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· 1.. · Introduction ~ -

There is a renewed intere~t~iri electrom~grietic pcilari~ahilitf~s-of the · 
·pion ·aD. d.· kaoii-~v,rhich together -~ith _othe~ Io:W-energy.paraniet-ers_like _ 
electromagnetic radii provide·U.s with u,seful information on /the ~in:.' 
tenial structirre ~ ~f mesons: {for~ a ·re~few on recent result~~ 0 btained~iii . 
different >model~. see . e.g.' re~~: [I;~~' ·3]). -Scl1Ile "of us·-c·al~ulated . these_ 
polar.liabilities~earli~i:-witiDn: ~onli_11ear-cpiral hadron t§eor!es [4; 5] a.S 
well as· on. the basis ?1 _a·. b:osonized' NJL7moder:(6V!~adiiig to a)inear ._ , 

· 17.,~odel [7~ 8J~ _•-In the linea.r.·a-~inode~ pqle :diagrams.~arisin"g:fromjn.:' 
terinedi'ate scalar mesons1 E,fo(980) afid ao(980) tl.u:n ouf to,play-an: 
important i:ole in-th~ calculation of_~~s~~- polariiabiW;ie~. -In pai:otl~u- . 
lar,for describing thephysicalisoscalar scalar mesons Eandj0 ?within _ 
·an unde'rly~ng_ qu~rk n;iodel,:o!le b.~sto take -iritoa~cou~t: t~e mixmg 

. angle 8 of the. ( u,d) ~d- (~) quark .coi1teiit;of these Ine~ons ·(see _[7J); · 
In the-latter paper' ~strong _and radiative decays- of~ scalar ~esons> 

we~e investig~t~d~~olely on th~ ·level.of q~(L~k loop :triangle • diagr~_m~s .. · 
'-·. ~ ' . ·. '.' ', -.- ;.· - , . ' .": . - ,- ,' -,. , ~ - -· \ ,· ·- I 

In: the _papers '[11 '-12] it was however' argued that. additional ineson 
.loop '<contrib~tions c~ play;~nimportaht. role; f~r the''de'sct,iption:-. of 
the~· scaJar ~e~on\decays. 2 :--'l'his iclea doe~ ~ot· :c~nt~~di~t · the~us~cil- · 
1 INc expail.'sion 'sirice ~both 'quark_and rri~soii loopsturn out ~t6 b_e' of ' . 
the sameord~r in:Ncf~r-this ~ase: Sti~~l~t~(frfy~these argum~nts w~ 
have rec,alculated .the decay. amplitud.EJs .of scalar :mesdns. W~.· f~~md. 
that pion' and espp.Ciqlly ka'n. Joops·-t~rned:out'to: be:;indeed~~ss~ntiai -~ 
for the : descr!p_tion: of, the· d'e~ay fa" ~:11, : ~hich is~, ci:uci~l "'foi:~the 
determination .~f the miXing angle on the' b~is 'ofnew/experilll~Il.tal \ 
·ciata. -We-find .a ~alue e.~ .23° for the -~ixing 'angl~, _which; would ' 
ch;mge _to 8' ~1~o)f m.eso~ lo'op~-~er~ mnit~~4:. ' . ;< '.';- / . ·c> . 

ClE~ar~y,- change_s' oL,the 'miXing-angle. alsd sig:rlifidmtly_~_infiuence ; 
1The! meson .is considered. to .he a br~ad~:sona~c~ wit!:{~~· a~·d width ~hich a~: not p~~e~tl/ _ 

COf.Ilpletely fixed yet {9].~ We shall use.here'the theoretical value of the mass M:h.•or>=:;; 650 MeV~ 
and the new, experimental value M:,.~ ~ 750 MeV {9]:· Th~ rh~es oft he o~her. s~al~r · niesons a,re-- ~_ · 
givenby'M/~=980MeVand·Ma;='.982MeY·[lO].. . . ' · .•. · .->•': ·:·; / ·_ 

I -
2 Note that in the case of a; ..::-r:Y the additional effettof m~ori loops only_weakly change; the 

result in contrast ~ith' the re;mlt ,of ref." {12j whei:e. the~ effect of 50% ""'~found,! and quark and-
meson loops interfere in a destructive way, ~hile we found both dfects to ~e additive .. In {11] only.- , · • 
~Jar meson loops were considered:_- · - .. · ~,: . ,. . · 
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otl~~r physiC~lquantities,Jike the kaon polariza,bility. Theref~re, we. 
· _ apply the new results to estimate the kaon polarizabilit)r. 

In.thelast part of our paper, we have investigated the temperature 
dependence of the kaonpolarizabilities. The behaviour ,of h~drons at 

. finite ,t ,- espacially near the critic~l point. where~ the chiral symmetry . 
restoration takes place, is a v~ry interesting problem.' This problem is 
now actual because it is planned to put into oper~tion the riew parti~le . 
accelarators (RHIC at' Brookhaven, LHC at CERN; ~tc ), where heavy-: 

_.1.- ·----
.. ---. 

. : ,. ' 

~ ion collisions will qe iilvestigated. . ~ . · . \---- _. · 
. This- paper is organized as f~llows. In Section 2, we·give· the La~' 

-grangiiuis ail.d calculate· the ·mixing-angle; In Section ~' we: calculate 
thekaonpolarizability usi~g the n~w yalue for the Irii:Xing angle: ·The-. 
temperature dependence of the kaon.·polarizability is considered in 
Secti~ti 4. we· summarize and conclude in Se~tion 5. 
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i ,.·- · 2.·· · Lagrangians and_, det€Sr.mihation of the mix-. -

.... -· ·. ' 

~ -ing arigle ~ ~ .-- .· ' . 

··l·· . ~~r'd.efi:U_ten~ss,)et ils::co?si~~r,n~eso~ vertic~s-__ generat?_d by quark-
. - loops ansmg 111 the bosomzatwn approachof QCD-motlvated quark-
1- . -. -"~odels [7, 6]. Then, the corresponding local_~terms ~atisfy approximate' 
l __ ., . · chiral s~_mmetry of the. resulting effecti-ve meson lag_rangian in ·.the case 

··1. _- -· of m 8- :;= m 11 , where ms. and mu are the constituent masses of strange~ 
. . or ( u; d)-quatks, respectively: First, lefus quote only that part :of the 

mesonlagrangian which descr:ibes the decaysof sca1?-r mesons €(650), 

'\! 
~]_· 
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f 0(980) and a0(980) into two pions and·ka;ans [SF( see Fig. la) 
' .,. _. - . 

1 

£1 =_ f (G~i2(x)S(~)+Gik(x)K(x)S(x)) 
S=!.fo · .. , · · · · 

+G~ k(x) ra K(x) ao(x) , (1) . 

·where. 

G~ ~- ., ; .. 2 g1r Z112 m C?S () :' 
~:;. 

Gto = 2g1rZ112 msin(), .. 

Gi< - 2gK Z112 .[(2m ~ ms)~os8+~(2ms- ~)sinO] 
. -- - . . - ' 

c-- / -

' 

~.ii·i~~; 1· -, _ Jltt.t _ A 
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a{< = 2gKZ112 [(2m-ms) sin~O~-J2(2~s ~,m)co~O] 
·a~ . 2gKZ112 (2m-ms) .. · - · · · · 1 

· .(2) 
- ' - . ~. '• ·-

Besides the Goldberger-Treinian relations 91r' mf F1r, 9K~ . .. .. 
~ ~- . . - ' . . . " -· - . ~ ~ -_ /' '. . '· 

(mu +m,s)/(2FK),we shall use the following PaJ:ameter:val1les P1r _ · 

93 MeV, FK = 1.16F7r, 'mu·= md rri .. 280'MeV, ms ~450 MeV.· 
_Here Z is areno~malization:coefficient ~!i~ing from 7r..:A1-ini:Xing (Z ~ 

1.4 [7]). . . .. '-~ ' . ' • . . . ' 
Below we shalf deter_mine the miXing angle 0, which describes the· 

deviation .of the singlet.:.octet .mixing:angl{from the-id~al ·mixing· by. 
using rece~t e~perimental data for. fo -~ 21:a~d fo -~ _21r. For this, we 
remind. that the scalar c·omponents of the ideal ~ixing are related to 

. - ' . - . -·. . ·',· \_ . 

the physical meson statesthrough· . . . · .< 
- ' . :. -- '·---, _,_ . 

(u8+~uo)/v'3. . 'E cosO.+ fo_8irlf}, 

(\12 us~ uo)f-./3 ... Jocose :-:€ sinO : · (3)' 

:Now, let u~ ~onsider:two-:-~h~to~' decays ~f scala~;me~~ns which ar~ •
describedbyfiiiite quarkand meson loop diagra~s (see Fig.·:1:b- d).· 

The amplit11de of thedecay.S~ 21 arising from.quark loops takes· · 
the form · · · .. · · .. · . ; . · 

" 
Tqpv . . = (g~vqlq2 ~ q~ qr)Tq ,,. (4) 

where 
· .. · ·.. Tq ~ .···.?_·· a as 

.· .·· ·>· .9 7rF7rZ1/2 r· '' (5) 
. . . - . . ' .· ' \ 

Here. q1 2 are the photon momenta, a ·- __ 1/137 andthe coefficient as is 
given b~ . · . · ·~· . ·• -.··· · · · ·. · · · -· · ·. ·., ·· · 

. ·. . . . . 'F1r ; .. ~. 

a£ = 5 cos.O+ yl2 Fsn1:0-, 
. ·· s ' 

' . •' ' R(F1r ' ·.• ' •. -, ' 

a fo . = .. 5 Sill 0 - V 2 p S c_os 0 , ."' 

aa
0 

. ·. · 3 , / ' . , .· · (6) 

with Fs = 1~28F11" (7): ·.Here we have used :low-: momentum expansion 
around q1·q2 ~.o. In refs., [6/7, 13) it ha~ been shownthatthis pre
scription respect~ S'U(3)£-symmetryandleads to reasonableresults 
for 2 photon dec~ys o~ the ·pseudoscalar meson nonet. - · 
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Let us -~ext calculate the mesop. loop contributions--of Figs .. 1c,d 
\llhich, dlle to as ~ 9s "' if.fiiic, confributein th~ :same order of the' 

;1/Nc'expansioil318 ~he quark loop diagra:J?s. :Taking into account the· 
-Lagiingian ofelectromagnetic iniera<;tions- . .... --~· · - ~ . . , 

J:-2. 
. ' 

i eAil (1r~ 8p1rt ->~+ 8p7r~ +:K- Bp_K+:::.. !{+ 8
11
K-) 

+e2 A~ (7r+7r~:±J<+z<:) ,·. 

· o~·easily obtains 

rmpv (gf.lV q1q2- q~qr) rm l~ ..... 

·with ··- - -~-", 

\.. . ..,../ 

m S . (y 2 · [ A.(. . · :) :' 1). 
T '- = aM 'TJ 211'. M§ XM 'f' XM. -. ' 

.' where the functio~ </J( X )is·· defined by~ _. 

• • . c, :._· .:{. [~~~tan(x__:~ 1)-112] ~. , · ... x ~ 1 
¢(x) - - · · · 2 · 

. -:=.. ·.· [i ln 1-$1-x ~ 7r] . x < 1 . 
· ... 2'. 1+ 1-x '2". ' .. ~ _ 

(7)-

(8) 

(9) .: 

(10). 

• .• ' ' . 2 ' - 2 . ' ' :- ,. .· . ' ' 
and, XM ~~· ~~2 = (~) , 'TJ.= 2(1) for pions (kaons),.and Misthe mass 
ofthe meson circulating in the loop. ' ..•. - ' - . .· . 
.--. · Th~n we use these r~sul ts for. the. d~termination of the. mixing a~1gle · 
0 from~the decaysJ0 --+ 11 and_ fo:~ 7fiT. Taking -into account expres=-·· 
s.ions (5) and (9), the totalamplitude.for tile decayJo _; 2:y consisting 
of quark, pion and kaon loops, reads~. . . . . . 

Tfo-+rr 

T q· 
fa.:....rr 

·-·· 

Tq ._ + T1r . .+. T K , - . · 
/o-+rr .. · /o-+'ir lo-+n ' 
a.·. . . .· . 

- 7r F ~( -0.2 cos 0+ 0.9 Sll~ 0)'; 7r . ' 
T 1r -.fo-+"'f"'f -

a·· . · .. 
7r F~ ( '--0.4 +0.19 i) sin 0 , > 

-- TK · ·. fo-+n - ·7r~ic~o.7c~sO+O.lsi~~) ,_· 

I r,Q::;"'f - -0.9 ~~7r ~i~~(cot'O_- 0.7- 0.21i) (11) 
3
3_mall contributions of loop diagrams with non-strange scalar mesons (10% of Tj._..,:,) and 

·.-strange scalar mesons (4% of Tf,_..,..,) will be omitted. 
' ,_ ·, 

· .. . 5 
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, Fig.1 T~e triangl~·_.quark-~oop diagrams, desc~ibing tlle __ de~ays: ~::-
afS-427r.(2K),b)S-42i,e)K*~'YK·. ' ... -.-e.. _-.- .... -· 

c) The tria~gle me~on~loop diagrams, describi~gthe, decays S_ -4 21:- . 
d) The meson-loop c].i~grams, describing the decays S ...,.-+ 21. - ·-
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.Now,using the Lagrangian .C1and the amplitude (11), we obtainthe 
following eXpressions for the decay wid.ths of fo -+_//-and fo -:c+ 7r1T" .. 

. ..:Ma .-_~-- 2 - -_ 

r ,~_.;'Y .. ·_. 64; ITto->-nl ' J . .: (12) 

3z. ( 2)2 (2M )2 . , m 1r ;2 ·. 
r /o->7J7r = 21T" M ·. F. . 1 - M . Sill e . (13) 

lo 7r · -.. fo 

_ By comparing--their ra:tio with the·eXJ>e!-"irriental- ~alu~ [10] 
_:. ' . ',. ·- / 

. r /o->n .= 1~5: lo-5 ,. (14) 
r /o->7r7r :. 

'we obta"in two ;~lutions';·e· ·- 23°·:a~d·e·. -43°. The choice 8_= 23° 
·leads to predictions _. _ . I · _ 

. . r/o_.n = 1) ~eV , 

_ __ r /o_:7r7r . 72 MeV , _ 

_which ar~ so~ewhat larger than the average'"d value~ of PDG [10]. It 
.'is worth mentioning thatdiscaiding mesonloops.would even-yield a 
. negative angle e ~.:_18~. . - .. - :_. . . . . . ' 

· For later applications, l~t us also quote the effeCtive Lagrangian de
scribing th~radiative de_cay K* -+-K 1 of vecto~ mesons corresponding 

. ·t'ii the anorriafous quark triangle di~gram shownin Fig. 1e, · 

.:__, ' .Ca = · 3?,e_J~K aK• 1Eu~vp F~v(-~) K;
11
(x) K(x),-

• ' • . ! .. -. '. -- - • ' ~.. ."-· ~ <· 

.. (i5) 

with 9V ..• gpbeing.the vector meson coupling constant 
(gU(4i) ~ 3). Moreove~, using the \ralue.of the quark_mass ratio 
..\ = mti/ms "'0.62, the coefficients a/{~ are estimated as [8]. _ 

. . . • 1 -[~ ·~ .2 ..\ ~(-- . 2 +'..\2- -.- ';)· ·] . · ·. 
aK·~ .. :~ -2 1."""' 1- ~~ • 3_+ 1- _.\2 ln.\ . ~ 1.~ ' 

. ..\ -

aJ(.o '=:·1-.i _ ;\2 ln..\2 ~ 2 ._ (16) 

-·. Finilly, we ri~ed the box-diagram 'describing the low-energy Compto1 
effect off~K mesons, shown in Fig. 2. Thls.diagram leads' to the La-

. grimgian t~rm · . ··\ ·· · ··· · - · 
,._ - .... 

_ ~4 ·= 18:F2 F~v(x)(K+(x)J(-.(x)_-1:'4·K
0(x)K0(x)). /(17) 

. ... . . K.. -. . . - -. 
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3. Kapn polari2:;ability '' _?' 

In nonlinearchiral models [5] (arising in the limit Ms,.... oo)_arid in the 
chiral-symmetry liiD:it of th~ liriear u::model[8] the main contributions. 
to the polafizability .of -charged kaons ,. and- pions em~rge from pole 
diagiams .with. ilitermediate seal~ meso~s con,tai~ing' the quark loop 
vertices shown in Fig.la~b_4 • Thisis. contrary to the case of neutral 
mesons where. the. contributions of the corresponding pole diagrams 

' .. -' ' .. ' ' ; 

· are completely cancelled bythe box diagrams shown in Fig. 2. · . 

. / 

Beyond the chiraflilnit, thi~_ situation still holds for pions, wherea~ . 
for kaons the res:Ult stf()ngly_ depends on the value of the mixing'angle. 
We will find below that for ()= 23°· the scalar meson coritribution·is
reduced by ·about. SO% with respe~C t6 . the value of. the ~hiral ·limit 
but still domimttes the bmc diagram· contribution: For ne~traLkaons-

. the confributiqn ofpolediagrarn~ ~~mcii~s som~what dominant with -
respect to the box diagram term,·leadingto a small nonvanishing vaiue· 
of the neutral Iffionpolarizability.· . To see this i:O. more· detail, let. us 
"'rite the con~ributions of scal~r meson pole and box diagrams' to the 
kaon polarizability a~+b) 'intheforin5 : ___ ~_-- _- ~ . . _ ·, · _ · · 

a(S+box) . .. C (2 ~ - 1) .-. ---
1{+ . + . ,_ 

a(S+bo;). '=- C(2 Ll_ - 4) 
.. -/{0 ; ' ' . • '. 

. a 
C. 187rF'J:MK (18) 

where ·-

Ll± = (~s+,m){;.;; [(2m~ms)_c~s,~+~(2ms~m)~i~(J].•· 
=-:Ji [f2_(2ms ~ m) cos~ -·(2m -~8) sine];. 

,- ± aa~ (2~- m5)} . · -· (19) 
. . Mao . ·-- . . ~ . . / . . .. ' . . 

4The contribution of meson loop diagrams will be.dis~u~ed later~~ (see Fig. 3). : . ' 1 · . ·-: 
5 Recall that the electric anl·magnetic -polarizabilfties ~p,{Jp of pseudoscalar mesons are ob-

tained from 'the low-energy Compton amplitude by the de?omp'ositi?n r • · • ~-
. . - - . _, a - ._,~. I . . - : ..... ·~, ' . < 
TNR = ,-£·£ -+£·£ ww ap+(£xk)·(cxk)f3p 
c • ?' M . -. ' I -. ) 

with w (w'), k (k') and£(£.') being the incoming (outgoing) photon energy, moment~m and 'polar-' 
ization, respectively.· . · --

8 

~ 

·' .; 

,:·, --. :··-· 

,"Y~ 
...,. . . ' . - "Y.' 

K--~~-~ 

q q ' 

-
. K .. 'K "Y . /{ 

· Fig:2 The quark--box diagrams,. describing the_ Compton effect off .. 
kaori.s. · · · -· , . ~ ... . -

-. 

r 

._._,_ 
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. ' , . •. " 

.·.I \ , 
r . K, tr r - '· 
\ . - I " , '-:.. .. c:_ ,,.-. - ..... _..._..., ____ _ ..... ... 

K. K' 

'· :·a) ' 

.I 

i' ~ - · · K:·tr . . _r' "I 
- . ~----_;..4"" .··_ 
. . \ - I . 

.K 

\ , 
\ , '. 

' .. \ , ". 
\. , -· 
.;~,-,, .......... 

,,'. ..... ......... .. ... 
K 

b) 

/ 

'· 

? -

_ Fig:3 The meson~ lo?p 'diagrams, des~ribfng~ the· Compton ~ff~ct off· 
kaons .. 
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Taking into account (6), ·e / 2~0 and using: two. different values 'of the' 
E-mass, M{ . 650 (750) MeV, we obtain A+ 3:55 (2.6), . . 
~- = 3.05 (2~1). T~is ~eaas to th,e following estim;ates · :· 

. (S+box) . .· . · ' · · . · . · ·. . ~ · · --~- ::_4 3 . 
. a:K+ . ~ C (7.7(5.8) -1.1 +0.5 -1) ~ 10.5(7.2) -10 . fm . , 

,. a<;:box) ~ ? (7.?(5.8)-J)- 0:.5- 4? -_3.65(0.34) _· 10_~4 frri~ ·.(20) ?1. 
· · _Fo: illustration, l~t ~s-c?mpa~e (20)_.·w.ith t~e re.sultso.btain.ed_in the .· . -:~.-. 

ch1ralsymmetry hm1t(O = 0, M[ .· MJ
0 

= M~0 ~·4m2): Inth~s ~ase, ~ . ~" 
we have. -- · · 

~<;:bo~r ~'c (5 + 2 + 3- 1) )5.4 .lQ-4 fm3 ., 

'~t:box): ~ C(5 +2 ~:3 -4) = 0, ' :~ (21)-\ 
o- • ' ~ • ' • "" ; • • ' _\ ' •• -.; ' • 

~here the first.three terms in the bracketsof(20) and~(:h),de~otethe . 
,;pole contributions of f.;Jo Itndao mesons' whereas the last terms den~te 

· - . the ~ontdbution of the .box_ diagram~.· Thus~_ the d~viati9n from chiral 
·8y~metry in con{binati~n'with,the.abovemixing angl~ influences.'the' 
. . ' . / . . ' . . .~... . . .· . . . . . . . 

.. pol<irizability. For ·e, 23°. the contribution of the J0..:meson .has not. 
. only <iecre~sed in/~bsolute 'value but ev~n changed. in sign compared . 
to the chirallimit;. whereas th~ ao-contrib,~tion is :r~duced by 'an order 

/ ofm~gnitude. /' . ··: ' . . .. . . : .' .· -' . . .: . 
Scalar meson pok diagrams arid box diagrams supply also analo-·" ' 

· gous contributions tothemagnetic 'polarizability f3}f+box) but with the 
' •· ·· · ' ·.(S+box) (S+box) ·· • J ' : ' . ·. . • 

opposite s1gp.·(a:K _ , -'-f3K .. ).· . ···. ·· ·· .. ·. · · . · /, '. . . 
In addition, a large contribution to the magnetic polarizability of-: · .1 

' neutral kaons ~~ises from:pole diag~ams c~ntaining the\n:termediate' . 
vector meson K*. It can easily be.eval~d using the Lag1:angian ~~ 
which leads to the. result. 

· .(3(K··.~)_ .·. ·' ( ... aK·'·)
2
. ·aavMK ={.: 4.·.9·. ·10-4!m3 (K~) (22) · ( 

K. -.~ 27r FK M]<.- M]< ' -12.7: 10-4-fm3 (KO) <. 
. ·For com~leteness; le~ ris consider the mesoU: loop. dragranis sh6w~. 

. -in Fig: 3, hiading to additional contributions to the kaon polarizabil:=. 
.. ity coinpanible to·the values obtained from (18). These contributions_ 

have first been evaluated in ref.[4) for a nonli~ear .chiraltheory, provid~ 
ing "a suit~ble low-energy approximation of the linear lT-modeL · The · - , . . ' . ' 

10 
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expression-of~the Compton-amplitude associated-with the diagra:ins . · 
exhibited-in Fig:' 3,· reads · .·.. · · . , · · . . . 

/ . 

T/;v = ~~;~2 ,(g~v q1·rf2 ~ ;;r q~)~(;)(q1~2) +-{3~K)(ql~2)] , 
. -K .. t . ··. . . . . . 

. Tt;!!.'.~ ~ 4;;1 (g11vq1~q2~:qrq~) ~(7r)(qiq2)+~aK)(qt~2)L·:_._(23) 
··I --

The function~(7r)(q1q2).arising frointhe abo~e twoloopdiagrams with·. 
. intenialpionlines is equal for charged and neutrarkaons, · ·. • . 

! . ., 
' ' -- _-.-.(3(7r)(q1~2) L ~[~;¢{x1r)-1)~1!!::0~. · .. (24) 

, . .r \. . . , . . , : .· .. 

The furictiontJ~K) describes the'coritribution.ofthe loop diagrams of 
Fig. 3 ~ith intern,;_l ~on pr6p~gators. and.external ch~rged k1wns~ :. · · 

_. . • > ht) ' · !~( x ~ + .1 y [iK¢(x K) -:-1] ql~o-1_ :. 
c• • ' ·( . ' .. ~' ' .•. ·, '4 • , .. ·. . . . .. ' . . ·: ·. ·. 12/ 

I ,: For external neutral kadns '\Ve' get 

(25) 

~. / 

. • ·· .. ·; f3. ci<> .. -·-.· · {.;' · ;,..(- ..:). ·-.11 ·q.lq.2:_o 
0
-

. : 0 -::- XK '1/ XK ·:-, .--,-+ • 
• . • .J·;- -' } '''.: 

'(26) . 

Thus, for(q1·q2) -P an6nvanishing contrib~tion t~the kaon polariz7 , 

ability arises orily from (3~<)(0) . 1/12 leading to the result •.... ·. ' ' 
\ "· ' / - - ,· ' '" ' - ' -

(K) - a: · (3(K)( ) -·- -4 3 . (K) , ( ) 
a:K± = 47r F'f< MK ± 0 ~ 0.~ ·10.,. fm .= -~K± ·:- . 27_. 

.. . . . (-

:For .. neutral kaons the ~meson loop ·contribution tothe polariza'oility 
vanishes.· · ·. .• . - . • .. - .. . . 

· .:... ·we .·shall not calculate her~ the· contributions of i~ter~edi~te ax--
ial ve'ctor mesons (A) to~the polarizability. The cor:fesponding pole 
diagnim's haye be~ninv~stigat~d ~D. [7, 8), · ·.. . - : · . · . 

(A,>·. - ·o· .9·.- · 1. o-4 ··£·· 3 . ·-.·· • : (A) ~o-5· .10--:-4 ·r·: 3 • · · (28) 
a: K± -~ . . . . . m ' . a: Ko .- . . . m . . . . 

/' 'i ~~ ' • 

. We mention that_ a noticeable c~ntribution; compared .. to the other 
terms, . was obtained only for the ele~tric. pola:rizability of-charged 
kaons. _Taple !summarizes our estima'tes forthe electric (a:K) and 
. magnetic (f3K) polariz~bilities as obtainedfr9m quark box diagrams 

' . '- ~ ., 
11 ' 



' / I ~ • .~ 

- .,-: 

- ., 

box ., s' M v A ····Total chiral·limit 

aK+ - 1.7 12.2 (8.9) 0.6 0. 0.9 1_2 (8.7) . •. 16.9 
·aKo - 6.8 10~5 (7.2) 0 0 · .. · 0.5 _4.2 (0.9) •.. 0.5 . 

f3K+ 1.7 -12.2·(-8.9) -0.6 4.9 __ 0 . -:-6.2 (-2.9) .. -'11.1 ... 

f3Ko' 6.8;- -:10.5 (-7.2.). 0 12.7 -0 9.0 (12.3) ! . 12.7 

Tabl~ 1: El~ctric and magnetic polari;~bilities of kaons i-; unit~ 'of 10-4 f~3 ~ Th~ . 
columns show the contributions from quark box. diagrams (box); scalar· meson 
poles (S), meson loops (M) and .intermediate_ vector (V) ·and axial vector (A) · 
mesons. The pole contributions are estimated for two values of the f-mass; M< =::-:- ~ 
65Q(750) MeV. . . , -~ ' .· . . -

(box); scalar meson polediagrams (S): meson loop djagrarns (M), -
interm~diate.vector·(V).and axi~l vector (A) mesons. Thus; in com-:-. 
p~ision with theresultsOfthe chiral symmetry limit, for·-th.e realistic'. 
case ofphysical scalar-:meson maises and the· mi_~ng angle (} =.23°. a 
slightly increased vahie of the electric polarizabilityshould·be observed. 
for neutral kaons, !vhe:t;easthe electric and inagnetic polarizabilities fo'r -
charged lffions are' ~educed.·· For futtire comparision '\vith data let ~s ·· 
also quote the suni of the electric and magnetic kaon polari~abilities ' .. 

- 0 •' ' ;· •• • "" ·-· ' 

(a-t- f3JK+ ··_ 5.8-lO~ fm3 
, 

.·.(a+ f3)K~ = ·13 -10-4 fm3 . - •. · .{29). · _ •. 

Note that·our .. resuits ~atisfy the '~equirem~nt .(a+ f3)K > 0 from dis-·. 
per:sion~relations [1f. · · ~- . . _ . . ·-

-· , .. , ~ 

4. Tell1.per;._fure dependence-of the kaon polar--· . . ·. 
• • - ", -,• • •• - • r • - > 

'izabilities .· , - .. 
' .. :--

--~ 

Ill. the pre~ious sections we. have shown that. tpe ·mixing.· ang~e (} plays · . 
. a very important role for the definition of the main~contributions to .. 
the kaon .polarizabillties asso'ciated with the scalar pole diag~ains (see, 
also, [14]). Unfortimately, within our ~odel, orie cannot definethe· · · · 

··temperature d~pe~aence of the mixi~g angle.~·J!et.us suppm;e that 
.. 

12 
·,· 

-. 

., ~ 

,,! 

-... ~ 

\"' 

(} has to decrease· with T- and· to equal zero wheri T = Tc · (Tc is the·. 
critical Tf Since the quark condensat~ is the. order parameter in the: 
N J:L model,r also decreasing with T, we assume that B is proporti~nal. 
to the quark condensate or, equivalently, to the constituent quark mass 
m: e(T) = () :<~]. Clearly, this is a very· crud~ appro~rn.'ation, so t?at.-
we can_ obtain_ ~ere_ only _qualita~ive estimations of the T-dependence ··. 
of the kaon polarizabilities.·. . ' 

. in order to obtain the T-dependence of the other physical param~ 
_ . eters m, ms·;-M'Tr, M K, F1r .and F K we can use the results of our earlier 

works-[15]. The.correspondiong.values are ,gi-y~n in 'T.l.ble'II. 
- - ~ ~ 

T- ~ ·mu ms . Mir MK F'Tr FK . 
0 ., 280 '450 137 ;.494 93 .-108 
50 "280 "•450 .. · 137 494.5 93 1 .107 ' " 

100 271 448.5. ~137' 502 91. 104.6 
150 Q23 437 13,8 /519 82 97 . 
170 184 "_427. 141 531- . 73 91· 
18.0 158 420.6" 146 ;.541 65 87 .·. 
:190 127 413.5- 155 555 55 .82 
200 95 -405 __ 172 574 43 76-

··Table II. Th~ temperature· dependence ~f the c~nstittient 'quark~
masses:_rri and'm~·, the pion and Iqt~ll.masses and their decay coupling 
c~nst~nts F1r and FK. Ail values are given in. MeV. · · 

·- ~- For the. scalar me~on massesM£~M10 -andMa0 we'shalluse the ap
p~oximate mass forfuulae M;tT) = const.+4m2(T), MJ

0
(T) ~canst'+ 

4mHT), M~0 (T-) = const11 + 4m2(T), and MI<·(T) -~ .MK·(O):· 6 For· 
thedefillition ofthe temperature dependence of the axial-vector meson 
~ontributi~ns ~e -s~all11se 'a for~u~a similarto {2~) (see [7, 8] ) 

. . (A) ~- c . . M K ' (30)· 
_a K -=· -. p2 (M2. . . . - M2 ) ' ,· . :· 

· K Ki(I270) · K 

6 As is shown in [15] the temperature depe~dence of the scalar mesons is d~fined by their quark .. 
mass terms (for instance;.M,2(T) :::~·M~(T)+4m2(T), where m(T) varies more rapidly wit Tthan 

, M,.(T)).· The v~ctor mes!ln masses are_ stable with respect to temperature change.: 

-"\ 
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' 

wher~-C =·3:810.::.4. and Mk1(1270)(T) ';::3 0.857 GeV2 +6m(f')~.s(T) 
(J\1x ~ 1270M eV). 7· · -- ·-: -~ · 

1 " - .. - -
' ,-

.-· 

T . 0 .. 50 .. ' ·. 100~ .. '150 170 180- 190~. ·200-
S . f3S 12.2' 12.6.-~ 12.8 12.2 '9.8 6.7 0.54 ' -9.4 ax+=;.-:- ~+ 

- - - (I2.6) (12.8)- (14r (14;8)_ .(15) ·.' (i4.6) (13.5) 
S fJS - 10.5 '11.1_ .11.4-, 12 11-. . ' 8.4 3.4 . -5.4 axo=- _ xo . 

.. " -(11.2) (11.6) (1'4)' '(16) (16.8) (1 i6)· (16.5) 
abo:r- [Jbo:r' x+--:- K+ --1.7 -1.7 _; .--1.8 _-2 -2.2-. -2.4--~ .'-2.6 -3 
abo:r-'- {J~f-f<o-- o · ::6.8 -7/ -7.2 -8.1. -~-9 . . -9.6' -,10.6 -11.9' 

f3'k+ . 4.9 - 5 - . 5.3 7.2 -: 9.0 10.6 .-_12.8' 15~8 

{J~o 12.7 13 _13.6 16.4- '18.7 :20.5 23 ' 26 
; 

aA -
~I<+ 

0.9-:: 0.9 1- '1.4 '1:8' .· 2.2 2.3 . . 3.8' 
A .0.5- 0.5 '. 0.6 0;8' 1 '1.2 ' - 1.3 . ' 2.1 axo .:-~~-

a~~ 11.4 11.8 - 12 ' 11.6 _.::.9.4 l 6_.5 ·. 0.2 ·,· -8.6-. ' 

a~~ ' 4.2· 5. ,· 4.8' ,4.7 .. 2.9 - ,0 .. ..:5.9 - -15 -. 
{Jtot 

K+ ' -5.6 -5.9' ' -5.7 ~3 '1.4 .. 6.3.·. ·15 ... ' . '"28---. 
{3}<~ '' 9 .· ---8.9' ... 9.4 12.5 -16.8 ' ·21.7 -30 43 

-'~ . 
Table III ~ontains the temperature. depending c~ntributions to the . · -! 

· elect~ic'and magnetic kaoripolarizabilities of .the scalar pole.diagra:~s; _· ·. 
h,ox, vector meson· pole and axial meson • pole diagrams;.- In th; brackets . 
_we give the results c~rresponding to the case when· O(T) .· canst. The·.· 
units are 10~4 fm 3 for thepolarizabilities: Here,-.we-hav~ignored the 
meson lo~p contributions~ - ' . . ,, ' . . 

Let ·us discuss the temperatu~e. depende:ticeof different contribu-:
tions to the· kaon polarizabilities. · As 'Table III shows; the ·-scalar. pole 
contributions remain· approximately corist.;_nt up to T ~ i 70M eV and -
then monotonously decr~~se cha~ging the -~ign at 190M ev (charge .. 
kaon) and l80MeV (neutral kaon). On the other hand,-the contribu- _-

' . 
7 Here we shall ignore the weak temperature dependence of the quark loop diagrams with the 

_ photon legs. The temperature depe~denc; of these diagrams is 'especially weak 'when the relatively 
heavy strange quarK is contained in the quark loop: .Th'e temperatu~e dependence of these diagrams 
has been investigated in [17] .. · · · · -' • ·-

·" 

14~ 

..... 

·~ ·-' ,, .... "' 

' ' -· ' ., ./ ,...-
---:.._· 

·"tio~s of-the b~x diagrams, the-vector. a~d axial vector pol~ diagrams 
monotonically increase in their absolute values.· ·In summary, the. to
tal electric ·kaon polarizabilitie~ ·are approximately stable in the tein
p~ratureinterval 0< T~ 150MeV_and then m~notonic~lly decrease-, 
ch~nging their signsforT >180M eV.( charge kaon)and·T :>170M eV 

. (n~utral kaon). The magnetic kaon.);>Olarizabilities monotonically in~ 
creitse in the whole . temper~tu:re domain .. Iri particular, the charged 

·-magnetic pol~riz~bility changes.the.signfor T > 150)\-feV·. Note'that 
for ·a. constant miJcing (1ngle (see. values 'in. br~ckets) th~ scalar meson 

. pole contributiqns would weakly· incr~ase until T ~ 190M e V_. . 

•• > • -, - ) 

·s~ ... Summary and Qoriclusioris 
...-( - ~ ~ 

, ' · I~ ,this ·paper, ;~ . have. estiniat;d: the •. mixing arigle of ·scalar· me~oris 
/ < - ..._ • ;· -· . ,,- .. I • ,· ~ . ~- "•, - / • . •. . . ,.· ' . - ~·. ~. 

, ··within a chiral quark u-:model from the decays fo -;-+ 11,. fo ..:::::; 1rir using · 
1 • .,·new data. [H)] and taking into" ac~ount both quark and meson ioop · 

diagrams~ The:~ew value ofthe miXing angle_ e . _ 23°_~~tai1le_.~ by 
. including meson loops, ._significantly differs from, the value e = -18° ,· 

•' ~liich would~av'e_beenobtrune.d ifonly qua~k.loops·.were ta~en;into._ 
·account~ The value e ~ 23~ is_thenused to estimate the poh1rizability 
·of kaons .. For ,this <tim, we liave_calcuiated the)ow~energy Compton· 
. amplitude fo~ K mes~ns, taking :into accouiitscalar pole diagrams as 

wellas box and t~iangle diagrams including quark and meson loops. 
~- ·As Table 1 sli~ws,. scala~ meson p~les give' an impor:tant contribution 

to the electric and ~agnetic i>olarizabilities of charged arid 'ne~tral 
... 'mesons. The dominant scalar ~eson cont~ibutions arise h~re fro-hit > 

and /o, whereas -the COntribution of ao is relatiyely s:¢all.c· 
., .Notice that 'our model allows ~ne to sttidy

1 
the deviatio~ fro:ill the 

cliiral symm~try limit (ME= Mto . Mao= 2m; e ( o)~ Aswe h(1ve' 
•. -found, for the' realistic ~ase' of physical scalar meson masses and a 

mixing angle e '·23° the absolute values of the electric and magnetic 
.polarizabilities for charged Iffions are reduced by ab9ut 50%,' whereas 
. the electiicpolari~ability of neutral kaons increases. In the _latt~r case, . ' 
the results turn out to he rather sensiti~eto· changes ~f the €-mass. 

- .·_It·. is- interesting to compare our. results with predlctio~s of other 
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,-

models. Fo~ .e~inple, the resuits o(the Quark Confine~ent Mode! , 
(QCMH~6] for the Che1rgedpion polari~ability are close~ to the predic~
tions of our mod~l-in ref. [8; 17], whereas they are larger by a factor 
2-4 in the ·case of the kaon polarizability. An analogous result as in 

. [16] was obtained fo~ neutral kaons!n_anSU(3).NJL~rriodel [18] ... 
. In conclusion, let_us emphasize that~ we have obtained: our results' 

- . . . - . . , - . 

in. the fram:ewotk ofthe.standard N JL ·modeL In this-model one con-
. siders only.tJ:u~ first:terms·of.the mome1ltum~xp_an~ion~·of the quark 
loop diagra~s without taking into account their· dependence on_ the 
momentum· or' the external meson legs. However; it is worth notic~ 
ing that taking into account such· a momentum ·dependencefor box· 
and triangl!l qu~rk _diagntms could le~d to an additional momentum~ 
dependentfactorf(pi<) {see [17]) .. ,; . 

J(pi<) C-. 6(rn +_ ms): roo dkk2E E .[(:u ±ff)2 .. · 2.)2 ' ; (31) 
. , . ~ lo .- u s . . u + s - P K 

_where Ei. Jm; +k2 and PK is the !mon mom_e~tll.m.· · 
Then;· o11rfornit~lae (1~) and (22) _t~l(C:t~e form. 

··and· 

· . . aS+box 
K+ 

aS+box 
,j(o 

. · . . C (i ~+ ::_J(M'f<)). 

c·(2 ~~ -~ J(M'k)f 
'- . 

K* 
aK 

_ ( aK. ?. a
2
avMk.

2 
(/(M'f<))2 ... 

27rFK ·. MK. ~MK :- . 

(32)._. 

(33) 

(34} 

Neglecting the Pk ·dep_endence irif(Pk) reprodU.ces.our former res_11lt~ 
(18) ?-fid (22) because f(O(~ L However, the function f(MJJ has. 

_a nontrivial dependence on the· temperature. Indeed; _the funCtion 
f(M'f<) hasa.~ingular beh~viour near-the so.:calledMott-tempera:tlue .. 
when T >TMott;:wb.ere MK(T) > mu(T) + ms(T). ( The Mott tem
perature is the ternperature,c when> the kaon mais becom~s eqll.al~to 
the sum of ma.Sses of it~ quark co!fiponents: MK(TM~tt).. mu(TMott)+ 
ms(TMott)· Iri our~model TMott ~187M eV.) Th€m, -the contributions ,' 
to the kaon polarizabilities of the corr~sponding diagrams could very·. 

. . ': ;.r- . 
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1 Table_' IV. Values -of :the function f(M'f<) at diffe.rent T.: 

. strongly· lh~rease near 'the .Mott-point. (see Table . IV;. where. values. of 
the function f(M'f<) are· given afdiffe~ent values ofT). : , . 

.The physicalmeaning of'th~s effect i~ transpaTent. Before thetran-·
sition into the quark-gluon plasma the dipole momentum ofthe meson 

-. · strongly increases, and then we observe. the dissociation _of th~ me_son. 
into their qmirk-comp~nents. 1 . • . . 

:ClearlY, a morequantitativedisctission of the_t~mperature behaviour 
of th~ kaon p.olafiz~biiities near the Mott point is beyond the scope~ . 

'of the· local N JL modeL It :would· be. interesting· to ~nvcstigate . this ': 
. effect more carefu]ly in realistic-nonlocal.quark models including con~ 
. fi~elllent .·and. meson form f~tor.s. -:- • . . •... · . . . . ' ' . . ' . 

. , One ofthe authors (M.K;V.) would like to thank Prof: J. Hiifner · 
.. for.theusefuldis~us~ions._ This ~ork w~s partially suppprted. by t?e. 

European Cpmmunity via INTAS (94~291§). ·. _ i 
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Ebert D.; Volkov ·M.K. ·" . 
Kaon :p~iarizabili'ty in ·the _Nambu:;J<ma~La.sinio·N~x 

' and Finite-Te~p~r(lture>_ . -, . . . . 

"~--~.--.. -~~-·: . .\·': ·,_.···~- ) .. ' _.._' ..... 
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