.been alrea'd.y mentioned; theterin.:u~.,B"" can be' 
'' interpreted as an .interaction of the quark spin with 'the vacuum field.\ Now,we have to ' 
. in;estigate h~w. thii spin:neld int'eraction,contribute .to' the mass splitting: 1 ' ; ' 

Determination of the i>atameters. We determine .the values. of parameters using 
'. I • '··i' ' ·' ' ' \ ' '.. .. : ' ·'.· . ' . ' •,· _l I ' ' . -' 

the observable masses of ,r, p, Kand K~ riiesoris (we suppose tI;a~ mu= md).arid then 
_·calculate the masses:of qS, 77 and 77', -We;have to,'solve Eqs;(4.15) rewritten in inore. · 
co:ri.veni~nt notation:' . ' ' '. '' ' . - . ' '. . ' ' . . . ' . ' ' 

I , 
'1 +'d 2ft _: ('["qi, Ma;)·i 0 ' '(,J = P, V), ,, 

. ' ' 'l J9,, ,,aJI A'~ = ·. '" -q'=u,i'." ·_, ' '' ,,, ' ' 

- wh~~e Maj is :i m~s of rii~on"a~d ind~x ;~. c6r~e~~oricis' to'th~ pseudo~c~~ '(1r, ~;~1,K)' 
'and v~6tor (p,'qS;K*) parti~les .. The polarization 6perator Ila} is giv~n by Eq'.(4.16)' with 

: , (5.1), 

, .the quark propagator (3.6) i~cluding the· spin:field interaction'.term'.. ·. ,The details of cal-
, culation of ft~/ can be found iri Appendix. Eq~ations (5.1) describe dependence.~r' the, 

. mas~es MaJ on the parametres of the mode(the quark masses m;,,,'m:., the' strength of 
the backgroiinifieldAarid. ,the fciur~fermion coupling const~rit g. ' . ' ·, : < ., • ', 

'We, put the ~asses of pseudoscalar 71' and' K mesons equ!i.l to their 'expecimentai values 
., '140 \MeV and 496 ,MeV, and find the region in the parameter space cor;esp~ndin'g' to' 

' ' ·, ' _.•' ' ' '. ,, . ' \ ·, ·. ' .. : \ .' , - -· ·' \, .', - ,,_ .'"' 
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these :..:alues.' Th~ rest of ii.nibiguity iii t,he ·value; of. ~u, m;; A and g is us'ed t~ optimi;e · 
de~cription of the vector p and K* mesons. The best description is provided by the choice: ' 

-.. , ., ' t ·.' .. ' ·\ •. - • • • • .• 

mu·= 300MeV,m. = 452MeV,A = 425MeV,g = 4.8. (5.2) 
t / J ' ,/ ' 

The valu'es ~f th; parameters ~nd their variatio~s providing an accuracy of description of 
mes~np1assesJes,s than 10% are _summarized in:_Table L . 

._',- '1 

; '· 

· Table 1: · 
, 1_ ' < ' 

Parani~t~i-s of the m:odel. 
A - v~riation of the parameters providing the description . , 
of i, K,p and K~ meso~s with accuracy less than JO%> 

· I parametres I the ~est fit I Li 

m,.,MeV 300 50' 
- m., MeV· 452 100 
:A,MeV · 425 , 75 · . 

. a.; =·f; 1.84 , 1 ·, 

The mas~es of 'P, 1J:a11d r,' mesons.' The values (5.2) can be used to calculatethe • 
masses of ip, TJ and' 71' mesons. It .is known'·that the physical pa~t!cles rj and TJ' _are ,the. 

' mixture ofthe singlet r,1 , and octet ~8 states:' _. . ''.';" , o'. · , :---:--- : ,,.·-.· _ -· • .. ';;, -,- ' 
, 

1 

, , ::·(. -~'.)>·,'(·~~slJ 'siri0.)·-•(:\•ij
1

_):; . . •·-

·;, ... r,' -~-·- :...::si~_O cosO , ris. ,'.':. 
• / • .•- ' ' \'.'·. ' .~, •• _:... .• ,, •••,.• ', ',---- ,• • ; ' ( I ·: ·. ,-~ ; • -;: •. ,,._ 

·Experimeiitaldata from decays ri(ri') .:..+ ,-y; 1V-:+ ri(ri'h indicate that_O == -20°; while' 
te~sot~decay data suggest that O = ..:...10°. [14]:. The sem,iempericalvg.lu~ _obtained from · ·
•the· quadratic' Gell-Mann-Okubo.mass· formula is O =,--:-10°, while.-that from thl,linear , 
Gell-Mann-Okuboformulais·o:::...:.23° .. [14].' '•. ••"·, 'J .. 

1 
.. ,_ .:, :,::.·,, ... 1

:' '. 
' - ' . . , , .. - \ , ' - ' ' , ' ' . ·, . ·,:' 

B~sides that, it i~ accept~d-that the stat~ r,1 contains an admixture of.c-quark [24): 

ri:=: ·!I(~ri+·ail+,ss) cosa+cc siria_,. /. ,Vi _ .· _.,_ 
' where, a is'• a mixing angle. The s~mie~pirlcal -~alue a obtained fro~ the mass sum, rule 
is cos~ a= 1/5 [24]. ' · ' · · · . -.: : I / . · . _ · · " 
'. . Using·the values of parameters from Table 1 one can find that the best description of 
the ~~ses of T/ ~nd ~' mesons is achi~ved when O = -10°. The iriass ~f c-quark· m: is taken 
to.be

1

1500-1800 MeV; Altho~gh the admixture of c~quark it;elf is very impo~tant,' the 
. 'variation; of me in these limits does not change the masses of T/ and r,' iriesons'essentially 
'(< 1%). ·- : : : ' :- -.·· .. _· ·, . , ' '' ,.'' .·' ' .. ' ', . ; •. · ,: ..... ··, .. ~., 

' The resul~s of calculaticni_ of ~eSOJ'l massesM~J and the constants cif mes'!n-quark 
interaction h0 :, for both nonets are summarized in· the Table 2; The constants h«J are 
~alculatedbyrilean~ofEq.(4.17):>•··,_·.··., ' _ .,;.>,,, >. ,,~ 

·.,.. i~ ,:- .,,··-.·. ,, ~-~-~- ,.-.~ ,~ ••.• ,. -~-,• 

. / 
10_ 

.\ 

". 

,, 

~,,,/ 
Table 2.' .. 

. _Masses MaJ ofthe pseudo~calar anc!' vect~r li~ht 'mesons (MeV) 
and' the· constants" h.J of mesim-quark interaction, ' 

. The experi~~nt~ ~alues· are given in bi:acket~: : ,/"' - : ' ' -·• , . 

/I ] ~ K / TJ- 1 • , TJ' 11 p, K* -r-1 _-.. -w----,-1 ¢, I' 
M,;j . 140. 496 . , 578 923 .75,7 . 921 , 757 1087• 

' 
(140) (496) (550) (960) (770). (890) (783) (1020) · 

h.J 3.12 3.29, 3.31 2.88 1.59. 1.78 L59 , 1.96 ' 
I I ,., ' 

- '· . /• . ··,1 . ' ·. ' j '_,';',· • 

•i 

. ' i·' 
" 

One can see that description of masses is qualitatively right and' quantitatively ·acl · 
. ceptablci if we lise the coupling' constant g com'mon for both rionets and take into a~cciunt 
spin-field interaction in the quark 'propagator. Ai the sai:ne time, eliminationof the term, . 

. u µvBµ~ in Eq.(f6), L~.; t;~nirig off the: quark spi~ irite~~~tion, destr~yt this picture ...:. ·• · 
. 'errors in mesoh masses bec~m~s 

0

unsatisfactory large (more than 20%). ' · - ' · ( .. 

Appen~i?C' 
/1, •I•,, '\ , ',,• ".,,':', ', ,• '; ,'." _ ,. ,

0

• •• • '\ \ ,'··:,: ", • ) ' .•"' •: •• '•,'. \ •: 

'. .'Calculation' of Hie polarization.' operator. , Using. the, expressions "for the quark 
. _ prop~gator (3.6) and the vertex ((8)one can rewrite the polirization oper~t6r (4.16) as:, 

'' ri·'•"~(;-;,) ; : . .,: ' < ' i .:.:.; ' ' i ' ; .. ·• 
''. ';,, ~2~)8'j~I'<Tv:~ JI f pd

4qTr{_¥,1t1 fl1:(P. I B)Mhf~H1(q/B) };R(~ ;-1hr: ~)~ (A,_\) ·_. 
. : r : v\r) '. · __ . ?· . .' '; ' . • . . .',\ 

:R(x-'-Yif,q).= Foo(~ )ex~{~x;8~+ ip(x -y)} 
. '.' 2 ' . ' ' ·: , ' ' .. :: ' .. 

. ~ xFo~(Y A~y))exp{iysfi~q(~ -x)}'. . . . . ' 
, . '•.,·· .·. • ,_.,•(_ '.,. '''.;:' ,: \, ;•,·'. -~·-.• ' , .. ',\' '.,. ,/.r ... ,· .: ,·/ :· ,,': .. ,', ;:• /;.; //>:- ,• 
v.rhere Foo is given by (4.9), rP = i,5,T~=-y,,i St1~sti~~ti~~ of Foo irito-,E~i:(A.2) gi~~s: 

,:,, '-, ~: ';-,,, ' . ]~;•'.i• i C • •:, • ,t, ,, ''._,':;_ • / )·,••~ •~Ji_~:'>'\ 

R(x2:y;p,q)=:J. j:clt1ai2~xp{ ~~ V~:(~)}-
. : ·. '. .. ' . . .0 0 '. ' i , ' 4 .' •• ·, 

'x~xp{ixBy + ipf x :_ y)},e~p{
4
~2:f (y)}f P{iyBx +iq(y,~ x)}.. -, (A,.3) 

, '.. , . .· ; • • . . . : . . , . • . -•. ~• I 

Using the representation: . 
. ' -,- . ·, ;I 

, , ~ -., . . , . , , ,_- l '." . '. , . . --. 

.- ~xi>{~.:~: ~x~ }=;= jad7 exp{ 2f j_ d/J~i/3) :ft<f)F_ 
' ' 0 . . . 

. I 



/'\ 

't; 
f' 

i
i /' . ' 

' ' 

i 
1: 

J, 
z 
I 
f. 
r: 
I' 

f r,· 

r 

! 
Ii 

r 
I> 
£ 

'·' -:-
/' 

• I 

_; ' I ' 

, dr a.~\ tfo(/3) exp{-/ d/3a2
(~)}., 

~· ' ·, 0 , ', . 

on~ _can transform: (A.3) t;·the·fo;m: 
' . '.. ·, 

' ', ·~. 

R(x.-y;p!q). . .. ·.. . . . . . . . 

-.Jh••~•,/Mf a:,;,..{''.'/: /apa,(#)iJ.<,).+ ';,{:;/ ap,;cJiM) 
'·.,: (. ·, , '> f . , I • : 't l, ·: )· ',. . 

I 

. ' ' . ,/[;• ,'• ' t2 ' ' 
~ip .~ - ~- - -x; ldf3t(/3). ::-:f ldf3b(/3) 

:Liq(y.-~i~ di!' 1 

d~~(/3) LA··. ·1· 

1 

d;b(;))\· ... 
' k .. • : ' ' A ,; ... :, •, ',A' ,· " 

' . / . . ·, 0, • . ' ' . · 0 . : 

. ·f; (·~ f}r•(P)); (,+ ~ l•P~P;) 
··.· :.H~:-f:Ja1•(tl) ;(, +~fa10(Pl)J. . <ftl. 

. , . . . i-\,c · .. ~:.·< · .. \, ,:< ~ :. · .. · .. · .... ; /. -~ 
Only the constant part of a(/3) and b(/3) provides nonzero contribution to. the integrals in' 
(A:4) so th~( \ · · '- . " ·· · . 

' .,, ,_ ,. 

'J·: , . , ,,', 1 1 · . , . , '. ', . . · . , 

R(~ ~-y;_P_,~) :1 /~t1dt2exp{ i(;-:-:Y,)(p. -·q)} · '. 
\ I':,• < :•_, c ' 0,,0 "C '.• .,, • , .'-•, -•._ 

1
,••-: ,.," •• '," .'' ,, ,., ,, ', 

X' I dar~{~a2.+ 2if a~fµ(x - .y),~> i.:: (;:+ ~)~~µ}-
'". ,.·. 

/' 

\ ,· . . . ,, ·.' \' . ' .i . ·. '"'' ' 

:ldtexp{~b~ +: 2if b~B~(y_ ~x)--:'.~f(P,: q)µbµ} .:;. 

__ Integrating over a ancl b and taking into' account th~t 
• ~ •. ' •. ' • - I " 

·1 

B~(; - y)Bµ(x - y) ~ v2A4(x :T y)2 

' we obtain:\ . \ 

/, ' ·. ', ! . 
1 1 . · · . . . . . .. 

Rfx ~Yt,q) 1j j dt1~t2:~:~{i(x -_11)[p~ q- ~~
2t\n(p-1))( 

o -o· · . • , . · • '-' · · 

'v . . . ~(i1•+:~;)"u2A2(i_~ y)2- ~ ?~:2t~ ~+~>2}:: . 
•"l .• . " 

': 

\ 

:1 , 
,12: 

'· ' 

,· 
I. 

·;,.£' 

'' // 

I I 

Fourier tr:msformed R(x 17 y;p, q) is: 
'./_ i'' 

·, 

1 1 . . • ,' .· , . . , 

·. - .. · ·:i-
2:'·11·. dt1dt2 -· .{ •:· . ,·/·( 1+4v2t1t2 ). 

. R(k;p,q) ~ v 4A4 , : (t1 +t2)2 exp r(ir+q ) 4v2A2(t1 + t2) . 
. · . ·. , 0 0 · · ,.· . , ', .. , , , . · ,' . 

. ( , 1,~ 4v2tit2 , . . J: !'- . , i(t1 - t2) • (' . k).) 
+p q2v2A2(t1 +t2) -t; 2v2A2(t1 +t2) ~ v2A4(t1 tt2)B r+ 2 . 

( 
'- .. ,. ' · ·c ) · ·) , k2 } , , · • 11; • • · '• . i ti :- t2 , . • k ' · · , : . · . 

-'l_ 2v2A2(t1 + t2) + 2v2A4 (t1 + t2) B( ~ ,-: 4v.2A2s1 .' 

,. 
(A.5) 

; ', . ' <' 1 • ,' • • ·, ' . • ', . ' .- ''. ~ - '. . ' • . . . ' 

where k,is an external momentum/After: insertion of Eq.(A.5) into Eq.(A.l)'onebas,to , . · ·, 
. ' ' •. ~cul~te the. tr~, integrate o~e~ p ~d q and average 'witb th? ~re dcr~. ~ese l 

,I,;: 

. •· · •. S1mple but cumbersome calculations has been done by means of analytic computer meth- .. 
., '· · ods. >As a result. we get the following expression fo1?diagonal 'part of the polarization 

. op~a~~',' . : . ' .. ·.. : •. I '1 •, • . i:-- t : •, . . . , I < . . . .1 .· ; 

- .. ·. . . . .• 'l' • · . . ·, !! dt1dt2 ·1·· ·· . (1 -:'s1}-'1t' 'f · · (1 - s2)Pr . : 
rru(~)=,25&r2v&Mi1•Mi,1 •· '(t1+t2P ~ds•1(l~s1)1+11,, _ds2(l+s2)1+p, 

' '1• ,:~ '',•'•••:•" .•' ,,, ' .. "· ~ Q ~ ':," ', .~.•~, .. ' ,•'. ,: .•.'_ t:•'.' ~-•; .. _:, ;,,.,•." ,,• .. Ii•''-: 
.. :_ .. ~·•c··: ...... .,·k,~)· ·.··{ ' · ,, 2s_ 1s2+v(ti+t2)(si+s2) .0 i .'k2 }·-x l'·,, t1;t2,s1;s2; exp . . , . . . . . , ,, .; f./ , t.. 1 .·. ·. 2v(ti -:H2}(l +, s1s2) + ('.'1 + s2)(l + 4v2fit2) 4vA~ · 

I' . : ,• ·,. -,•·:• '.',;.•_'.:· •; ' - .·: , •' . ; , ' ; ;_. • ,'. '> : ·_.. i, i', .I ',, . ... , ', . ~'.:. ~. • -' ; :. ,:.· . , .i 

' ' wh~ fJ/= oV4v ':..-:-1~ a,.= mJ/A and the function Ff.,(t1;t2;s1;s2;/c2) loob: . 
:. . ·:.. .,", '. '/ .... ,<· .. '\ '.:: \ ... >. ' ... :··- - <· i'-: ';. ·.( < >,;- . ·.; .''.i(.'•,,· ,' 

-Ff.1=.=:~3

1
~~·:·[fi'(tt_t2;~{/s2)t'!~:f 1F'f(t1'.f2/~1;'~2)'(~f~t1,t2,s~,~2)~].· 

,I •J \\' ,•, / <: : ,. ': ':... .'• : ,",. '.•! '. s, .i•, :,·· • .•' . :.•' '.\, ·.· . I <. ':•, •, , '. ,• .• 

Frir pse~d~~ m~~: (J ':": P) ~Ii~ functions Ff .-Ft, .F:f;have the fo~ ! • '~.·, 
J .'~,: .. :."~'.i ·~·.:•: '.' '1·'• \ / .1.\·,:7.,\','., .: ',,.:':.·~., .-.,.·' -,.--· J < ,., />;.:"• ···,1·:.{_-,. 

· p,P::: 2v(t{ -:-, t2) Ei + (1 ~4v2t1t2) ~ B · · · · · 
. 

1
. '. ; t,2(t1 +t2) (1 + s1) (1 +s2). '· 

. ,: ;• ' ' ' ' · .. ,' ' . 2 2 ·•. ' . '" 
J 1p,i>=·~4. 1+2s1s2+s1s2 A.B2 : 2 . ' ·; :(l+s1)(l+s2) ',, • 

p,P _ B [ v(t1 ..:. t:z) C ~ D ] ~v(t1 - t:z) (D~ - C2) i 
·: ~ ,:-'" , · 4v2(t1+t2) (l+s1){l+S:z) . ·· .. ' / · , 
: ;2B[ v(t~ ~tifn.:.. C 1 + (1~4v~t1t2) (D2 ~ C2) &i' . 
- ,,,.' ,8v2(t1+t2)(l+s1)(l+s2) · , .-· .·f, 

•' ' ,' ', ' • ' , • • ' .·' > - • I ," .~ : ' ·• • 

wh~~e the f~llowing ~otati~n are used : ' ' ' .•. ' 
• ' • • ( .' • t, . ,'' 1 '. ,' '{ ,; ,:• • ' ,' ' ' ,. ' .• '.~ , •, ' • 

4 
, ' ' ;· , ..... ' I -~· ~ • .,:·;, • :, 

. ; Ei = (s2 '7 ~~) { (1 ;ts~) (1 ;- s~) + (1 + s~) (1- sf)l: 
' . ·. . . . '2 ., ' 2 . ' 

· : .+2 (s1s2 -1) [.s1(l . ..:. s2)-:- s2(l ~ s1)] , : . ' · • 

.ii/~ (i;a2 ~·l)['(l+A) (1; s~) + (l+ s~) 'ci ..:.sf)f 
. •· , . +2 (s;..:. s~)[ ; 1(1-:7;·s~)-;s2(1.:.. s~)] ,,, . . 
•'>;. ' St • : i+4v2t1f:z', 1 • 

. A = -.-+ 2( ) , 
' , 2 V 4v . f1 + f2 , 



' 

1,,1 

' 

~-
. I._ 

; . 
,. ' . ' ' - ., ' ' 

B ~ 4v2(ti + iD-'-16v4£it~ -1 • ~- 1 + 4v2t1t2 · 
-:: · .. 16 A'v4{t1+ t2)2 '. ~ 2 v + 4v2(t1 + t2) ,' . 

>,:;•• 

C = 1~ 2v2{ti-f-, tD _ 1_ · , 
. 8:v4 A (t1 + t2)2' 2v2{t1 + t2) _, 

' . · . I· ·2 . · ' 
D = ,_ (t1 - t2) {1 + 4v t1t2) + {t1 - t2) 
, _· 8v~A(t1+i:2)2 • .•2v{t1ft2)· . . ' _· .• '".I,. ,,. ,', .. ''.-' ,··. / ·. . . . i· 

' For the vector mesons (J = V)' we have: 
, ·,, '. :: ·. ,· l { . :, ,' :, , .,. ·:/!.'., r, -~ 

/ 

'•,, pV = 2v(t1 - t2) E3. +· (1 ·-:- 4v2t1t2)·E4 B . 
\· - , v2 (t 1 +t2) (1+ si) (1 f s:i) ··· ' 

"\ 

'F.v·;, :.._4 . .-. , 'l-"- sM \ ·- .,AB; : 
· • 2 ''- ~(1 +·s1r(l ·+·s2) · · · 1 · • 

"' "· '\'. :.,-,.,::::_,,' _, "! · ... ·. :" ·2 .. 2··;·,,:>·. _;\ .. ,• ···,. \ \ - ·2 . : "' v _: v(t1 - t2)B D +2. (1 '-:'- 4v t1t2) D .E,. : . (t1-'- tz) (4,C +BC) E· 
F3 ·-· • . . . . s + . . .. . · 6 

" ,. • . · 24v2(t1+ tz) (1 + s1) (1 + s2) -· ... 24v(t1 + tz) (1 + s1) (1+ ~2) . 
\; .•·. BC+ 2 (1 ;,.-4v2t1t2) C2 i. E\ . ·'. '. 4v(t1 -·t2) D2 + B, D . · .. E ~ I 

··_ ';--:f:.24ti2(ti + t2) (1 + si) (1' + s2) · . 
7 

, 24v2(t1 + t2) (l• + s1) (1 + s2)f 8 
· 

· ,•i·.E~ (l-4v2i1t2)+'2v(t;:::t~)-E1b' " \'_ · ··.• · • , · ·· · · .. ' 

.-: " 6v~(t1 + i:l) (1 + s1)(l + Sz) cp, 
I 

where• 

.-{ 

,·. ,' '·(. ;, '.- ,.:;: ,-:?·. ;-._,:_ ··::.'l._> ... ,, . ., 1:::• ,!_\, ;!,. T ·7.:·._: -~ -. ·~ 
El'= (s1S2-:- 1) [ 1 +sis~.;.: 2s1.s2]---' {s2 ::- si)'[ s~'-(1+ si).; S1 (1 + s;) 1 ' 
E~:~ (s2...: ;1)[ 1 \ Si Si :-7,2sisz 1 ~ (s1S2 .:.:.1)fs2; {1+ si) :..:St (i:+ s~)l 

' ' .. ' 2 2 . ·. ' . . ', ' .. ·• ' : · · • 2 · ., ·, ',' '.: 
E5 ;= (1 - 3s1s2) {1 + s1s2) .+ 2s1s2 {s1s2 - 3),+ s2 (1+ s1) (si-:,- 3s1) · · ' 

,+st(I+sn (si ~ 3s2), · , .· . · :·, . . . i , , ..... 
, . , .•.. , 2 '2 . ·., . · : ; . ' 'f 2 i . ' ·, . 

l E6 = (s2- 3s1). (1 +s1s2) + 2s1s2 {s1-:-; 3s2)+.s2 {le+ s1)·(1-::-:3s1s2) 
. . • I > 2 , , . . , .. -~,' . . \ • ~- . , 1;· ". ·.,,. , .. 

: .+s1 (l+s2) (sis2-3), ·. ' , , ': ,; ,,: .. , 

E1 ~ (si~z..:. 3) (l+' si,s~) + 2s1S2 (1 ...:: 3s1s2)+s2 ((+ sf) (sr:..: 3s2) 
·• / . , ~ • 7 , 2 '. . .- - . . I (' .• · ' • ~·, i . , 

. , +si{l + s2) (s2..:. 3s1) , ' 

Es·= (si...:.. 3s2) {1 + sisD + 2s1,{2 (si - 3si}+ Sz (Ir+sf) (sisz .:.:•3) 
.. _. · +si (1 +s~),(1...:.. 3s1s2) ,< -. -' · . · · 1:' ,'. ,:: ' • · 
- ~ : . , • . ' , _, , . • ':,, , . I . 

· E9 = (s~ +s2) {1 + 2s1s2 + sM) + {1 +·s1s2)'[ Si {1 + ~if+ s1 {1 +':s~) l, ', 
'. · :,,·''··-~,- _·2·2 · . - ·. ",.' 2'.·· - ;,2, 

E10 = {1 + s1s2) (1 + 2s1s2 + s1s2)+ (s1+ s2)'[ sdl-+ s1) + si.{1 +,s2) }, , · 
.' , . ~ . ' '. .. . . . ' ' . ' . - . \ 

' " ·· ,' ' · , - ' •· I • 

~nd the functions A; .B, C, D are given by Eq.(A;6) '. . ·. -. ' 
·. Averaging over space i directions .. of the background · field . . _ 

- , '· .. ' . ·. ·.• \ l . • 
formula can be <;hoseri as: · • , ' ,. · . • ., , ·., . , .. 

<• ). 
/• 

'·· 

, , '"I_ '., , • .. " · ., ".21r, '. 'K e,,. • , , . , . , 

(ex_p(iJµjµ.,))·=.~ 1·· d~/d0sin0_exp(.ii~J_~j_ ,': :, ~-
.• . ''. • 471' . . ,/ . ' . . . ' . 

' I - t Q' Q ~ 

-· 
'I 

\ ', · 

,.,- / 

'(, 

,,-;': 
' •• , ' _; ,•., ,,: 1 • )' '' I . "/, ", ';_,,·, ··'•• J 

wh~re rp, (}are the spherical.angles which_determine ~pace dir~tion'of,the ba.clcground I 

field and J~ is an a.nti~ymmetric tenror. Integration in (A.7) over the, angles gives: . 
\• •. I ; , , ,·.· . ,\_ :· '. ' ' ·' ,, ' ,, 

./'. 
, ·• ' 

1 
/ ' :, , ·, · sin ✓2(J,..,J;,.,, ±i,.,;:Jp) 

(exp{i/,;...,J,,.,)} = -;--;=======-, (A.8). 
r .. · ' : :'-.',/2(J,.,,J,.,,±j,.,,J,.,,):, 

• T,: .' ,,,.;,. " •/. > ' '•• .•' ,'•{, •:,• _,_• ,' ,:,, /:: •, ~, •' .•.,:,•/,•• ;~,::'/ \,•_';t 

, wher,; J,,., is a dualtensor. ,Differentiation of (A.8) at, J,.., .= 0 leads to the formulas:' 
' ; .· ' ' ; '· . ' : , .. '. ,' .... __ , ·, '. ·, :,:,..,.;,,' .. "'! [: ;'.,! 

(/,, .. }_ =:= 0, ' . ' ' . ' ·. • ' ' . 
:_ ' ·, · 1 - . ". ' •.... · ;', 1 c:, 

·u;,,,Ja11) = 3(6~~611., :6~~sJJ; ±,~~11p,;~~'. 
,, . l - ·.. . -- . ' . .. . , . _,~ ." ' ,, " . : . , , . . 

. , where the sign ± relates' to the self~ and a:ritisd.f-dual confir;urations. 1 ·- • .- .. c· ·/·s'· . ·-- ·.' -",. - . ·_.. : : . , .' .. ,_,. ·- -· 
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