CERN LIBRARIES, GENEVA

ABeR T —

CM-P00068479 Sept 1993

Reduction of Vector and Axial-Vector Fields
in a Bosonized Nambu-Jona—Lasinio Model

A.A. Bel’kov!, A.V. Lanyov', A. Schaale?

1 Particle Physics Laboratory, Joint Institute for Nuclear Rescarch Hcad Post
Office, P.O. BOX 79, 101000 Moscow, Russia
2 TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3
(supported by Deutscher Akademischer Austanschdienst, DAAD)

Abstract
We derive the effective action for pseudoscalar mesons by integrating out vector
and axial-vector collective fields in the generating functional of the bosonized NJL-

model. The corresponding modifications of the nonlinear effective Lagrangian and
the bosonized currents, arising at O(p*), are discussed.
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1. Introduction

A renewal of interest in chiral Lagrangian theory was excited by recent progress
in the construction of realistic effective chiral meson Lagrangians including higher
order derivative terms as well as the gauge Wess- Zumino term from low-energy
approximations of QCD. The program of bosonization of QCD, which was started
about 20 years ago, in the strong sensc is of course also beyond our present possi-
bilities. Nevertheless there is some success related to the application of functional
methods to approximate forms of QCD (sec [1]-[10] and references therein) or to
QCD-motivated effective quark models [11]-[18] which are extensions of the well-
known Nambu-Jona-Lasinio (NJL) model [19]. These functional methods can be
applied also to the bosonization of the cffective four-quark nonleptonic weak and
electromagnetic-weak interactions with strangeness change |AS| = 1 by using the
generating functional for Green functions of quark currents introduced in (20}, [21].

The NJL model, which we consider in this paper, incorporates not only all rele-
vant symmetrics of the quark flavour dynamics of low-cnergy QCD, but also offers
a simple scheme of the spontaneous breakdown of chiral symmetry arising from the
explicit symmetry breaking terms due to the quark masses. In this scheme the current
quarks transit into constituent ones due to the appearance of a nonvanishing quark
condensate, and light composite pseudoscalar Nambu-Goldstone bosons emerge ac-
companied also by heavier dynamical vector and axial-vector mesons with correct
relative weights arising from renormalization. The composite vector and axial-vector
resonances are naturally required if one wants to describe the low energy aspects of
QCD in a wider cnergy range up to typical masses of O(1GeV). (For other approaches
to the problem of introducing chiral couplings for vector and axial-vector mesons to
Goldstone bosons into the effective chiral Lagrangian, sce for example refs.[22]-[24]
and references therein.)

Independently from the method of including the vector and axial-vector fields in
the effective chiral Lagrangian, integrating out the heavy meson resonances essen-
tially modifies the coupling constants of the pscudoscalar low cuergy interactions.
In particular, in refs.[23], [24] it was shown that the structure constants L; of the
Gasser-Leutwyler general expression for the O(p?') psendoscalar Lagrangian [25] are
largely saturated by the resonance exchange contributions giving a product of terms
of O(p?). But in this case, if the O(p*) Lagrangian contains meson resonances, their
elimination can lead to the double counting mentioned in ref.{23]. The resonance con-
tributions to the purely pscudoscalar chiral weak Lagrangian and the modification of
its structure, induced by integrating out the heavy meson exchanges, were discussed
recently in refs.[26],[27) in both the frame of the factorization approximation and in
the weak deformation approach.

In this paper we consider the effective nonlincar Lagrangian for pseudoscalar
mesons which arises after integrating ont the explicit vector and axial-vector res-
onances in the generating functional of the bosonized NJL model. To perform such
integration we use a method based on the invariance of the modulus of the quark
determinant under a chiral transformations and on the application of the static equa-
tions of motion to a special configuration of the chiral rotated fields. The climination
of vector and axial -vector degrees of freedom from the modulus of the quark de-
terminant leads to a modification of the general structure of the cffective strong




-l:snl.v w \, = A.-..;»vru
" 0.5&3
i Y )
(2V/o1'e = 1)1 X 1

T SPOLYP0S PN IP- £I00G Pof[a-08 1)} 1A0 totstedxa o1

S? POTOUT [OTLION--100t] oy Wt pojttasand «1 prennsjop yrenb oyg jo supnpou a ],
"[6g] soyrmone peang oy PoIR[AI ST YoIyM ourmy,
puw ssopy Jo nerdueidn oanpago snopemtone o1y aatd 91 jo qaed LrewrFenn o) I[Iym
uerduvadery DALY 0y Jo 1ed snopeone-ton ) 03 saqLIuod (2 Wp ) Jop jo 1red
221 oy ‘uoyg, ._wm_ notezLneu@dat otg-tadoad q3m subrutypay _o:.wmu__-ﬁwo: 9} £q 10
[e1)-[11] sdoop yrenb ut nots—~vdxo £ 130 poreneas oq tred juvwinugiop sprenb oy,

© L = lgrplso

Ty .ty =gy .ﬁlﬁ»\ = A7,

MIPTLIMOARY PUR INO[OD ‘ORI 19A0 DRI  [RULIOU,,
® pure nonrIdojut owy-0ouds ¥ 1 POOISIIPIN 2 03 ST 1], 2UI} A, "SUOSIW Jo won
-dwIut a1 FWALLSIP JURUNILLIIP y1enb oY) ST ML) PHodIS T, ‘uorpwIdjUL yrenb
—INOJ 31} JO UoHRZLIUL O]} oI Sostie ‘SPlay uosawt ut orpeapenh ‘(p) ur wwoy js1y
ST, "SHOSSUL 103004~ [RIX® PR 103004 “1ujuasopnasd ‘1w[rds 10] UO1IR 2A1IIYS Ay ST

(2]

r 1
[(@»)3o1] a1 .T_Gf.:.“.:: w 4 |=.§ner?svev_.s%|_.,% \ =(V‘A'4 0 '®)S
0.523
(¢) U a‘se ' @)e)d va AQ L dd da \ =z

w0} Jurmopoy
a1y ut pajuasaxd aq ey ‘sploy uosom QALII[[0I J0] [PPOUT LN DY JO UOLIIR DAY
a1y 03 Fupuodsorind uronaimy Jureiousd 911 SP[aY yrenb 1aa0 wonridoyut Joyyy

'SPIOY 9A1109][0D ponfeA-XLIjRW 21[} oI
PIPY 9A13097]02 poufea-Xt \

N ", e ¢ N ” " 1 N ¢ N
—o¥i— = — A== —od = Ted T
K% 4 | ¢ K% A A K" d=d R S=S
prw ‘sppy jo stotjrui(wod o) pur 1S are VFA=YTy
‘s10999f01d [eanp om (SLF 1) = w1y LUy = YA = A 'dr+ S = @ oy

(@) Tl 4 18) = (T8 + Q) + U [ + 8) - (M + )]
(Ot @) — (O + PT — (Y + A + Q)

a:

~

:107etado ovaiq oy Suteq (@ Yum

ham =7
S® U9)31Imal
3q uwd spy yaenb oy ur neonyiq st Pum 7TNg o qaed oy g, unio] emeyng Jo st
5&@:@,%:1_ g Jo ad notpaetagut oy 1N g ojut suotssardxa 280Y) w:mﬁs:ma:n 03V

€
G G 3 14
B Abrgpe =y hS bt = My b S Ubipp— = g D bigp- = g
oY’ »Y nY nY
saeoutqi yrenb Fumopoy I3 03 PUIRIIOSSE SUOSH §S910[0d () 10309A—[eIXE
pue (A) 103904 () Teprasopnosd Q) aupeas 91} 10} SP[AY OA11DD[[0d ddnpOIIUL 0
sey auo s ‘(1) nerdmeidey TEN O3 TOIJ UOLHE TOSOUT DAIIOIPS UR JALD Uwd
auo saubrypag [eadogur faud o posuq oeoxdde noteznosoc yaenh prepue)s v 3uis
IPQT = (XY 1 01 Furproson pPozienton duotd moaey (i) 11§ O[3 Jo s1o1e1uad o3 oae
oY Pur ‘(potunsse st Soatput pojeador a0 nonenns ) Xeyew sseat yrenb juorms )
st Tf; ¢ ,P:.._:;\,:.% = M isyregstoy ..u::._::; [esToAlIN 9ToS daw NQ pue _U BAGIS

(e, Sv + ATN.J@V? l.nﬁ A\VM gv + ?M@ g =
ANA ../\w ' z :/\‘ .VA k4 :/\m ) 4 .}\ Q Q

qm
(1) "My + bh(ou— Qb = 1Ny

{[61] oy a1y serp orym worjorIRyUL yrenb-1nog
2A1POYS o1 Jo murdeaGer TEN I ST HOHBRPISTOD mo Jo jutod Furreys ayy,

[2pPow LN 93 jo uoneziuosoqg °II

‘SIUILIND prre _Emw:sw.ag Buoajs
Pasupal oy 10} SPIRISUOD 2IMIONIS AN Jo sish[eue [wo13ojouatuonayd pue suoRuI
~S9 [BILIDUINT JIUOS JO 8}NSOT S1Y SSNISIP M G HO1IIG U] “p Uol303g Ul paute)qo are
sanstop yawnb pue syuormo yrenb saradsar a1 03 Furpuodsarion syusLmd (g — )
pue (¥ — A) aepeosopunasd pasupox AL, WOPIDY JO S001F3P 10109A~[RIXE PUB 101I0A
paonpar Yiim uetdueide] Juoxs mepuasopnasd IA1DIYPS B} Lem v yons ul urejqo pue
JuRUIULIIAP Y1eubh H1[3 JO SNMPOUT J1[) WO SHIURUOSIT UOSIUL £awoy o1y ageututipe om
uonjout jo suotyenha ssarpy dufpddy ofued Ay e SP[PY U0Sa HA1309[{0D PajeIOx
[BIYD 10} uonout jo stonrubs d1wis o)y 1APISTOd am ¢ 101309G Uy “sudy (4d) 0y dn
o xpuaddy oy w pojuosord o SPPY 103094 - Juixe pre 103904 Juipupur sueiguess
BT DALY Poziiiosoq atfy 10} suotssaadxo [r103 oy, Y xipuaddy oy ut usa1g are
eumunoiop srenb oy jo nonwndios [PUIn -0y oy oy Junnsar suorssadxo
SUIOSIFUIND {[1 “DDUNTIATION 10 “[PPOUT LN sytenb jo uoneziuosoq oy 09 pajepar
SIURISUOD prrw suontuyyp e Lupdstp pre wsipeatio; DISL( I SSNOSIP aM | UO120G U]
‘SUOIINLIJUOD
a8urydXa 2IURUOSII UOSAU PUR §1990 Surxnu- ly u Sumisouos [p1] yorordde uerdued
“¥T Jesul[ a1} Jo sINsSAI a1y Jo jsout Anpunuks feanp jo uotjezuwered Ieouliou
Yy unyytm aonpordaa 0y spissod st 1 sjuarmd pue netdueide fuons ayy jo uoryeoy
“IPOUI YONS AN “SPPY 10300A-[RIX® PR 101204 DY) JO HONONPOT 193)8 SIUSLIND Yrom
|u_..vcm§=c.53_o pur yeom pue suwtlueide Juorns poziuosoq a1y ut £p3oijdxs sreod
-dw 1030%] suyy, “1030u) nonezipnofeip-ty 1 Surpuodsotios sy £q junoooe ojut uayey
St ‘s£v0ap yuom aanueprr jo nondinsap ayy 10} juwgtodu jsot Quioq ‘Surxtur-ty Jo
19932 Y, "ISLIR JoTt S90p FUNod d[qnop jo mapord a1y notpemxoxdde yons ug
‘sueifurife] yeam smojdouon Po7ZIosoq a1} 03 FULDIUS SHTOLIND UOS3UT PIdNPal
Burpuodsaiioo a1y Furure)qo 10J pasn oq wwd prie SHMALIND Jram-d1jpufeuonsso pue
H®OM JO tO1FRZIN0SOq (RN Jo [1g] ampasoad o3 03 popusixa A(] UBD SIOURUOSII HOSIUL
JOo moROLNPal Jo poyIaNt SUIY, T SHLLYD0d 2INPNNS W[AMINIT-Tossury Fupuodsar
~102 513 Jo nonyopar v 01 pue ((d)() v 10308 Iemasopuosd a1y 10§ unidueidey




is incomplete gamma function; e plays the role of some empirical mass scale param-
eter which will fix the regularization in the region of low momenta, and A is the
intrinsic regularization cutoff parameter. There are some technical reasons for using
the heat kernel method instead of the “straight” method of calculating quark loops.
The main advantage of this method is that its recursive algoriths can be adopted
on Computer Algebra Systems such as FORM or REDUCE quite effectively. In par-
ticular higher order derivative contributions can conveniently be calculated, too. The
formulae for the Seeley-deWitt coefficients hy up to k = 6 obtained in [30] and the
full expressions for p- and pS-contributions to the bosonized meson Lagrangian are
presented in the Appendices A,B.

We will consider a nonlinear parameterization of chiral symmetry corresponding
to the following representation of ®:

¢=0%Q,
where E(x) is the matrix of scalar ficlds belonging to the diagonal Havour group while
matrix §2(r) represents the pseudoscalar degrees of freedom o living in the coset space

U(n)LxU(n)r/Uy(n), which can be parameterized by the unitary matrix

. \/:
Qx) = exp .ﬂ\%ﬁ.&i vl =95,

with Fy being the bare 7 decay constant. Under chiral rotations
q = = (Pl + Prén)q
the fields ® and A}, are tyansformed as
- & = €064

and

b Al = Ep(D VI AER, AL o A= €0+ VR - AMEE. (6)
For the unitary gauge £} = £, = Q the rotated Dirac operator (2) gets the form

iD — iD = (PLQ + Pu*)iD(PLQ + Pu*) =i+ V + 1) = 5. (7)
It is worth noting that under local Up(n) x Uy (1) transformations the modulus of the

quark determinant is invariant, while the quadratic terms of Vi 4, and the chiral
anomaly do not respect this invariance,

Note that there arises a quark condensate <gg># 0 owing to the nonvanishing vac-
uum expectation value of the scalar meson ficld Sy realizing spoutancous breakdown
of chiral symmctry. In fact, assuming approximate avor symmetry of the condensate
and using the equation of motion §, = Iwﬁ.:\wg one gets

9 —_
<Se>= —2G\\[ = <Gg>= i2G [ Te {iD(® =y, V = A = 0)}".
n n

(1}

Thus, our mass scale p = Q_wn <Sp> is determined by Gy and <g¢> or (using the
explicit expression for the condensate by a loop integral) by Gy, the cutoff A and the
current mass my.

Taking into account the equations of motion for nonrotated scalar and pseudoscalar
meson fields in nonlinear parameterization one can derive from (4) and eqs.(41,42) of
the Appendix B the following general expression of the effective meson Lagrangian
including p?- and p*-interactions:

ptrea) _ _FS tr(L, L") + ml._.wp.Q:\+Q+>:
ﬂtllqm... A~

(L0~ 3L0) (W L L o+ Lyte (3L LI 4 3L L) + Lt (L, LY

+Lstr (D, UD"UY) tr M(U 4+ U*) 4 Ly tr DU D"UH(MU + Ut M)

+Ls (e (MU + U*AN) + Ly (e (MU - U+2D)’

+Lgtr (MUMU + Ut MU* M)

+Lotr (FOD*UD'U* + F'D"U* D'U) - Lygtr (U*FPUFE-m)

+Hytr ((FS) 4 (FS))) + Hawe AL? (8)
where the dimensionless structure constants Li(7 = 1, ...,10) and H, , were introduced

by Gasser and Leutwyler in ref. [25]. Here we have introduced the notations

Nt
4r2

U=Q*; L,=D,UU*; Ft=y

with
y=TD(0,p/A%) ; M =diag(x2, X} - \2) o \?=mip/(G F?) = —2mi<qq>Fy? ;
< gq > is the quark condensate;

F®) = 0,4) — 9,415 4 [415) 40
are field-strength tensors, and

Dyx = 9 x +(AT x —x A)), Dot = 9, » +(AP) 5 — 5 AL)) (9)

are the covariant derivatives; A =V, + 4, Morcover, the cocfficients L; and H, ,
are given by Ly — 3L, = Ly = Ls = 0 and

N. 1 N. 1
Ly= S = [y=—
7 167212 i 16726
N. N1 1
a”l'.l‘. -1 B ...”l..ll.'l €Ty — -3/,
L= gty -1. L Eimmz Ev
N1
hw'.l:l." N._:.ll%o‘
H N oy (10)
= - — - —2yux
! 16w 07
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The static equations of motion arise from variation the mass terms of eq.(11) in

chiral limit over rotated ficlds vzﬂ: ‘M: and lead to the relations

Vo= Ay = Z5 ) (17)
and
FR =(Z3 = ), a] + icoQF ) + ieol A,[Q, 0] — A Q)
tienZ3(A[Q, "] — A[Q,dM)). (18)
Here
() — W QoMa+ 4+ m~+®3vbv () — WASQT;S.? _ m~+®3;~v - I.~.m+h3.m .
Ct 2 M " Ll :.t 9 " " 2 R+ SR,

IMx = 9, * +ieoALQ,+] = 9, * +icP APN[Q, 4] is the prolonged derivative de-
scribing the emission of the inner bremsstrahilung photon while the clectromagnetic
ficld strength tensor ) = 9,4, — 3,4, corresponds to the structural photon
(eoF) = &E.C...A.u;s; and L) = IMUYU*. Further, we will omit for simplicity
the upper indices (y) corresponding to the inuer bremsstrahlung photon and only
tensors F) will be kept explicitly. We will also omit everywhere the upper indices
(ph) assuming that all photons and clectromagnetic charges in further formulae are
physical.

Applying the equations of motion (17) to the terms of the effective actions (11,12),
quadratic in vector and axial veetor fields, one reproduces the standard kinetic term
for the pseudoscalar sector:

K

4
In the same way the p*-terms of the actions (12,13) lead to the reduced Lagrangians
for pseudoscalar mesons of the types

h».:. = :Ah:h:v. A_.Ov

‘ 1. A . A
L0t = SLyte ({Lu LoJ?) + 3Ly + Loyt (L, L))
=2Lstw (L, L €nMER) — 2ic FL) Ly tr (QehL L en)

a3

=206 Lo tr [A7 (QER L& Q€LY € — Q€1 L26x)

~ A A (QERL"En QERL €1 — Q€L L76)) (20)
chteen - e miiN. (L.l 2L, L7+ L.L L L*|(Ermot
me - 3972 3 d A " ALl vl ::.:m\L
HZ4 = D*[(L,L,Y - LL, L' L) (enmot)}
. N. 1 ) Cree . L )
lsa.ﬁ..uvuwiw .._.Tw_: + ZOERL L €y o) + 4Z3(EH L EnmmolHL m:v:
N1

I?«.vumﬂwww__ :Aﬂ:_\ﬁ A.NACQPD:N = L€ L En, CJV
— A A0 L En QERL €1 — EHL Gl L 6n Q)] + Oy, (21)

9

4 . . y . .
Here L05red) represents the part, corresponding to the effective p*-Lagrangian in
the Gasser-Leutwyler representation with the structure coctlicients L, defined by the
rclations,

B = a2+ gz - n(2t- 0% 2],

L= galsza+ gzi-n(za- 05 Bz,

Ls = HM\:NN“.,i»Q -1),

b= o324 -2t - 03 L

Lo=-2} w AWQ.._-T|VM, (22)

where ,

1+5 _ F

0 A
(gv)?  Gp?
. 4 . e . .
The Lagrangian L'<) describes the additional corrections ax sing from the expan-
sion over the quark mass 1my,.
To take into account also the p® -terms of the finite part of the effective meson

Lagrangian (eq.(43) from Appendix B) we will restrict ourselves only by consideration
of the terms which additionally contribute to my-corrections of type of eq.(21):

6 s 1 _HTV Fatiald Y H
£ = o u {3 [M(D.D.SDDS + 0,5 DD + DD, DY)
+M(D*D’S* D,D,T + D,S* D'D'S + D'D'S* D,
- :_a [M((D,ED"<*) - (D,SD,S*) + D,ED, =+ D'SD's+)

+M((D,S* D)~ (D,S* D,S)* + D,<* D,=D'S+ Do)
|W_mi€‘_mu=m+ M+ MD'SD'S* + D'STUD'TY)
+FP(D"StD'S M + MD'S* DS + D'S* M D"x)]

a4 -

Imtu _\»AAMW-% + M(FH)?| 4 (other ters) . (23)

All other omitted terms after reducing the veetor and axial-veetor fields in cq.(43)
will contribute only to the interaction of six or more pseudoscalar mesons.

The final expression for the reduced Lagrangian hm.ﬂ.,;:: can be presented then in
the general form

e = e [(QuLLL"Y + QuLyLy) + QuLo L, L' L) €1t
=i F3D) w [Q(QuUERL L €1, i) + Qs & L €€ L En) )|
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, . A . 1 ) _ .
i = =it (X[ Re{€xmoth, LuLuLo} + Re(Enm€liLiL, + L, L2€uimoc}) +3 CLuERTER LU + Enlimio, €4 L2} n) |}

+Ra (Enmo€f LuL? + LEL,£1mok s + {Ly, LEwmo€ i L))
+Ry Ahzmxﬂcmmhw + hwm:mﬂ.mmh:v

+Rio (Lo L Enimofi LY + L Enmo€ L, L)

+R1&r0, (6L €nmmo€ i Ly — Lo &rimio€ i L )en) €,

+Ria€ {0, D €5 (L, L*)En)}ER] }

+eF )t { X [Rio €nQER L Enimot s — Enmio€h L €1QER)
+ R EnoQER L — LY EnQimot})

+Ris(ErQMoE LY — L EnimoQE})] }

with R; being the structure coefficients:

- N. 1_,

== g2ty =1,

N A \ 1272143
TR N‘_—AN,. =i - (g¢ vNV.
. N.1 _, | Hma.-+wv
By = 3hi= o g 2401 - 2 - 07 k)

N 1, (. 121143
Ry = -2 -.&AT =|+wv.

K

+—nRZ3 (U + EntiioEn)). (34)

The p*- and pP-terms of the finite part of the offective action (13,23) generate the
scalar meson current which can be present in the form

TP = Gyt (AL2U)

1 - .
~u tr Ta _Qumzmxmmh“m: )¥n
+Gs Am:g\;mmh.\?:ﬁmz + &n{&hLukn ,QNAQH:@;K:V

(31) +G, A?SAQF@:Qbéé + L*L"¢p @.AQP@:QV

..Tﬁﬂ.m Ahtm: Q\.Ammhtm‘; mumhtq - Ly Q:Ammwh.\mtv mﬂh:m\
+L"LY€n (€ LoEr)en — LY L"Ep 0, (& Lo En vm:v
+ColrduERIL,. (LY, L")€n)Ep + G- L, LELYU
+GyLLLU + Go(L, L, )V }

.1 >,
—ie tr {X° [Guo€nd* (FI2) [Qu €4 L € en
D (Gul"en QERL'U + Grual 5L L€, Q)en)|)

1672 6 N, (492 oyl
~ 1 _. ~ 5 - N. +HaeF D) =G iatr (MNErQ*En) + O(imy) 35
Ro= e Lziaozy 1), Ry= - - )G e (X En o (33)
1672 9¢ = 7 6 1672 24
~ N. 1 _. - ~ N1, e G are the structure coctficients:
R = — T Z3(19ZY = 5). Ry = Tl Z3(2324 - 1), where G; arc the structure coefficients:
- N. 1 ., T P Y | (S s 2 _ N1,
Ry, = or 12 NAF_.ANW_ —-2), G, =0G, =0G, = mﬁ:_ = %N‘._, Gy=Gs = wlu:%w A
~ Ne 1 /.. s 9., .. 5~  N.1_, |
Ria= 155 52 23(28 4424 - D z7u 2 - D). Go = ap6m2 g 2223~ 1),
=~ 3~ 1~ N1, s _ N 1o 1 974
Ry = w:_._ = m:.:. =~ Ton me (32) . Gr = 25672 6 A..NA,_ +(Zh-1)(2Z3 + :v ,
Thus, the -.oa—zl.r..: of :wc veetor and :zm:._ veetor fields does not change the kinetie Gy = .vwzn.m 1 AwNw +(Z3 - 1)(28 + :v .
term of the bosonized (V' — A) current while the structure of the p* part of (V — A) 256m? 6
current is strongly modified (compare (27) and (30)). Gy = : _‘>~., - 1 AuNm —(2Z} - 1)(32Z) + wvv .
Using the bosonization procedure of vef.[21] and the cquations of motion (17) we 256w a .
obtain also the reduced (S — P) meson currents. After redefinition of sealar ficlds G = N. WNN G = — N. wAwN._ 9. Gy, = N 4 (36)
O a6 3% TR T T aggpz 304 T G = o 5
L= T =260k S o T 2g6) (33) - - -
and variation over 1), with applying the static cquations of motion the divergent part It 7 m::x:.?..._.; to mention that the p® terms (23) ...»; .,_zw finite part of »__:.. emwéaiw
of the effective action (12) leads to the sealar current action contributes only to the g corrections (31) for (1" = A) current while in the
case of (5 — P) currents due to the fact that redefinition (33) leads to the replacement
(div,red) K, A ~ 2
Jp M = 2 N LA 4 4 E ik e R
g 8y "

13

M = M =26 pEFSY + Skl M = M =S lh + GennEr T,
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.N . 0
logarithin In A::..\Awam.cvv , can be neglected. At the Born level, the contribution to

the pion electromagnetic squared radius originates from the Ly term of the reduced

Lagrangian (20):

(Born)_ 12 %

2
<V Dot = =Ly
r F

cm
The pion polarizability can he determined through the Compton- seattering am-
plitude:

< m(pO)m(p)ISTra (g ) v a2) >= Ti(pip: | qig2) + To(pipaliaz)

:t ,t:
P )y - Uy
N.._Ts _ wnkmw.mw» m\:\ Pil; PP, , H.._Acv C.

"y "2
Ty = &5, =X,((192)900 — a2 q142)s

where B(q1¢2) is the so- called dynamical polarizability function. Defining the polar-
izability of a meson as the cocfficient of the offective interaction with the external
electromagnetic ficld

nt = IA_NAMN - muv\w
one obtains
Felquq2)

8Tnir N(yig2)=0

Wy =

The pion-loops give the finite contributions without UV -divergences [6,7,11]

2 46 -3 o
gl = < (1- (o), A = _
Prs 8miF? 1 3sn flsn) o 1niF? 1
where s, = (qig2)/(2m2) , f(C) =C'THC) -1, and
arctan(¢™' = 1)"Y2 0 < (<1
HV1-¢r )
J(C) = HmEY o i) o> 1
(<.
The meson-loop contributions to the pion polarizabilities are
2
(loop) __ (loop) _ ¢ _ ¥ -5 3
a7 =0, a M= 3SIm R = =5.43-107" fm".

At the Born level, the Ly and M_: terms of the reduced Lagrangian (20) give:

82

(Burn)
B =
i ¢

(Ly + M:L . ..*M.nr:.i =0.

In our analysis the constants Fy, ing, g and mf. ave treated as the independent
cmpirical parameters and their values are fixed as

Fo=9LTMcV, iy =22MeV, o= 186MeV, . = S40NMeV . (37)

The corresponding calculated values of the input parameters are also presented in
Table 1. The results for the 49 — 77~ cross sections are shown in Fig.1. All other
constants can be calculated using the values (37):

gv =54, 3=0185, Z}=00653, <gg>=—(330McV)’, m®=>53McV.

The values for the current quark masses seem to be by a factor of 2 <+ 3 too small
and the quark condensate, respectively, by the same factor too large as compared
with the corresponding value from the usual phenomenological analysis, based on
nonreduced Lagrangian and currents. A similar shift of the current masses and the
condensate was already observed, for example, in ref.[42] after taking into account the
vector-scalar and axial-vector- pseudoscalar mixing in the analysis of the collective
mesons mass spectriim within the extended NJL model.

Using the values of the parameters Z%,5 and (¢¥)? which were fixed above, one
can compare numerically the structural parameters L; (22) of the reduced offective
Lagrangian (20) with the corresponding parameters L; of the nonreduced Lagrangian

(8):

L;=120L, =1.90-10"%, Ly=171Ly=—541-10", [;=199-10"°,
Ly=135Ly =8.53-10"%, L,,=1.36L,y = —4.33-10-3, (38)

After substituting the values of Z3,5 and (g{)? into ¢qs.(32) one can also compare
numerically the structure parameters R; and R;:

Ry =-0285-10, R,=0.76R; =2.42-10"", Ry=-0992.10-3 (R, =0),
0.

Ry=2Ry; =0.62R, = -1.98-10"*, R, = 0.39R; = 1.23-10-". (39)

The clectromagnetic-weak part of the nou reduced current (27) corresponding to
the structural constant R; (respectively, the Ry term of the reduced current (30))

describes the axial-vector form factor Fiy of the radiative decay # — Iy, The form
factors of this decay are defined by the parameterization of the amplitude

Tu(K, 7 = ly) = V2 [Fre, k" + iFy (sutha) = qulke))],

where k is the 4 momentum of the decaying meson, ¢ and ¢ are the 4 -momentum
and polarization 4-vector of the photon, and the vector form factor Fy is determined
by the anomalous Wess-Zumino electromagnetic: weak current, originating from the
anomalous part of the effective meson action, which is related to the phase of the
quark determinant. The ratio of the axial- veetor and vector form factors is deter-
mined by the relation

= =327'R,.

The theoretical value of the ratio Fy/Fy = 3274(Ly + Ly) = 1 arising from non
reduced current (27) with structure constants Ly o (10) is in disagreement with the
experimental results on this ratio:

Fo\emh {025 £0.12 [43),

P 0414023 [44].
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k = 6. After voluminous computations one gets the complex expressions for heat- with FY: as field strength tensors,
coeflicients hy, ... hy:

ho(z) = 1 Nuwm =0,V, - V. + Vi V.| + _\»E.AL*
0 - 4
hi(z) = —a, 1 1 m.h\ = 0,4, - mw.tbt + :\E.&.\_ + _\r: «\L,
Tt [hao(z)] = Tr Tm:,svn + m%w. and
i S P ViH = 0,H + [V, H] - (4, H)
Tr [hs(z)] = 12 Tr Awnu —Su8* +a(Tw ) — m:»omev - w:n %ap) v ’ as the covariant derivative.
1, 1, 1 ) ) In the same way the next orders of heat expansion coefficients h; can be obtained
Tr[hy(z)] = Tr AMM: + 359 S*, +aS,S" + ﬂwmq?w.. W) = (Sw) using the developed computational technique based on the usage of computer algebra
) ) . 1 7 [30]. For simplicity we present below expressions only for minimal parts of heat-
—a*(Tw)? + —(aTw)? + —a(K*,,)? + —al JKg" + —T,,S"K,* coefficients, i.e., only for the parts which do not vanish in the pseudoscalar region of
+wcn (Cw)® + Gcma w)* + genal H W + zeal K + Sm u the theory when Vj < A, = 01 €
AW Buv - " augQy G Bu ub iy T 2
+mcn>u T, wcoﬁ:&n SY + w@oc> an AMu +5p v + qm.m.: (Tap) ) 1, 1,
L ot 1) 4 L (Tosw s Mg o) ¢ Lot g Telhs(=)™] = = Tr | 1g0%( + 5,5") + 550°S." + 2as,)?
Higg S e 1)+ o (T 4 ) + (8,5 1 ; :
2 11 1 1 o\ s o —— [10aS,(5*, + 5,*) — 2a(S,,)? + 17a(S* w, ws,
+ (35 Fom + 5570 + 105500 + gz [T K] ) (10— 9) +a00 1005457 + 5.7%) = 20(Sy V' + VTa(S[)* + 5.5, + 3a5,5,)
1 1 r 5,505, 4 ) g g gmy 2 g o s
+ oo e Ka™ Ko ~ 12600 (20r7,1% 4 2704214, (Ko, + Kp) Swm #TE T 28007 225747
83 - uvaf 4 rafuv 127 ~apvf _ 1 wtﬁbtv +— ~“Am=ttvn — MA:WE!QVM — Mwﬁ%t.\tvn + .N.thtrm.tﬁn v
Hloplu ANS8> t 5 5040 600" 25200 _
13 8 TV pa 47 2 2 17 2 min} _ |u|n‘ " I~|u "
+HNQOQ~1EE~; !—.J DH‘ “ + H@@OOAHJEVV A—.‘va + NUMCOAMJE!—JQBV Tr —FQA.‘HV _ - \.—...n. .NMCQ AQ +#.Wtﬁrm4 v+ &MOQ %t.m-
4 a \2 19 o ~u Pv 1 "o 2 1 - o 2 1
* g (Tl )"+ g0 K "ow K™ ~ 13555 (K ma)” + g7 () Fo0TG0" [200°5s" +55.(5%s + S,%) 4 54,8 — (S, + 11(S,2)7 +95%,5,]
1 . . 1 . 1 . . 1
o Buv o 2 __ o nvg - apvf v v " 1 "
+w||w~co>: aK g+ IIUQHHEANV E.:v IWQACM» 3:\>u + >tv9b> +Mwwooa—.wtnﬁﬂu.mi .+ w.w.m..\ tv + 55+ A.m.t.m..\ + A'm..:w.tv_ + Mcnon%tt.m. .w:
_ - o pruf v _ - ~uvaf rvafn 1 v v 1 v oo e v o
T80 Koo v K5 = 5o Kvan [3 (Ko 4 Kvosn) + 55505+ (375 + 235" 5, + 9073058 (5" % + 5,424 + 8,7,
. . 23 937 23 1
+2 (K#obv 4 foved v Se A v S, v v 2 v ou
A ) 95" (28005 + 302200° S+ TogagS Sm) + 5530545"5
1 1 1
—_— " av va uy o —_ o
Here, * 3528005 v (925" +535"%) + aS™, Auu%m “ ~ 11380 % v
Ko = W] = Ty Ko = o, Kol Ko = [ ] et LSl + gL (157, 1 550,00 1 110,
.Wt = —&‘:a_u .m..:\ = —&t. .m.t_. .W»tt = —l\f,m. t_ , etc. 1 - 1
g —_—— _mu?w S*)? 4+(S,S vn_ + Sornn SuS, (1675%,%% + 2988+ )
are commutators of the operators d,, and a which are defined by the relations 30240 # wey 352800747 “ “
1 1
— =55, (315,°"" + 585 4>, + 475 #) 4 — G+ Yo
do=8,+T,, Tu=V,+ A", a(x)=iVH+H*H 4 m:f\_? ) +3w% WS ( + + )+ 7595"5uS
: 1
apv uv o a vp Qo
We used the following notations: + HAwuw.w:.W<.m.n + 105840 SulS™ (375%, + 705, )+ 355"5% ]
H v {s] x4 vpo Vo H. v 20 o
H = Pp@+ P9t = S+iysP, T, = [dwd)] = 0,7, -8,T,+[T,,T,] = hu+<uﬁn +§m= [$#S%w + Sua(554* + 25¥*#)] + mmlmlom‘.a‘. v+ S.") S,
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+0,3°A A0 — +0,d,d &0 — +&,d .d.d —

H(2°A+ 8" A1 +3"A9 + (84T +3"A)E — &0 +3,d Pvd +d°A A +& Q_

(+8.0,.d ®+a°d - +4,d..d $.0°q).3°A d"a + +0,0,.09°0"a +9,d &"a

ve
$.0°0+3,0,d ~ 8.0:d +,d ~ 0.0 +,d,d - °d .4 +3,d QL:ri

o

((+¢°q ®.q.ad.a - +¢.0.d,d & Q

"0, &od - v m_

[ )+ w'a) %mu

(8.048.0 640 +8°A "A+3"A + .0 +8,0 3" 13T H4 +3"A)e—
2108 |

[(evas0,a ¢’a,a"a + (2°a +2"Q) - .?Q,fe.dvvsl

(+2.0 2.0.49°0 3"a + (,3"A2"Q) - (10,0 3"D) W] ==
[(2.@.0.49,d - 40,0 +8,@)8"T+3"A + $.0,T+5"A B.a 3 a+
(+8.0.0 &40 — +$,d,d .0)+3"T 3"0 + 43,0

Neg Yook %o e,d_mﬁi
(.q.0+2,0°T - .0.0+8.0°0)5°0.8"A + ©.0.0.43°0"A 3.0 13" a+
@..
[(2.a.a +2,d - .0.0 +2,0)°0°T ,"q + (5.0°T +3 E+
(+8,0.0 B0 = +8,d,d 3.0):+3°A"A 3" + ,(13,0°A e.d;m%n
(24 +2"q W + 19,0 8T, + W d"AW +9,0) ET

[(#.a +9"a,a + v"a.a .2, + 3°a"a +3,q.@) W+
(+2,02"a,d ++9"d,d%.a + 1+9,d,d 3"a"T) W] N1w+

0£) ., 972428 _
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|%Aune+cééé -D'D'D°¢*D.3))|

11 oD, g+ powpeg 4 10 2l p-1vp e Dot
+goh FSDa®* FOWD 8 + oy [(FLIYD,
+FLyD.e* D g

IWR [F$) (D*@D*%* M + MD"8 D&+ + D*a M D +)
+F(D"¢*D*® M + MD"$*D*® + D"e*MD"®)]

1 - ~)a v vd T
+3#* [F2F*(D*@ D9 - D*@ D"9+)
+FFM*(D"9*D*® - D'+ D*3)
Im,.mn,boe FiHwvaDrg+ _ &Qboe m..+¥.\d=9+_
+m5u§bne D°¢*,D*9D"%*} + D,#D"¢*(D*d D" &+ — D°® D" ¢+)
+D*@D,3*(D"®D** - D*3 D"%+))
+F$ ({D.®* D°®,D"¢* D*®)} + D, &*D*&(D* &+ D& — D°&* D" ®)
+D"®*D,&(D"®* D*% - D, * D°%))]

5 - 1 - —
—gH MDY + MFDY] + 55 [FS (M, DD M)
+F{M,D"D"M)]

1 2 pl=) p(=dno (=)o (+) p(+)ua pl+)w
—3# Aaevm,. o =l 4 P pltue p ..v

+zsnt 41 (DL + (DY) = 10((DM,0)? + (D, )]} (43)
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