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. . I 

'., Th~' nucleus Goulo:mb · intera'ction · meth~'d is,J an eff~6tivJ approa~h to study' 

' in high~energy ~xp:eriment~ the low"'.~~~}gy electro~agnetic prope~ties 'of pious 

in the process ~1 '.-:+ i1r'. _There are two pos~ibleways to realizethe:,coulomb , .. 
', '",. ·. . ' ' , '·, . ;i: ';' : / ' '·.·;·,,. ,' , ·: . . -:'.·· . . :, , \' j t ') 

· • interaction method in experiment: 'the' radiative scattering iA ➔ 1r-y A of a pion, · 
' ' ' '' ' : ' • ' • • ,''' '', ' [ ' ' 'L ,, ' ' ,' ' ' ', 

onia nucl,eus and the photoprocluctiol} ,of pion pairs, in the Coulo~b field of a n.\1-:, 

'i ·, ' ~leus 1A➔ 7r7r A., The experiment~' udder discussion are based on'theJact that \ 

) for_ sufficiently, small' ~omen tum transfers_ tht;, i~tei·a'~tion' of high-energy padi~ 1 
de with nuclei is extremdiperipheral and th~;_dorrtinated by s~attering on the 

.: :. •.•·,',, ' \ .'._ , : I .-• I < , • • • ' •:, •• •• ' •.' • • '/ ( •' ',. ·,• • •' ' 

... virtual photons ofthe'Coulomb field of the nucleus. _The reaction 1rA-:-+ 1r1A 

' ' : <1;llo~i,'_to in~estigate the II'➔ 1rn process in
1 
there~ion m;,L= (P,;1 +P1r~ )2 < 9 

< ~nd ,to 'm~asurt! the, chariied I>ion polarizability (1] at, the point,m;,r· = 0, .~hilei ~

',,. >.th~: r'eadion i ~ :..➔ 7r7r A ~ccu~s. in the region m;: ·i 47i:i;. close to thresliold. 
. . . , . \. . ' -

I~ the c~s~ of charg~d pions th~ two reaction~ give co~pleII].entary information .. 
• ' ·, . • •• _c _I , , , " ·,.· , . , : \ , . , . , .: . , , . 

about' the process II ➔ 7r+7r-;:' in ,both' the physical and the nonphysical re- ' :·' 

,·· gi~n.·· In,ihe base 'of neutral pions,the ~hot~production bi a neut~alpion' pair, 
; . '. ., , ' . ' . ..,._ ' ,. . . : . -

, in the Coulomb field of a m1a~~s provides-a new source of the fnforination on '. ' 

th~
1 

process 11 ·;'-+· 1r0 ~ 0 ; ~hich was mea~ur;d-inj t~e elect~~n:positr.~n'dcper~ , , 

'I• i~ent by the ,Crystal Ball Collaboration! (2i ,and i~ urid~r active dis~ussion in,-
• ; !".' < • , I.-'•,,/_ l ., " , ' ' ' •,>. • ,' ,, 

. the c~ntext 'of the physical pr~gramine. at DA<I>NE (3): . · ·' 

''.The: pre~ent theo;~·ticaHnterest. in. the elementary pr6cess; II ~- '1r01r0 is 

caused both by experime~tal d~~ct
1

(2)'me~tfoiied above arid r~ce~t piogress'in ·,· 

.-.•. Chiral Pert1;1i:bati~n Th~a'ry (ChPT) (4) upfo and including O(p6). ·. The proces~ 

.</n -+ 1r01r0' is v~ry' ,sensitive to the higher-ord~r ,' contributions iri'ChPT since 

the first.: nonvarii~hing; am~litud~ arises fr~m ~eson :loops_ ~t O(p~) whhout 
,. , .. .. . • .• _.. . ·. ··l . . . . . . , , • · .. 

I count,erterms. •, However, the one-loop amplitude ,at. O(p~) calculat,ed in Ref. 

.• . . '(5)do~snot :des'cribe the, da:ta ~ve~ u'ea~,threshoH(6).: This:i~ pot 'slirprisiiig, , 
, . ', . , • • "\ i , r . :1: '.;':' -,',. _l•_ , , , _I , ; • '. _' '· • • . _ 1 -, J 

. . as the analysis of the TY -➔ 1r
0

1r
0 amplitude based on dispersion relations (7] 

' ·. . . . . ' . . ' , .', : . . . . ' 

demonstrates. the i~portance of unitarity :. corrections· corresponding to· higher 

. orders, ~e~t to ,O(p4)'. In fact, the t~o-lo~p .calcuiation at O(p6 ) carri~d o~t in , 
.. ', - I • • ,,. ' • '. I ", : I , • ': .' \• • ' ,:, , ; • ./' ..•. • -,:• .. ·· '. • ,_'._ ', • 

. Ref. (8) gives a considerable improvement oLthe descriptionwithin ChPT. For -· · 

c~m~leten~ss _ \Ve ment!_on. that .the;e. is J1~0 anoth~r cbnsider;tim1. of 1y ➔-¾~1r0 ._\ • _.' 

I 



/ 

I ( 

: · up to on;loop .. order _correspo~ding to O{p5
) iri the tre~tment of Generalized 

ChPT [9r . . . . . 1 

The contribution frorn1 the O(p6
) ~ounterterms was· estimated in Ref.[8] I 

fro~ th~ low~e~ergy meson phenomenology ~ith resona~ce ;~change, satiua

tion. In Refs. [10; 1.1] 'tlie counf~rterrris ~ere fixed a~ effective mes~~ lagra'ngians 

-, with higher-order derivative terrris ~b~ained from th,e b~scmiza~ion of Nambu_:_ ( 

· __ Joria-Lasinio model (NJL). The sensitivity of ··--ri➔ 1r01r0 to _higher-order cor~ 

. - r~ctions i~cluding Born, contribution's 
I 

fro~ the effective meson· 1a~ran~ian ~t 

O(p6 ). makes thi~ ,rrocess '·a valuabl~ soun::~·:of the experi~ental informati~n 

esse~tiai'for the test of bosonized chiral lagrangians at O(p6
.). 

,. '. . ' • ' ', , : ':' ,. t . - • : ' .- • ' • ~ \' ' ' 

· In .this paper we investigate the possibilit_y of studying the process 11 c-+ 

. ;.0 1r0 near thie~hold in the photop;~duction ~i rieutr~l pfon pairs 'in th; Coulo~b 
;· . . . . \ ·. - , : : •.: ·.. ' . . . . . . . 

field of a nucleus. For the. first time the reaction· 1A -:-+ _7r7r A was coris~dered in 

this context in Ref. [12] ~ith a:one~loop ·am~litude ~f 17 -+ 1r0
;

0 at O(p4
} The / 

• I •. '. ; ,·' .· • . .· • . ·, .. ·.· , . , . 

total cross sections ,A -:-+ 1r1rAwere estimated for energies of the incident pho.-
• , , • ' • '. I • l, -· ' . 

ton 'a(20 GeV and_40 GeVfor rriomentumfran~fer cutoffs 5 M~V arid 10 MeV, .·. 

respectively. ~owe~er, d~e to the large inci1e,Iit energy and\mall cutoff, the • 
, • ' ·' : ~' , ' ,, • I ,'- , ., ' 

' nu'clear absorption and the ~ffshellness of the virtu~l photon fro•m the'nuclea; 

'. Co-;lo~b · field w~re. n6t taken into ~c~oi{~t. --

.. -:: Iii fhis note,, we extend and 'im~rove the previo~s -cal~ul~tion [12]. in.~ con.:' 

siste~t ~ay: w~·presents resuits of a.calculation of.the nuclear Coulor'rib photo-
-. ' ' ' .,. ,. ' . ,. . ·.. : ' 

productiori of11eutral pion pairs,where ;e-include iri the elementary implitude 
---- ' ;' . . ' ; - '\ ' '•' : "_ 

1'1'* --t.1r01r0 'bcith off-slieH corrections for the Coulomb virtual photow1 * and 

~ontri~utions from ChPTup'to,0(p6), and wpere, iri addition, nudear struct~re .. · .· 
-.. , ., ,f . . . . _ I •• ' , ,i , . ' 

arid absorption are taken into account in the 'form factor for the nucletTs. · 

The pho~oproduction of a i 01r0 pair in •. the C~ulomb field ·•ola nucleus: is , 
"': . ., - • . .' , . ·' • .- ~ - -: ~ ' ' ' - . . . . ; ' ,i . _· ' «' 

schematically described by the diagram in Fig; L The virtual photon 1*(q2) for 

the i~ter:action· of ·d1e incident reai photon. with the stationary Co~lmp.b field of 

'the nuclehs has. z~ro energy and transfers,only momentumi q2 :::::-(0, q;}, Then 
; .- . -• . ' . •, 

-1The_ same reference pres_ents a diagrammatical exp~nsion- of the amplitude ")")' ➔ 11'
0

71'
0 

up t~"O(p6). . . 
• I" ,, \ 

2• 
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,Fig .. 1. Photoprod~ctit1;1 or' pion. pairs·i~ the Coulomb .field of a ~ucleus, ••··: 
• ' - '· _i , \, ' • • \ ':,, ~• f ~ _, • ' ' • ' I , 1 • 

' '\ < •,• ' • '. • • • /i: I ,. \; ', < • :•_; • ' / • ', "> , I ; 

the amplitude of the reaction 1 (q1)A-+ 1r0 (pi)1r0 (p2 )A has the form 
1' \, • •\', '. ' ••',' • "'' ,'t, ', ;/ ',:, •, .:•r\ :; : .. < ,:• .•' ', •• ' ,\',-"'_\,' .' ,,.•,, j ,, 

' , · · ·. :,eZA · • •" ,.. •,,- ;, ·-(~-r•➔,ro,ro) 
J . Tc== 2MA.Jq

2
J2.fA(:u; q~1)\,T~o· ' _' , 

• > ', '1•- 1 ·1 ' ' ' 

and Z ar~, resp~ctively; the mass a_nd charge' of the_.nii'cleus. In 
• • .. • , ; ', • :. • " . . :, • I \ < • ' • • ',' ; • ·C '., ,_ • \• • • • 

. ·· Eq .. (1); the miclear.'forn1facfor FA(q2~; q2i}, which includes nuclear absorption, 
' \ ;· . , .. · '' . : . . :_,.__ . . -· . . '. , t , , , . , , ·: . . ; . , , .• , ~ , '.. • , . I 

,'depen~s on transverse arid longitudinal compo11ents of the momentum tran~fer 

. q2 measured relativetb'the momentum~], ofthe i11c~dent photon(FA is nor

,maliz_ed to _F,i,(p; 0)~'1)/rl7i~·-:"0"0? is thetensor'c~in~on~nt.~fthe ainpJit_u?e: 
. . . • : • . ' .. , ". ·• · : ·. ·. 0 . 0 ' . \ ' i° '. : ' ·.' . . 
of t_he pro,cess 1;(q1), (q2) ➔ ~ (p,!1r \P2( : i , : : • · .. , • -:'.: ., \ . · 

From· Lorentz, and gauge mvanances the general parametenzat10n for the 

•. 
1
amplit~d~ rj7i7•➔"0_"~l ;t O(p6 ) has the for~:. . ... 

\ •, ' ' j ,I, ' ' "I ,_1 

~. • J ••. - • • \ , . 

-' ,A(s,'t, ~; qi) (i9µv '.- ~J2~q1r) . . .. _ .. · .. ·. ·. _ , _ 

. +~(s,' t,'~; qi) [25.SµAv -:·,:2g~).::.·_2~(f).;cjiv ~·q2~A.;)] 
. .., , I ..• .-.. , .·' . ' ,.. • .. 

l .+D(S, t, u; qi) [vq2µq;,, :+ sAµq2/:;- q~(i:-~µv -f,2Aµqlv)] , (2)\ 
' . j': ', ;; ' ' ' ' ~ ' ·, ,. . . , ' ·, :; '. ' ' < ' '.. \ 

where~µ= (p,...:. p2)~,.s = (q1+q2)2
. ~(pi+ P2)2, i ~ s :--qi, t ~ (p1 -qi)2 ==' 

, . . . . \ . . . " \ ' . :, , .. . . . . . ' ... 
(qi -_P2)2 /u ;,;·_(p2 Lqi)2 =1(q; ~ pi)2 ana' ~ ~ t _:__: u. · ·._. . . ,, , , . 

·.The diffeieutial cross sectio'ri)or th~ photoproductio~ ~fa neutral pion pair. 
•' ' ''.. • \ ' ' '• ' l \ • " i :_: ' •: .• j ,~ ' •. ' ! ' ,, S ' >' ' ' • :, <; •~•• , '• '\ 1 •' ., '• ' ' 

. ·, r(-r-y•.:_;,ro,ro) 
µv ' ·. 



i· 

:··-. ..._. 

/ 

in the Coulomb'- field of a nu.cletis,is defined a~ 
- . 

d. h~-➔rr,rA) _;0(
3l(p1 + P2 ~-qi~ qi)o(E1 + E2 - c) {IT. 12-.d3 -_- d3 ~- .d3 : 

ac · ·- -. _ · · · 4c:MA(21r) 58E1E2MA r 2 c Pi · Pz qz 

where E; a~d 'p;( i = I, 2) and c are the energiei and momenta ~f the pions · 
• \ ' •. , ~ - . • I . \ ; • ' . ,_ _. ·' , , ' - " • : 

and the energy of incident. real photon, respectively. For large_ energies of the 

. incid~mt real photon and fo~ s~albnomeritu:O tran_sfers lqzl to the recoil nucleus 

·'arid neglecti~g the offshellness of theCo~lomb·photon and nuclear corrections; 

t'he Illetliod of equivalent ~hotohs· [l:Wai'lows u~ to rdate the differenti~l cro~s. 
' ' ' ' ·'. . ~· - ' ... , . ':- .. '. /.. ,, _, .· •. ,•. 

. section for photoproductiori of pion pairs on nuclei to the total cross sediori 
,.,'• • • \ , · .·' / ', , / : l , ·~· '• - • 1- •• 

for the process 11➔ ,nr: ·· · , ·_ . . 
·i 

d (.7A7rrrrAi __ '\a' • .. ( VS.)•~ (~~_;rrrr)(s)··· 
ac -. = -Z2 log --. a._ - -. ' 

. d ~ . 2m_ _ s · . ~·. st II " 
(3) 

,' ' . ·, ' ( '. : . ,. . \. . . ' ' ·. ,., . ; •", - .. '• .• . . ' ~ ' ... ' .. \ 

where s = m;". In this limit Eq: (3) enables us to extract model-indeP,endent 

~- i~forIT1ation 0~ th~}rocess, /,/ ➔ 7f7r from the experimJnial data 'o~ th~ n~~lear 

Coulomb photo~roduction ·of piori pairs. For a 'more geni~l kinematics';. the\'· 

: riu_clear fo~m factor and the. offshellness pf the' Coui~mb . photon h~ave to be · 
. . ' ' .. , 

takenint9 account, however. , 

. Th~ nuclearforrn.f actor FA (q21 ; q21). in Eq:0(1) can :be estimated in th~ sam~ 
' ", ' ' · .. > . 1 ~- • , ' ,, . ,'., - . • ' - ' ·• .. ' t. .. ' , , ,-. • ' •,-

approximation as iri Ref. (14] .since:the 'amplitude of Coulomb photoproduction 
,.,·. . • . - I . , . • .• - • -"\ \ .· . . • • .· . _. • ' • . c'. 

· on a single proton at small q~t is - 1~pon evalu4ting -Eq. (2) .'.,. propor~ional to 
q21: 

~µrii-r• 7 ;
0
"

0

) ~ (t: ·_qu)[1 -·2(s(E1 - ~2).~ vc:+;;;(E1 -~ E2))B-:- ~c:b] > -
In ~he a~proach of Re;. [{~] the mi~le~s is treatek as -a completely a.bsor~i:g : \ ; 

•.· . . ' ,c· •. " " - ' ' 

sphere, with the form factor 
, . ' . ', . . ; ' ~. . ... ' , \' . ', . ' \'' .. . 

. . ·. - ·- _ · (q1R) 2 · • ' - _ • .·. . ,, • 

· 1'(q1,q1) =;:,q1RJo(q1R)I<i(q1R)+ q;R -~1(q1R)~<o(q1R)+~F~(q1,q1), . (4) 

. ., ·•: - \ · .. ·; . . ' - ' 
wh~re R is the radius of the nucleus, and {n and Kn (n = o; 1) are Bessel 

, • • - . . . . - ' I : .. - , ' 

fonctio'ns. In our 'estimates R is ·chosen" to -be R =' 1.12A 1/3 fm, where A is 
I\ , .· • ': I . -~ •. \ ' '•.. . ·.• . • '. ' 

atomic weight of ,i nucleus. The first. two terms. in. ·Eq; ( 4) arise from· the ' 
• ' •• I' '\ ' i '•\ ', • I •, ~ ' '°' • 

·. 4 

I 

'integration over the three~diinensional space outside a cylinder of radius R-· 
- . . . - - . . . .. <; ••. '. ·: - • .- - . . . . 

of the nucleus. They reflect the assumption, Jhat the nucleus is, completely · 
l 

i 
. "black" f~r,tli~ outgoing pious for .impact parameters b::; R, :esul~ing in a cut 
i -' - . ; . . . ' . . • ,. . . . -... . _; 
j 0(b--,- R), .in the profile function. This drasti_c _assumption ismediate<!.'by'the, 

'._·[\_·:_· ·__ _ c~r~ect~-on te~-~---~FA-(q1, :1), which arises:fr.om the.integ~a-t-ion_o~er_· the ~hre~ -. 
, : , .. d1mens10p.al cylmder behmd-the_nucleus,an,d corresponds to the mteract10n of 
: • > '\_ ; • •• '.?' ,• • > < • C ) • •' ' ' ' ' ... , •• °'.• • --- • > 

, ; : photons with the.nuclear Coulomb field after passing through the nucleus. 

l In gener;l, th~ integ:ations· a:bove can-oe done only ri~mericallr; How-
• ,1 . . • , . "'. :·. _ .' , ~ . · ., _ · -· . . . .. I . . . , .• ". • . : 

, :·_ . . ever, when both'.-(ef1R) and (q1R) are small compared to_ unity, the correction -:--
.. ~. • . . :' • ' • • . ,: ' \ ··, , . , • ' l • / 

~FA( q1, qt) can conveniently be expandedJo obtai,n · 

- <~;A(q1,qi) = }{1_~-iB~J~(q1R)K1(q;R·)-~(:1
2 

J1(<JtR)i<o(q1R)_ 

'1 • -. ~ 

' - +[(q1R)~ + (qtR)
2
](~ L+ fq1R+ l~O(qtR)

2
_ .: . . '.! 

. / 

f 

cl . ·- ' - . . / . . - . ·-•·· . . . ,,• . 

+4 :~~571' (q;R)2 +.i l~~(q1R)3, -2_ 9i6q1R(qtRt) f ... }.' 
. . Tht: calculation ~f the ~mplitude of,,* ➔ ·7ro7ro at:O(p6 ) of the momentu~ 

. expansion ~f ChPT-invoives'trnecie;el;-on~loo~ aiid t~o-loop' diagrams of a 
' - - - •' \ - . ··, 

~hiral effective lagrangian. Th~ effective·ineson l~giangian at,O(p2 ) can _be 

~ritten in. the nonline~r par~met~rization of chiral SU(2) _x SU(2). syrmnetry' 
. ' . . ,;_-. , : ·, -,. ' . ., ' ' ·~ ' . . 

as \ · . 'i -· _ -· . . -~ F.2 -- . '•. • .. ' 
t,~o//= ~o ~r (DµU DILUt)+ t.tr (xU~ + uxt)' . (5) 

where '~. 

. . _U(x)=expc;-cp(x))_, ~=·(-.;,1_· 17r
0
+) _·:· _-· (6) 

. \ _ . , , : . _ ''/ -_ . _ '· ,o __ ': _•. _ : \ 271' .. •. 7: . _ 0 ,-- ,-, ___ _ 

:r~presents the pseudoscalar degrees of freedom, F0 i~ the barn 7r decay constant, 

· and x =-diag(x!, x~) is the ~ass matrix. The covariant derivatives Dµ· and 

Dµ'contain'the 'vector and ~xial-vector degrees of-freedom, and a:r~ d~fined ~-
. ' . ' ~ . . ·. - " 

n·'u·= 8 u'+✓- .(A_Lu~ UAR) . ·nut= &ut•+_(._ARut --utAL)' µ µ . µ . .µ' µ µ' µ . . µ' 
• •. _.; ' • • ~ • - \ ¼ • • :_ • ' , ' '• C > _" ,, 

, ' 1, ,· '. whe~e 1:IL ~_\/µ±Aµ <1re·the.right/left c?mb}natio~s of vector an~ ax~al-vrctor_ · 

· fi~lds. The·_interadion with the electromagnetic field A~· can b_e included by -
- . ' • '.;- . ,: ' ~ .. _-:. \ ·. . ' ' . !- . : ' •. ' '_. . . -: ' . ' ' •, .: 

rerlacing Vµ ➔Vµ + ieAi:;Q,- where.Q is_ the mat_rix,ofquark electric charges. 
'· ) ' - . -. 

.. "·-..._. 

. 5 ( 



l_ 

.The -effective rile~on · Lagrangian '_ of O{p4 ) is· p~esented in -the·. ~e~er~l -f~rm 

-with st~uctur~·coefficierits i. and 1f i~troducedby Gasse~ arid L~utwylerin 

.Ref. [4],_· 

,e~~J = -(L1~ ~L2)- (~L;V')2 +L~t~(-
2

1[Lµ, L.;]\+ 3:(};,Lµ) 2J. 
. ·- 2 - . ._: . ' . . . . ·_ -. ) 

+L3t~((LµLµ) 2 ):... L4tr(LµLµ)ti(xut + Uxt,) -_- -_ 
- • • ' - - ~-- - - -. - --_ '.- • • • -- - . -- . : 2 

·-Lstr[L~Lµ(xut + irxt)J +L6 (tr(xl!t + uxt)) -

+i;(tr{~ut ~ ux!))2 +Lstr(xutxuf+u/uxt) ·

- :---Lt_r(FR Rµ·R11 ·+·FL LµLv) ~ L - tr(-UFRrJ'tpLµ 11). 
- - 9 µ11 . . µ11 10 - µ11 . . -- -

:~H1t7((F!}2+(i;j2):+H2ir{xir.~.. . (7) 

1U: Eq. (7), L,.·.~ ·v~u-iJt, Rµ ~ -utDµU, ~~d lfJi. = F:V ~± Fj,, are_'.!~e · 

right /left combinat·i~~~ ~f- the field strel)gth teiisors ·:~ · . . . _ ··-·. _ -. : ' - , '. ' ·. - . -~· ' . ' 

V~ . . . .· - --- -- ' - -- -" : A -- _. _' -· - • - . -' . - : · ' . . -
· Fµ 11 = 8µ V11--811 Vµ+[Vµ·, V,,]+[A;;, A11], Fµ 11 =_8µA.;,,:..811Aµ+[Vµ, A11]:t[Aµ;V11]: 

'-

- It is ~ci~venient to present .t~e p~rt .. of.the effective lairangian at O{p6
) for 

1'1'-=► ; 0 ; 0 _with structure·c~efficie~ts d,, . -- -- - -- --- . . 
, . '•. ,- , 

i:,~. 
8-: ··:- .- < "--_·,-~ ·, --· .-._," ... •· - --'·._ .. - -

= -- FJ. [d~F~aFµPtr,( 8~Uo813[!J~2r+ d2:Fµ 11:Fµ 11tr_( 80 U08~UJQ2
) 

. +da:Fµ,j=-µ~!:: (x(Uo+UJ)Q2}+ d~:Fµ,,:P 11!j(Q2 )tr (x(Uo.+UJ)) 

- +dsFµa:FµPti (Q2
) tr ( 8"Uo8pUJ)'+' d6:Fµi::Fµ' 11t~ ( <J2)tr ( 8aUo8"UJ) 

_+d1Fµ~_;=-µPtr'(aauoUJQ) tr (a;uoUJQ) ~-: • -

• _ .+ds:Fµ.;.ri,v~r (a0 U~UJQ) tr (aaUoUJQ) ):, · ·. (8) --

_ where :Fµ 11 = 8µA).:811Aµ is the standard electromagnetidield strength tensor, -

and U0 ~ exp(icp6/ F0 )~-.--'cp0 = dia.g(1r0 , -:-1r0 ), Th~ lagra~gian of E~., (8) can be' 

· obtained from the most gen.eral representation ofthefuU lagrangfaii of R~f,[17]. 
, • I • , ' • ,, •. , . ' ~" - : , , • ,•, • ~ • , - •• .~ '• ._ ~ _,. 

. · _The structure coefficients of theO{p4 ) and O(p6) _chiral lagiangians of Eqs, 

. (7) and (8) can· b~ fix~<! ~ither fromJ<J~:.en'erg~ meson phen<Jiuen,ology, as in. 

Refs; [4, 8], ~r from the b<Jso~iiatio11 of NJIAy~e effective q~ark m?dels ·{see 
Refs. [15}·16,-10,.ll]and ;efer~nceS'therein): - _._, - · · -

,.·. ' 

__,~--"· 

;-!'-·: 

.. 

1( .. 
•' •, 
I 

/. 

lngeneral, the predictio~ for th; B~rn amplitude of,,*'...:.+ 1r0 7!0 -at O(p6 ) 

involves eight structur_ecoefficients· d; of the l~grangi.an of Eq. (8). -In the NJL 

- ~odd ~nly the structure co~stants d1, d2,,d3_get non~ernvalues'and contribute. 

· to the amplitude: 

-· ':4B(p6) ~~: [1~d,(s + •il +}1;($- 2h,f1'td,(4X! f xl)], • • 
BB(p6) 

·1"-

- 10e
2 

- -__9F.4 d1. 
- - 0 

!'he on~-loop amplitude ~f'.,~• ➔ i 0 1r0 at·O(pJ), which has no UV diver~ . 

gences, is given as· 

·f 

•with 

and 

- - 2e2 •' 'I :· .. -' · .. · .- · '. ·; '•. 2 
Ail(p

4
) = '------(6s ..:.:8m;-+x~ + Xd) X 

" 3FJ161r~- · ,_ .. 1 _ 

-
1 

. - q2 - I · - 1 · 2 -_ - - 2 -
. 2 2 - - - • ,. - ] .. 

- ,• I. [::" s2 (J,r(s) -+{q2)) + H1r(s,q2) ' /' 

s111v◄ i =·D111v◄f=o,.: -
·-· 7r . I-...,'. 1! -- . -- _. 

\_ 

. ~ ' 
'. • - . . - . ' 2 - - -_ • - - . -f-. 
· 2 . - 1 [ · 2m -( - 1 -· _- 1 2 --) ] -

H1r(s, q2 ) == ~ 1 + s" J; (~) - J; (q2) ,. 
• • • • t . -

'-, - - I - · '. -__ - "-2 -._ : . - • · -•. -. _-_ 

. J:(a) = { -d4x xn log[m" - a(l - x)x - Zf] .•• 
> -- .lo - · ·, - · m; _ --, · - -. 

In o~~-~pproach UV divergences, resulting fro1n mes()p;loops' at D(p6 ), ;re 

. separatea u~ing the superpropagator regui~;iz~ti6n _method (18], 'which is ~ai;•·

_ticul;ily w1ell:suited for the ti-eatn{'~~t.bf lo~p~ ·i~1 no;1linear chir~'i theori~s. -The · 

re~lllt __ is ~~uivalent'.to the · dime~sional regulari~atio1~ _ techniqu~. llsed !11 :' R~f. 

[8], the- difference being that th~ scale pii.rameter µ is_ no l()ng~r ~rbitrary but. 

fixed by the'i~he-renLi;ca\e µ of the ~hiral'theory,~namely; µ ='41rPo.' In or

-- der to <'._om pare the two _!llethods; the'. cm~sta1its f~?in the: UV pivergences _ in 

_'the dimensional regul_arization have to be replaced by'a finite term using.the 
. ' - . ··~. - . 

substitution 

· (C,1/cj c:_, c,>~ 2c-f1;1-J [f, (10g r,:(2: +2))L tii: -1+4C+/l~, . 
~ ! ,-. ---.::._ - _/' ' _,.,,, ' • ,,, ' .• ', , ' : . , •• -1: - . ,. 

\ 
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/ 
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where C = 0.577_ i~ Euler's c~~st~nt,' c: =. (4 '-.D)/2, and q is an arbitrary. 

constant resulting from the representation of the s~perpropagator ~ an integral 

of the S~mmerfeld-Watso~ type. ·+he splitting of the dec~y constants F'1r arid -

-FK is used at q(p~) to.fix Csp ~ 3.0 fo; F~ = 90 MeV. --

The one:-lo_op diagrams at O(p6 )inv6lve the strnctur~ coefficients L; of the 
. - . ; ' . . 

lagrangian of Eq. _ (7) and give the following contributions -
- --- - • - 2 - • - -- --- - .. 
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2 
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1
~ (~ --~ 4m; )_+ 

3

1
/ q~ ~: 14qi~{- 5~~) ~ ~:2 112 qi .--
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3
-~2qft ~ci(~_; 4rn;)] }_, - -----

- Bi/(p6
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1
2L;_{-3

1
J;{s)_[1'·=,~(5~; ~-qi)-. ~!c10~i-qn] 

O 1T - -- • _ -s _ S - ~-- _ 
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+ 3
1
-1;(qi)[2(411i; ~qi)'+ q: (10~;--qi)] 
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(. 

-n 

J 
,, (' 

. :,. 

( --- , -
:1 

.. l ·· 
, .. _', \ ,' 

'·:,,,,. 

• • . - 2 . - - 2 - qi 7 - 1 - } - ----
+m1r ll 1r ( s, q2) - 6s :- 36 +6c" ' ~ 

vi1<~5

l _ = :;~ 16
1
,,.2Lf;{qiJ;~)[s2+2s~l3m;_+_qi)_j-(~6m;±~i,)]-- _ 

•.J-1(2)[-2c· 2 _-2)' ·2-·2cs'2 -2) -.4(2·6 2·-··2)] + _ "- q2 s 4m" - q2 _ - sq2 m,r + q2 :- q2 _ m" + q2 _ 

-~q}H1r(~,~i)s;(s+m!)+¼q;s(9s+qi)}, -- ~ - -
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where G;(s) = C; f2J;(s) and C1r = Csp + log 1~~'M: _ ,- . _ 
' ,-. • •• • ' • < ' • , •• ; - ' , • ~ •• ; •• 0 -· • : . . . ' ' ~, , 

Only two-loop diagrams which ar_e factorizable can be_ calculated 'analyti- · 

.. :~-~ally. Thei~:contribution ~a~ be preserit~d in th~ form: _ 
. • ; • -- - - - 2 -- - > .-- -- . . '. - - ' - • - -

,-'. 2l(p6):_· ;__2e.· 'L ·{ 1c'2)'-(q2·--1- 2) ~- ·c - 2))2.:[-~ 32 4-3: 
. A" - 7 , - 3FJ (16,,.2)2 !"' q2 s2 J,r( q2 +_ 2 H" ~• q~- - ;p -__ ,--, 31'.1"s -- --
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~_+2s4( 4m;·::- qi)~- 3s3qi~32m;·.:.. 9qi) +~s2qi(8m;-:- '3qi) 
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3
(~m; :qD(x~+;~)I 

-3~5Ji(qi)[6s5(4rn;~ qi)_:_:s~(20m!"i,1~m;qi ~ 29q!) -

- -_16pi;t- ~s3izi(l6i,n! ~J66m;i+ 9q1) · ' 
·+212q4(60m,4 + 9lm2q:2 t15q4) -- -- .. _ _- 2 ,r _ 1r 2 -- __ 2 _ ·-

"' 6 :i,·' :\02 •·- 4·- -_l 2-~s -_ :; .. -. -- 2 
_ -2sq2(176m,r +46m"q2 +q2) +3m':.q2(~76m".+ ~5q2) 

+i (3(~4 +>)(~rn; -·~i)- 3s3~i(36.m;-: 7q~) > -
- ~24s2q1(6m;..: qi) +~sq;(20m; --3-qi) 

; +qi(3.§m;·~ ~qh)cxl t.x;)] 
le ).-(·qr -le ) :· 1_ : _--c•· 2 ) 1 [64 4 -3 _ - 5 

+J1r s 82 1" s_ --~ 2H1r s, q2) 83 ~m"s. f 12s __ 
·,: --- --·- '. -,-_, - -__ -; '4·:; . -. '-_ - - . . . - . -

-- ·- · ~4s4(8.m;·; 9qi) + 3s3gi{32m;+~9qi) -12s2q1(8m; + qi) · 

+32jm;q; +\6s3(~s ~ 4mi)(x; +x~)_:tis3(x; +x~)
2
] 

+3~sJ;(s)[6s;m;·- 2~4(20,m; +_88m;qi +'19qJ)+_32m!s4 ·-. -

_- - ~~s3~i(l36m! ~:5~2r!~.- qq1}_- --~- - . -- -- . -



,i....'.__,_ 

B21cva) 
,r 

'' 

,I --

-. 
_' ,2 4( · 4 )24. ~ 2. '4) ,· 

, . ; -6s. q2 96m" + Tm"q2 + q2 , . . .. 
., ~. '' - ' - . 8 , ' 

+2sq~(248rn! + 43m;qi + q~) -:- 3m;q~(57rn; + ~~) 

+~(- 72s5 +36s~(3m; +8qi)+ 2484(3s ~ 4~;) ~ 
, -s3q2(420m2 + 433q2) +3s2q4(204m2 + 97q' 2)-:. 2 ,r ,. 2 . 2 ,r . 2 . 

· · 6( · 2 · · · 2) • ·. s·( -:. 2 ·, 2)·) ( 2 2 )] . 
· -3.sq2 132rn" + 25q~ + q2 96m" ~ q2 Xu +Xd . 

+ q? J1(~2)Y(s) [ ~~12s5+ 2:s4(12m2 + 19;z2r- 32 in.483 
~ ~ ,, 

"· 

, 85 ,r 2 . ·" . ' . . ," . ' 2 ' : .. 3 . .• ,r ~ 
14 · . .· . ,•. ·, 

~T·•,3qi(16~; +_3;D + 2s
2
q~(4o_0; +9qi) . . _ 
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It should be stressed that additional t\V~loo~ diagra~s, such as box diagrams · . 
_.·· - . ·,. .· .· . - \ . . . .- ,• .- ,. ). --

and acnode graphs, which cannot be evaluated analytically, Cil;ll· be,neglected: 

. · . ~he immeri~~l _estimates in Ref. [8]. indic~te the s~allness. ~fiheh c~:mtributions 

in the photoproduction proce~s under consideration·. '. ·.' .. · f • . . _ . 
• , ' ' , - • , - • • • • • • - - ' • ~. >. • 

Mont~·Carlotechnigu~s were used to-compute the total cross s;ction_s for· 

the photop~odU:ction of ; 071'0:-p~irs i~ th~ Coulomb fi~ld of.the ~a:bo~ (Z = 6) -
: . ~ ' - . . . - - - . . - ,, ' .. , ' .·---- ,._. , .i . -· 

an~ silicon.:riuclei (Z- == 14):· It is important to·note that for a momentum 

~~ansfer cut~ff q,;,a;' ~ l~2 lniax « c:, the effective mass of 7r7l'. system v.iries,in 

,.,,.; 

· the ra~ge 4m2 < m2 - < 2c:= · ; · · 
. .- 7f - . , 7f7r _ "1max 

- ·Thideperide~ce of.the totaL~ros~ 'section of the reaction -yA' ~ .ir-.01r0 A 
; '. '.. : -.. - ~ . , ', . . . ' . ~ .. ·- . . ' '/ . . 

ori the momentum transfer cutoff qmax -for different energies C of the incident 

teal, p~t,~ri is show~ in -Figs: 2 ~rid 3. (In th~ calcufatio~, the additio~al 

··.·.cutoff m;"· < 700 MeV was used, corresponding to/ the range of.validity ·of 

. ,·;he- chi~~l· theor;J .In Fig. 2 we demonstrat~ ·explicitfy the· infl~~~ce.of the . 

~u~lear f~rm factor: our nuine~i~al estirriat~s 
0

indi~at'e th~f the nuclear effe~ts- . 
--; / . . ' " 

~re mainly satu~ated-by the contribution ofthe t"Yo fir.st te!'IIlS of,Eq. (4); while -
;· . ' ' . - ._ -:· -. .' .. . : . ' •, '. . . : . ,· . ' ' . . ; .. _, - ~- \-- ; - . . '.: . '· - ,. . 

the co_rredion 6.FA does not exceedl0%. For our numerical estimates we used. · 

for the -~aramete~s. L;' and-d; t~~ vilu~~fr~m E~.(1.4) a11d Table 1 of Ref.[11 f 
obtaii"ied ·. frnm ,the .• NJ L . model. . -These values include, the, resoilance-e~ch~nge ' 

. co~tributions effectively tak~n into-ac~o~nt oy_integiatin·g 9ut the ~ecto;;•_a~ial- . 

vecto! arid .scalai: deg~ees of f~eedo~'.: Moreover; fo~: nu~eric:al 'compirisbn. wi,th-' 

the.phenomenological a:pproachto 'Y'Y ~ 1r0 1r0
, ~e used the str~ct~re consta~t~ 

L; aric(.d; ··• c~:responding to:Tables •· 1 ··and'_2 ~f-Ref. ts] ... The '.re"sults of our· , 
.·: ,c \· ,'- ., ,·, . . ' ... \ - . '. .• - ,. ( , . , 

calculations with the parameters· of-Ref.· [8] · are also shown in Fig.2; • 

. The_ mainha~kgro~nd for-the Qoulomb 'i>hotoproductioii. of 1r0~0 pairs is the •.• 

phot~prndudion of pion pair~ following 7l'' p and w ex~hange from the nucl~us: 

The '!f. a~d p meson excharige 'can be' suppres~ed by· choosi~g an isoscalar target: 

. An. estimate of th~ ~. m~son- exchange ~~. obtairied in Ref. [12f_ 1t ~as shown 

that even without ~uclear abi~iption, th~ w excha~ge contribution is ~tr;ngly 

~u~press~d-.in the ene~gy and mome~t~m.ti:ansferregi~nsu~der discus~i~~-i~ 

comp;ris~n ;,.ith Co~lomh ,photopr~d~ction. In. additi~~ •. abs~rp~i~~ on the 
-. '. . - . - -. . . ' . ~ . . . ' . . , ' .. 
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~ucleus·should s,uppress the (J exch~nge mechanism even. mu·~h str~nger th~n-., . 
. . . . ' , -,. , . . ~ . . 

for coherent Coulomb production. , , : ., . 
, , 'C • • ' , '\ I ,/. • ,' , <: '. • '~ ''•. , ' 

. Summarizing1 we• find that for energies of the incident photon E: S 4 Ge V -

and for mo~entum transfe;s iq21 ~ 200MeV, '1r
0

1r
6 pairs wit'h 2~,r' <_5._ ,ffi,r,r1 :S 

700MeV in the r~acti~~ ,A ~· 1i-0 1r
0 A are piodu~ed with< a cross section of ' ' 

.· · typi~ally ~ ~ 40 P,band <z •~ 120 pb f~~ carbon, and s\l1con miclei,-res;~ctively; 
' '., ··1 ' . . ' ' ' ' '' ·, ' .· . '. . ', ' ,, ' ' " ' 

',Our results demonstrp,te that this r:eaction_' ca~ be experimentallyin'{estigated 

~ith pre'se~tly avail~ble photon bearri~ as -~ new sour~e of the low~e~ergy\ data 
on'the process 1'1' ~ ~01r0:\ ' ' . . , '' . .• ', ·. , . j ; , .. ·. 1 • 

' 
1
, ' \: • 1 ~ ' ,'' '• ' \ ' ' ., . ' •' ,·,; '. , ,' • . ' ':, · -, _, C •·, , 
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