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The amplitude for the anomalous transitiops~— 7%z~ is analyzed within chiral perturbation theory

including electromagnetic interactions. The presencetettnnel one-photon exchange contribution induces
sizableO(e?) corrections which enhance the cross section in the threshold region and bring the theoretical
prediction into agreement with available data. In the case of the crossed regetfon 7" 7, the same
contribution appears in thechannel and its effects are small.
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I. INTRODUCTION Taking F,=92.4=0.3 MeV and the number of colofd.

=3 gives the value=J=0.0251+0.0001 GeV !, in good

The QCD matrix element of the electromagnetic currentagreement with the experimental valirg,(0,0)=(0.025
ju(x) between the vacuum and the three-pion state is de+0.001) GeV'! obtained from ther®— yy width T o

. . . . . . -7Y
scribed by a single invariant functid®®”(s.. ,s_ ,so), viz. =7.74+0.56 eV[5], thus indicating that the chiral correc-
, N _ o tions in Eq.(1.4) are very small. The analogous prediction
e(Qj(0)| 7" (py) 7 (p-)7°(Po)) for F37(0,0,0) is
=iF37(s;,S_,S0) €,,asPEPT PP - 1.2
. . . . eN
In the absence of isospin breakirfe®™(s, ,S_ ,Sp) is sym- F37(0,0,0=F3 1+ O(M?%)], F3"= %
metric with respect to permutations of the three variables, 127°F7
with s.=(p++po)% So=(p++p-)% and s,+s_+s, (1.5

=3M2+0? o?=(p.+p_+po)> Appropriate analytic

continugtions ofF37(s, ,s_ ,So) at g°=0 give .the ampli- j.e. F37(0,0,0)=(9.72+0.09) GeV [1+O(M2)], and it is

tudes F*"(s,cosf) for the variousym—ma pion photo- |ikewise expected that thé@(M?2) corrections are tiny. Ex-

production processes, whesend 6 stand for the square of perimental access t637(0,0,0) or F3™ is however much

the total energy and for the scattering angle of the incomingycq girect than in the cas'e 'EfT(O 0) _0

pion in the center-of-mass frame, respectively. The presently most accurate experimental determination
Standard PCAGQpartial conservation of axial vector cur- of the cross section for the reactiony(k)m  (py)

reny techniqueg1,2] allow us to relate this matrix element — 7%po) 7 (p,) proceeds through the Primakoff type pion

EJO ;.he OFIJi0ﬂ'IOhOtOH'IOhOtOﬂ transition form facter (a3 ,q3) pair production reaction of charged pions on nuclei:
efined as

: - +(Z,A)— +7%py) +(Z,A). (1.6
ezfd4xe'q'X(Q|T{j#(x)jV(O)}|7-r°(p)> 7 (p) +(Z,A) =7 (p)+7°(Po) +(Z,A). (1.6

—iF (02, (p— )2 apB. 1.2 In the Serpukhov experimef], the interaction is mediated
(@ (P~ @) €pnasd”P 12 by a virtual photon with momentum= p,+ po— p;, whose
with F7(g2,92) =F™(q2,6?). This relation, which reads ~ Virtuality is small enoughgs,=2x10 % GeV’<M?%, so
that it can be considered as a real photon. This experiment
F37(0,0,0) 1 ) measured the total cross-sectiof?® for reaction(1.6) on
= [1+O(M7)] (1.3 different targets, and with pion pairs produced with a squared

eTa 0 epF2
F7(0,0  eF; invariant mass= (p,+ Pg)? UP t0 Spa=10M2:

is exact in the chiral limit. In this limit, the value of each of

the two amplitudes on the left-hand side of the above relation agﬁg{/zZ: 1.63+0.23 stah +0.13 systnb. (1.7

is actually known, since they both have their origin in the

Wess-Zumino-Wittei3] anomalous contributions to the chi-

ral Ward identitied4]. In the case of 7(0,0), one has It is related to the cross sectiom of the reactionym™

— 797~ through the equivalent photon approximation. Ne-

&N, glectigg the g° depzen_dencg: irF3”(s,t,g), with t=(p,
F”(0,0)=F3[1+O(Mfr)], Fo= S (1.9 —p1)°, U=(po—pP1)°, i.e. F>7(s,t,u)~F>7(s,cosf), s+t
127°F , +u=3M2, one finds
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oo o s 1 qﬁq o qrzn . crepancy with the theoretical value quoted earlier is thus at
>= = 2ds — | > >——1 the level of 1.3 only.
25 TIMgotMz)° S=MT . Omin/  Omax Still one might wonder about the origin of this difference,

since it is quite unlikely that it can be ascribed to yet higher
X, (18 order chiral corrections. This point of view is supported by
the analysis of Refl10], where the two-loop ChPT calcula-
1 A¥(s,M2. M%) ) tion was also supplemented by a dispersive approach, which
~ 1024 2 (s=M7+) captures at least part of the higher order ChPT contributions,
but does not affect resull.12). The amplitudeé=37(s, §) has
w _ 3 5 also been considered within different approaches, constituent
X fo désin’6|F>"(s,cosd)|?. (1.9 quark model$11], vector meson dominance modgl®,13,
and dispersively improved vector meson dominance models
[14,15. Although the model dependence in these studies is
sometimes hard to quantify, the general tendency is towards

(o

Here

s—M2.\2 producing values of the cross-section at low energies which
Qﬁmz( ’T+) are smaller than the experimental value if the normalization
| ! . .
2E is kept fixed atF37(0,0,0)=F3".

In all the studies quoted so far, isospin breaking effects
with E=40 GeV being the energy of the incident pion beam,have not been taken into account. Their discussion is the
and )\(x,y,z)=x2+y2+zz—_2xy— 2Xz—2yz. EXpressions pyrpose of the present work. Since tiig—m, quark mass
(1.8 and (1.9 were then fitted to the experimental value yiference enters only at the level aP((my—m,)?) or
(1.7), though using, in the ranges éfands covered by the O(e?(my—m,)) effects, isospin violation in theym— mr
experiment, a constant average amplitédé, with the out-  yeactions is essentially of electromagnetic origin. The analy-
come sis of radiative corrections in the case of the low-energy

m0m0— 7"~ amplitude[16], would suggest that electro-
ngptz 12.9+0.9+0.5 GeV 3. (1.10  magnetic contributions are at most comparable to the two-
loop effects in the threshold region. The situation is however

This value of F37, has often been compared &, al- ~ qualitatively different in the case of ther ™ — m°m* am-
though the two quantities can in principle be quite different.Plitude, due to the contribution arising from the exchange of
Since the poins=t=u=0 is unphysical, resort to theory & single photon between the- 7° pair and the charged pion
is necessary in order to bridge the gap bethéﬁ(0,0,0) pair. This already modifies the lowest order term, which be-

and the amplitudd=37(s,cos#), and thus establish the link comesfo(s,cose)zl—ZezFijt. As we shall see, this pole in
betweens®® andF3™ . In the region where the Mandelstam the t channel of the reactionyw=— #%x~ is sufficiently
variables are small as compared to the typical hadronic scaldose to the physical region in order to affect the amplitude
set by, say, the rho meson mass, a systematic expansion iof a sizeable way at low energies and bring the theoretical

the amplitudeF*7(s,t,u) can be constructed within the ang experimental values 67 into agreement. In the case

framework of chiral perturbation theotChPT) [7,8], of the crossed reactiopm®— 7 7, this pole occurs in the
5 s channel and its effects on the amplitude are much less
F37(s,cosf) =F3™ f(O(s,cosh) + fH)(s,cosh) important.

The outline of the paper is the following: in Sec. Il we
compute the electromagnetic corrections f(s,cos6)

(1) *
In this notation, the low-energy theorems discussed abovgree(J Igve] and _to (s, coso) for. the Process ym
amount tof ©(s,cos6)=1 if isospin symmetry is preserved. 7 7 - The various counterterms involved are estimated

This chiral expansion has been performed to one loop som& Sec. lll, which is devoted to the numerical analysis of our

time ago in Ref[9] and, more recently, the two loop contri- results. Our conclusions are presented in Sec. V.
bution f(?)(s,cos6) has become available as wéll0]. As

expected for als U(2), X SU(2)r expansion, the corrections

are indeed small in the threshold region, and inserting thdl. RADIATIVE CORRECTIONS TO  F*7(S,cos6) IN CHPT
‘WO"OQEH{GS‘;" nto Eq(1.9) leads to(for detaﬂs, see Ref. In this section, we discuss electromagnetic effects in
[10]) 03100f Z°=1.18 nb. If instead one keep$™ as a free £)(s,cosf) and in f@)(s,cos) for the reaction ym™

normalization constant in the two-loop expression, then da- 7%7* which is the channel of interest for the Serpukhov

+f2)(s,cos0)+ - - -]. (1.12

tum (1.7) leads to the determinatidiO] experiment[6], but also for forthcoming experimenfd7—
an 19]. To this end, we use the formalism of ChPT in the situ-
Fo.expr 11.4-1.3. (1.12  ation where virtual photons are also presg2,21]. In this

context, the chiral counting is extended by considering the
This value is somewhat lower than Ed..10, and the dis- electric chargee as a quantity of orde©(p). Actually, we
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shall use the two-flavor version of the formalism, discussed
in Refs.[16] and[22] to order one loop. As far as the nota-
tion is concerned, we follow the first of these two last refer-
ences.

FIG. 1. Reducible one photon exchange diagram contributing to
A. Virtual photons in f©©(s,cos#) F37(s,cos6) via the electromagnetic form factor of the pion and the

0 * T
Besides tha)(p?) mesonic and Maxwell terms, the low- anomalousr—yy* form factorF7(0f).
est order chiral Lagrangiai (+2) in the even intrinsic parity ] -
sector contains now)(ep) terms, arising from the minimal although final results for observable quantities do not depend
coupling to the photon field,, , and a single(e?) contact  ON this specific choice. The low-energy const&mgives the

term described by a low-energy const&ht electromagnetic contribution to the charged pion mass:
=2 oyt f )= Sp M2 o=B(my+myg)
E(Z)—Z<D U DMU“I‘X U+U X>—ZF Fl-“’ 71_0 u 4)
(2.3
1
— 5£(9-A)?+C(QUQUY). (2. , &
¢ M7¢=B(mu+md)+2CEz,

The covariant derivative acting oK is defined as usual,

D X=d,X—ir X+iXl,, and in our particular case, we . .
mgy take r"M=|M="&MQ e, x=2BM. Here M which, forF=F .=92.4 GeV, yields
=diag(m,,my) refers to the quark-mass matrix ar@
=diag(2/3;-1/3) denotes the quark charge matrix. Further-
more, F,, stands for the electromagnetic field strength ten-
sor, and hereafter we shall work in the Feynman gaudge,
=1. The unitary matrixU(x) is a parametrization of the
Goldstone boson fields, that may be taken as

c M2.-M%
—=———>—%—~08. (2.4

z F4 2e’F?

Anomalous processes involve contributions from the odd in-
0 2 trinsic parity sector, which, at lowest order, is described by
(\/f g ) (2.2 the Wess-Zumino-Witten LagrangidB]. For processes in-
27~ —a% )’ '

U= ei d)/F, — ) :
¢ volving photons, it reads

C

Lin=— N mvafy g Ua Uto,uut—o Uts UsUTU
4~ 4&726 M(Q(av (90, &B av aa ‘9,8 )>

_ 1 1
+4i9,A, Al Q% + dU—= 9,UT+ = d . .
4i9,A, A <Q2 sUUT+Q?UTg,U 5QUQ sUT 2QUTQ BU>] (2.5

The first term on the right-hand side of E@..5) is the rel- 2

evant piece for they— 3 transition at lowest order, and f(o)(S,C059)=1—2€2T7T, (2.6
corresponds to the valu®(s,cosf)=1 in the absence of

other contributions at lowest order. The second ternt ip

is responsible for ther®— y+y decay. If contributions involv-  with

ing virtual photons are considered, it also generates a contri-

bution tof(©)(s, cos) arising from the one-photon exchange

2 2 2
diagram of Fig. 1, where the®y-y vertex is reduced to its o, (S+MZ.)(s+ M7~ M%)

t=2M° .

lowest order valud=7, and the electromagnetic form factor ™ 2s
Fy(t) to unity. 2 1 ) 5

In the case of the reactiopm™— w7, the full expres- N (S=MZNTA(S, M7+, M 7o) cos0 2.7
sion of f(%)(s, cosé) thus reads 2s : '
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cos6 = 0.95

FIG. 2. The lowest order amplitude
£(0)(s,cosé) including radiative corrections as a
function ofs and for various values of the center-
of-mass scattering anglé. The dashed curve
shows the corresponding relative increase in the
cross-sectiony.

1%(s,cos0)

cosf =0

coso = 0.5

sM3

Although the valug =0 is excluded from the physical region The expression ofgps, which involves a set of counter-
of the reaCtion’)/Wt—VJTO’ﬂi, small values of are pOSSible, termsAi , has been worked out in Rd23]’ and we do not
and actually not only in the threshold region. Neglecting thereproduce it here for the sake of brevity. The remaining term
pion masszdlfference for the time being, the threshold valug- ;zps contains the?(e?) electromagnetic counterterms con-
is f©(4M ., cosf) =1+ (a/m)(4nF /M ,=)?=1.16. Further- tributing to the anomalous sector. To our knowledge, they
more, in the forward directiorjt| decreases asgrows. The  have not been classified so far. For the time being, we shall
behavior of f()(s,cos#) in the range ofs covered by the collect the full contribution of all electromagnetic counter-
Serpukhov experimeni6] is shown in Fig. 2. The increase in terms in the anomalous sector in an “effective” low-energy
f(O(s,cosf), as compared to the constant valueconstant,;.

f(O)(s,cosf)=1 corresponding to the absence of isospin |n computing the loop graphs, we shall encounter ultra-
breaking, stays substantial for c@s0.8 even away from violet divergences. These will be regularized within the same
threshold, and by itself increases the total cross sectioflimensional regularization scheme as used in R83f. The
0?72 by 16%, from 0.92 to 1.07 nb. In order to establish elimination of the divergences proceeds through the renor-
the robustness of this result, we next compute the radiativenalization of the counterterms. The renormalized low-energy

corrections tof (!)(s,cosé) as well. constantd|, ki, A{ andBg, then depend on the renormal-
ization scaleu. As far as the contributions from the low-
B. Electromagnetic corrections inf®(s,cos6) energy constants andk; are concerned, we express them in

The evaluation of the next-to-leading contribution terms of the scale invariant quantitigsandk; , as defined in
f()(s,cosd) involves loop diagrams with exactly one vertex Refs.[8] and[16], respectively. Of course, the final expres-
from L, and tree graphs, which involve the various coun-Sion of f!)(s,cosf) has to beu independent. We shall
terterms. In the even intrinsic sector, the counterterms consigfiéfly address this issue at the end of this section. _
of the strong interaction low-energy constahtsf Ref. [8], In (_)rder to prese_nt our results we have found it convenient
and of the electromagnetic constaktg16,22, correspond- to split the expression df*)(s,cos#) into three components,
in h mpositiofthere are al o nterterm
ol s demmostfiere S BOVG) ST (0 cos - o o

+ (2 (s,c0s6), (2.10
Liy=LutLop. (2.9 iRb( )
which we shall describe in turn. The contribution

) e o Qc
Lagrangian has a similar decomposition: loop, as well as the counterterms. It amounts to the cal-
_ _ _ culation of Ref[9], except that one has to include effects of
Loy=Lept L (29 the pion mass difference in the loops,

FIG. 3. One-loop diagrams contributing to
y—ararr via photon loops.
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f8p(s,cosh) = —

16
BM Zo(2AT (1) — Al i) = Af( ) + Ag( ) - 3 An(A7() —AE(M))]

1 , 2 2 370 ir 2 Mio
- 5= | Mot §AW+(t+5MWO+2AW) A In —1)+3M7oln—;
967F m 0 M

1 1 A2
2 2 2 T
+ —6F2J+,(t)(t—4MWi)+ —6F2J+0(u)[u—2(Mﬁ++ MZ0)+ "

w K

1 ) ,  AZ
+EJ+O(S) S—Z(Mﬂ,t'i‘Mﬂ_o)'F? s (2.1

w

whereA .= MZ2. —M?2,. J_PQ(S) is the scalar two-point func- ©rigin and enters through the pion electromagnetic form fac-
tion subtracted ats=0 [8] (the subscript identifies the f©Or Fy(t), whereas the éermA{(,u) belong t0L 5. If we
charges, and hence the masses, of the two pions in th loogdd this contribution td(®)(s,cos6), we obtain, as expected,
and the terms{(u) are the renormalized, scale-dependent _, FT(0)Fy(t)

N 1 £(0) 1) —E3T e VA
counterterms from the anomalous,s Lagrangian. In prac- FoL7(s,cos6) +Tee(s,cosd)]=Fp" —2e t '
tice, we shall only be interested i@(e?) corrections, ne- (213
glecting contributions involving higher powers ef. Terms  with the one-loop expressions of the form factors given as
like A%/s or A%/u can therefore be omitted from expression 8
(2.10). , o F7(00)=Fg) 1= S[Ay(1) ~ 2A4(p) —4AY (1) IM?

The second terni{(s,cos6) arises from reducible dia-

grams with one photon propagator as in Fig. 1, where the 8 1 M7270
blobs stand for form factors™(0,t) andF,,(t), computed at + 3 AL(p) —4A5(m)— —Zln S|t
one-loop order: 256m°  w
(1) o 2 t +i7 t)(t—4M2y)
fi(s,cos8) = —2e T §Joo(t)(t—4Mwo)+96772 6F2 oo ) ( o) (>
— ML 2} 8 1 2 t (— 2)
™ 2 ZE2(r Al Fy(it) =1+ —Jgf()(t=4AM )+ ——| ls— = |.
X( IG In /J,Z 3) 3F7T([A2(M) V( ) 6F721_ 00( )( 71'0) 96’772F127 6 3
(2.19
—2A5(p) — AAL (W) IMZo— [Aj(1)

The last electromagnetic contributicbfi)D(s,cose) comes
; from irreducible diagrams, shown in Fig. 3, with a virtual
—4A (WD [ (2.12 photon in the loop. It is @(€?) correction to the tree-level

result[the contribution from one-loop radiative correction to
Again, O(e*) contributions have been neglected. Note thatihe y-mt-m~ vertex of Fig. 1, is omitted, bein@(e*)] and

two kinds of counterterms contributE; has a nonanomalous reads

2 4 2 2
filb(s cosn=etl 5| ~o4 = T iog T4 2oz |in 2+ (- 103Ky
162 (s—MZ0) (s—M%o)? M) \4 pn? 6
3(3? o 48t (04 Tos 1 M2o(M2o+s) T M2o+s)| [ 2t—4MZ,
+ = (3k;— + S)|1-————— s
) 17Kz effl & 00 (Mio—s)z ¥0 io—S t—4|\/|fro
2m°

X

—I)oa)l—(t—sz,o)ay<t)—2MiOH+y<s;0)+H+y(o;s)2—”°2 +e*{(s—u)}.
(M7 0—s)

w

gm?

(2.19

Note the presence of a nonvanishing photon nmgs This is needed to regulate the infrared divergence generated by the
photon loop diagrams.
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The functionsG, _(t) andH, _(s;t) are related to the scalar three-point loop funci@y) defined as

co(M’i,Mi,Mé;pf,pi.(pl—pz)2)=1f d'q > ! . =, (2.16
1) 2m)* (?=MH(q—p1)?=M)(q—p)?—M3)

through not for the remaining onesOn the other hand, we may
however use our present results in order to pin down the
G+_0(t)=C0(m§,Mii ,Mii ;Mii,Mii,t), scale dependence of several combinations of the renormal-

(2.17)  ized constant&\{(x) and ofBgy(u). For instance, the form

H+_0(s;t)=Co(0,Mii,Mii;Mii,s,t). factor F7(0t) [Eq. (2.14)], being an observable quantity,

must be scale independent by itself, which implies
For m,—0, G, (t) can be expressed in terms of loga-
rithms and dilogarithms. In the region of interastO, it is

given by e g,p L)~ 285~ ARG )]=0,
(2.20
1-p Bi—1 d
G, (t)=———— ( +In? —TAL () — 4AA" -
+=o) 327725,8tl 21+, Bt 1 MdM[AZ(M) AAz(u)] 12872F2
n 77_2+2 In —t ~n mi Furthermore, the scale invariance of the amplitudes)fer
3 M2, M2, —797%7% and yy— 7" 7~ 0 require in addition thaf26]
+2mnp |inf 22| 218w AL )~ A+ 2R )~ Al )] =~
B+l du 128m2F2

Where,BtE,B(t)=\/1—4M2Wi/t. (2.21

The infrared divergences are handled as usual by consipep, the condition thait™(s, cosé) does not depend on the
ering the process with undetected soft photons, with energier%normalization scalg. amounts to

less than the detector resolutidrie. At the present level of
accuracy, one soft photon is enough, and an infrared finite

observable is constructed by considering in addition the M%[AQ(M)—AE(M)F—

cross sectiono?(s;AE) for the processym™— mlm"y. 12872F2’
Then, (2.22
dB 3
dotdo? _ snac0) ) $0) 4 f@ocof? (1) m ;ﬁ(m: 2"
m=(l:o ) {|f +fQCD+f Q | +2quIRD M 327
do” Having discussed the scale dependence of the low-energy
+2Rg R+ 7 , (2.19  constants, it still remains to pin down their values in order to
sintede proceed.

where we have also added the two-loop contribuﬂ@g‘lD
without radiative corrections computed in R¢1.0], should

be infrared finite. The expression for the last term is cumber-
some[24] and we do not reproduce it here. We have checked In this section, we shall first provide estimates for the
that the infrared divergence appearing in the soft bremstrahMarious  counterterm combinations that appear in
ung term indeed cancels the one in 2H&.]. f(1)(s,cosf). We then convert our computation into numeri-
cal results for the experimental observables discussed in Sec.
l.

IIl. COUNTERTERM ESTIMATES AND NUMERICAL
RESULTS

C. Renormalization scale dependence of the counterterms

In order to establish that*)(s,cosé) indeed does not
depend on the renormalization scalewe need to know the  i1he divergent part of the one-loop generating functional in the
scale dependence of the various counterterms involved ignomalous sector has actually been comp[2&% but the resulting
expressiong2.11), (2.12 and (2.15. This information has expressions are rather cumbersome, and have, to the best of our
been obtained independently, using functional techniques, fainowledge, never been expressed in terms of the scale dependence
the low-energy constant$(ux) [8] and kj(u) [16,22, but  of the renormalized constants .
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A. Counterterm estimates TABLE |. Different chiral determinations Ongxpt extracted

— . from Egs.(1.8) and(1.9), as explained in the main text. The num-
The low-energy constar contributes to the slope of the pers in the first line correspond to th@(p®) tree level, next-to-

electromagnetlc_form factor of the pid8] and its value is leadingO(p%) [9] and the dispersive treatment @p?) [10]. The

well determined] g=16.0+ 0.5+ 0.7[27]. The combinations second line corresponds to the same results when electromagnetic
of constant$ A; which describe the(’)(MfT) corrections to  corrections at)(e?) are included. All results are in units of Ge¥.
F™(0,0)[Eg.(2.14] and the slope of "(0,t) were estimated These values should be compared with the theoretical prediction
by studying the (VVP) QCD three-point correlator F37=9.72+0.09 GeV .

[28,26,29. We shall use the estimates of REI9] (hereafter

we setu=M ): o(p*) o(p°) O(p°)
8 Fomp(e=0) 12.9+1.4 11.9-1.3 11.451.3
- §(A'2—2Ar3—4A2)MfTO=(—6i2)><10‘3, Fompl€#0) 12.0£1.2 11.261.2 10.71.2
(3.0
8(Ar 4Ar)M2 426+ 9)><1073 B. Numerical results
§ 27 3 a0 — .

Most of the existing results in the literature share a mod-
erate increase of the amplitude€®™(s,cosé) with s, and a
A similar treatment of the combination @f’s appearing in  very small sensitivity to co8. This is, in particular, the case
ngl():D would, for instance, require a detailed analysis of thefor the ChPT results, both at one- and two-loop order. When
(VPPP) four-point function along the lines of Ref29],  electromagnetic corrections are taken into account, two ef-
which is lacking at the moment. If we assume a naive resofects must be considered. First, a different mass for the neu-
nance saturation by the lightest vectors, axials, pseudoscaldfél and charged pion modifies the lower limit of the phase-
and scalars, only vectors contribute to the QCD part. Wespace integral in Eq1.8). This represents small changes: an
obtain the rough estimate increase of-6% in the Primakov cross sectie®®/z?, and
a decrease of~4% in Fggxpt, which goes into the right

direction, but still does not match the theoretical value. Sec-

8
—{8M2(2A,— ALy — 3(M 2+ 2M2 L) (AL—AY) ond, the radiatively corrected expression of E319 should
be used in evaluating E@L.8). In order to see how much the
2 2 two combined effects modify the experimental determination
2M* . +M7 o 3 . o
~ ) (3.2  of Fgeyn in Table I we show the values obtained o
2M§ from the experimental result of Reff6], using the expres-

sions for the amplitudé=>7(s,cosé) at different orders of

The k; constants appearing in E€.15 are the finite, ChPT in tg.eMWOTM“t Eggp'g I|n?|t (tf'rSt Ilne),t_and the
scale independent contributions of the electromagnetic courfRrresponding vaies w (e%) elec romagnetic correc-
tions are included at one looecond ling As numerical

tertermsk; . The precise relations among the nonrenormal- _
ized k;, the scale dependent renormalizkdw) and the :\r)lpl:t:;ig;a;nYeéel\rAse\\;v ea:;l;/e isgéza]zl I\I\/I/Ig/_ ﬁ%g;go'\:ez’n
scale independeri; have been worked out by several au- engrgy resolution for undetected photons A =10 MeV
thors[22,16]. In Ref.[16], the following e§t|mates, based on has heen chosen. We have checked that the final results are
naive dimensional analysis, were given: very insensitive to the actual value used foE (we took
values up to 50 MeYand for the next-to-leading order coun-

E=3.6i 1.3, E:3_5i 1.3, terterms. The errors shown in Table | have been computed
(3.3 adding the statistical and systematic experimental errors in

_ _ Eq. (1.7).

ks=3.4+0.7, k;=3.5+1.3. It is interesting to observe that the electromagnetic correc-

tions are sizable: they represent an increase 06f15 nb in
Finally, there remains the effective anomalous electromagthe Primakov cross sectian®?/Z?, bringing the theoretical
netic counterternBL,(«) in the anomalous sector, for which prediction to the value

naive dimensional analysis gives 9721 330,03 nb, 3.5

|Ber(m)|= (34 \where the error has been estimated using higher order cor-

rections via the nonperturbative chiral approach of RE).
This value of the cross-section corresponds to

1672

2The normalization of the low-energy constaAtswe use here is

the same as in Ref26], and differs from the one used in Refs. i 3
[23,29 by a factor— 1/4s2. Fin =11.7£0.2 GeV (3.6)
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2.6 T T T T T T
24 —
cos6 = 0.95
22
o 2F
if . 75 FIG. 4. The scattering amplitude
2 1s) et |F37(s,cos6)? vs s (in units of M2) for several
é values of co® at O(p®) with (curves and with-
i 16 |2 out (shaded area radiative corrections. The
shaded area covers the full range of éos
cosf = 0.5
14 | —
cos = -1
12 o
1 1 1 | 1 1 1
2 4 6 8 10 12 14 16
sM3
for the average amplitude®™. Equivalently, if we keeg=3™ do s ZFfT O @) 2
. . . w
as a free parameter, and insert the theoretical exprefStpn 30d0 =(Fo")?|1-2e"~+focot foco - (3-8
(2.19] into Egs.(1.8) and(1.9), the experimental determina- St
tion becomes The situation in this respect would have been different in the
case of the crossed channelm®— =% 7. There, the
ngxpt: 10.7+1.2 GeV?3, (3.77  photon-exchange pole appears in gehannel. With a mini-

mum value of M. for s, the net effect is mild, at the

. . . few-percent level.
much lower than the valuél.12 obtained if radiative cor- P

rections are omitted, and compatible with the theoretical IV. CONCLUSIONS

value F3™=(9.72+0.09) GeV 3. Interestingly enough, the _ o
contribution of the electromagnetic corrections to the ampli- N the present work, we h%ve considered, within the
tude F37(s,cos6) is larger than the genuine chiral correc- famework of gne-l000p+ChP'[?(e ) radiative corrections to
tions. This can be observed in Fig. 4, where we plot th he procesgym " —ar 'm~. They turn out to be quite sizable,

squared amplitude, as a function gffor the O(p®) result, eing larger than the genuine two-loop chiral corrections

including radiative corrections at one loop, for several valueisjlgmgl#)er%g gﬁg;%a\?g?ogscrseeﬁ% rﬁhriégsodroe%pirtlhﬁgsncal
of cosé (curves. We also include a shaded area for the same . . y
~0.15 nb. Such a large effect originates mainly from a one-

result without electromagnetic corrections, covering the full RN !
9 9 photon exchange contribution in thechannel. Since small

range of co®. While the latter is almost insensitive to c®s . . .
kinematical values fot are allowed, one obtains large con-

and slowly rises witfs, the former shows a richer structure, tributions to the cross-section. Other electromagnetic contri-
with substantially large contributions for csapproaching ' 9

1 butions are very small. These corrections are therefore very
This is in contrast with most other mesonic processe stable a}galnst vazrlatlons pf the_counterter_m§ that enter at next
io leading O(€?p?). The inclusion of radiative corrections

studied so far in ChPT, where electromagnetic corrections i rinas theorv and experiment into aareement. Euture hiah
general give reasonably small contributions. The reason fot? 9 y b 9 ' g

this difference lies in a peculiarity of themr™— 7%= pro- precision experimentgl7-19 will hopefully improve this
cess, which admits a kinematically enhanced contributionagreemem and test the role of electromagnetic corrections. In

due to thet-channel exchange of a single photon, and Whichthls respect, .'t .W(.)md be Worthv_vh|le tc_) _mvestlgate th? e>éper|-
ental possibilities to study, in addition, the reactipsr

actually completely dominates the radiative corrections. As o

+,_— N
matter of fact, our results can be very well reproduced by 7 7 > through e.g. the procesg— 7~ @ p, where no

adding only the “universal’ contribution coming from the such important electromagnetic effects are expected.

pole in Fig. £ to the one and two-loop chiral corrections: ACKNOWLEDGMENTS
We thank A. Bramon, R. Escribano and J. Stern for clari-

3The residue of the pole is given to all orders in the strong interfying discussions. This work was supported in part
actions by—2eF™(0,0)F,(0) see[Eq. (2.13], which is equalto by TMR, EC-Contract No. ERBFMRX-CT980169
—2eF{ to a very good approximatiofsee Eqs(2.14) and (3.1)]. (EURODAPHNB.

094009-8



ELECTROMAGNETIC CORRECTIONS TQ/7 ™ — 707~ PHYSICAL REVIEW D 64 094009

[1] M.V. Terent'ev, Pis’'ma Zh.'Esp. Teor. Fiz.14, 140 (1971 posal PR-94-015, 1994; available from the URL http://
[JETP Lett.14, 94 (1971]; Phys. Lett.38B, 419 (1972. www.jlab.org/exp_prog/experiments/summaries/E94-015.ps

[2] S.L. Adler, B.W. Lee, S.B. Treiman, and A. Zee, Phys. Rev. D[18] M.A. Moinester, V. Steiner, and S. Prakhov, “Hadron photon
4, 3497(1971). interactions in COMPASS,” hep-ex/9903017.

[3] J. Wess and B. Zumino, Phys. Le37B, 95(1971); E. Witten,  [19] SELEX Collaboration, M.A. Moinesteet al, “Inelastic elec-
Nucl. Phys.B223 422(1983. tron pion scattering at FNAISELEX),” hep-ex/9903039.

[4] R. Aviv and A. Zee, Phys. Rev. B, 2372(1972. [20] R. Urech, Nucl. PhysB433 234 (1995.

[5] Particle Data Group, D.E. Grooet al, Eur. Phys. J. A5, 1 [21] H. Neufeld and H. Rupertsberger, Z. Phys5& 91 (1995; H.
(2000. Neufeld and H. Rupertsbergébid. 71, 131 (1996.

[6] Y.M. Antipov et al,, Phys. Rev. D36, 21 (1987.

[7] S. Weinberg, Physica A6, 327 (1979.

[8] J. Gasser and H. Leutwyler, Phys. Let25B, 321 (1983;
Ann. Phys.(N.Y.) 158 142(1984).

[9] J. Bijnens, A. Bramon, and F. Cornet, Phys. Lett2®7, 488

[22] U. Meissner, G. Mlier, and S. Steininger, Phys. Lett. 406,
154 (1997); 407, 454E) (1997).

[23] H.W. Fearing and S. Scherer, Phys. Re\6® 315(1996.

[24] M. Vanderhaeghen, J.M. Friedrich, D. Lhuillier, D. Marchand,
(1990. L. Van Hoorebeke, and J. Van de Wiele, Phys. Rev6Z;

[10] T. Hannah, Nucl. PhysB593 577 (2001. 025501(2000. _

[11]D. Klabucar and B. Bistrovic, hep-ph/0012273; [25] D. Issler, Report-no SLAC-PUB-494@3989; revised 1990
hep-ph/0009259; B. Bistrovic and D. Klabucar, Phys. Lett. B R. Akhoury and A. Alfakih, Ann. PhysIN.Y.) 210, 81 (1991);

478 127(2000; Phys. Rev. D61, 033006(2000; X. Li and Y. J.F. Donoghue and D. Wyler, Nucl. Phy&316, 289(1989; J.
Liao, Phys. Lett. B505, 119(2001); R. Alkofer and C.D. Rob- Bijnens, A. Bramon, and F. Cornet, Z. Phys46, 599(1990.
erts, ibid. 369 101 (1996; M.A. lvanov and T. Mizutani, [26] LI. Ametller, J. Kambor, M. Knecht, and P. Talavera, Phys.
Phys. Rev. D53, 1470(1996. Rev. D60, 094003(1999.
[12] S. Rudaz, Phys. Letf.45B, 281 (1984). [27] 3. Bijnens, G. Colangelo, and P. Talavera, J. High Energy Phys.
[13] T.D. Cohen, Phys. Lett. B33 467 (1989. 05, 014 (1998.
[14] B.R. Holstein, Phys. Rev. B3, 4099(1996. [28] B. Moussallam, Phys. Rev. b1, 4939(1995.
[15] T.N. Truong, hep-ph/0105123. [29] M. Knecht and A. Nyffeler, “Resonance estimates ©@fp°®)
[16] M. Knecht and R. Urech, Nucl. PhyB519, 329(1998. low-energy constants and QCD short-distance constraints,”

[17] R.A. Miskimen, K. Wang, and A. Yegneswaran, CEBAF pro- hep-ph/0106034.

094009-9



