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Transition form factors in 7°, 7, and 7’ couplings to yy *
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Recent measurements of the transition form factors for the Pyy* vertices, with P=7° 7, and 7', are
compared with different models. These include vector-meson dominance, constituent-quark loops, the
QCD-inspired interpolation by Brodsky-Lepage, and chiral perturbation theory. General agreement is
observed and differences—due to SU(3) breaking—are stressed and discussed.
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Experimental data for the two-photon transitions
yy*—7° u, and 1’ have been recently obtained and dis-
cussed [1,2]. They involve (at least) one spacelike photon
y* with squared four-momentum ¢?=-—Q?<0. This
completes and confirms older results concerning timelike
photons (g%>0) obtained from 7,7’ —>yy*—yu*u~ de-
cays [3,4] and solves the chaotic situation related to the
7oyy* vertex [4,5]. One usually fits the observed g
dependence in the different Pyy* transitions by means of
a normalized, single-pole term with an associated mass
Ap,ie.,

Fp(g?)=F(A,,q")/F(A,,0)
=(1—¢*/A}) '=1+g*/A}=1+bpg?, (1)

where in the last steps (for small ¢%) we have introduced
the slope bp=1/A}={r}) /6 related to the size of the
pseudoscalar meson P. The available experimental data
{1-3] for Avro,n,n’ and their averaged values [2] are sum-
marized in Table I. The amplitude for a generic P<>yy*
process is then

A(Pyy*)==+iF (Ap,q*)€, 0pek e*°q" (2)

TABLE I. Experimental values for the pole mass Ap (in
GeV) in the transition form factors of pseudoscalar mesons
P=7%m,and 7".

A (GeV) A, (GeV) A, (GeV)

Lepton-G [3] 0.72+0.09 0.77+0.18
TPC/2y [1] 0.70+0.08 0.85+0.07
CELLO (2] 0.75+0.03 0.84:£0.06 0.79+0.04
Average [2] 0.75+0.03 0.77£0.04 0.81+0.04
45

with k?=0 (g?70) for the real (virtual) photon with po-
larization € (£*).

Theoretically, Pyy transitions involving on-mass-shell
photons, k?=¢?=0, contain valuable information on the
quark content (or mixing) of the 7,7’ mesons. Concern-
ing this point, the situation is quite satisfactory and gen-
eral agreement has been achieved [2,4,6]. This implies

n=cosOn;—sindn, =cosB (uii +dd )/V2—sinBss ,
7' =sin@ng+cosOn, =sinB (uit +dd ) /V2+cosBss , (3)
0=f—arcctanV'2 ~ —arccot2V'2 = —19.5° .

The ¢? dependence observed in Pyy* transitions can
then be viewed as a tool for understanding light-quark
dynamics. To this aim several models have been dis-
cussed. The purpose of this note is to compare the exper-
imental measurements of Ap quoted in Table I with the
predictions of the most successful and/or traditional
models. These include conventional ideas related to
vector-meson dominance (VMD) or constituent-quark
loops (QL) and QCD-inspired approaches such as the
Brodsky-Lepage (BL) interpolation formula or chiral per-
turbation theory (ChPT).
Using VMD one immediately obtains [7,8]

2
:43% My
FVMD(A ’q2)= Y
d 2V fv M[Z/_qz

) (4)

where the sum includes the three lightest vector mesons
V =p° o, and ¢ with SU(3)-symmetric couplings to the
photon (f}) and to Py (gyp,). Ay is then related to the
vector-meson masses My, thus introducing the only
source of SU(3) breaking (apart from mixing) through [5]
M,=M,~AM,, with 1/A=>=1.30. More explicitly, one
obtains
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Ai=M, ,, A,=0.78 GeV,
A= 5cosB—\/_§sinB M2

T 5cosB—V2AsinB ¢
A,,:O. 96A,=0.75 GeV , (5

5sinB+Vv2cosB .,

po ?

’

A= =
T 5sinB+V2A cosfB

Ay=1.06A,=0.83 GeV ,

where the numerical values follow from Eq. (3) and Ref.
[5] and have been collected in Table II.

The QL predictions for the Pyy* form factors are easi-
ly obtained computing the g2 dependence generated by a
triangle loop of constituent quarks of masses m, and
charges ;. One obtains [7,8]

1 .
-— arcsm)»q

8psz
FQL(AP:‘IZ)_Z Pqg e?
Ag

q
g Mg

(6)

where the Pgq couplings are SU(3) symmetric and break-
ing appears only through the constituent quark masses
m,=m,;=MAm,, with 1/A'=1.40. More explicitly, one
has

Al=12m2,;, A,=0.80 GeV,

A= 5cosB~\/_2k3s1.nB 12m?,
5cosB—V2A"3sinf8 ’

A,=0.96A,=0.77 GeV , D

A2, — SsinB+ V2M’ cosB
7 . a3 13
5sinB+V21"3 cosfB

A,=1.06A,=0.84 GeV ,

»

lZm,id N

where we have used Eq. (3) and a somewhat small constit-
uent mass (m, ;=<0.23 GeV) in order to agree reasonably
with the data and also with the VMD results [5].

The latter agreement is a manifestation of the old idea
of quark-hadron or Q? duality already checked in [7,8]
for n—yy*. Here, we have extended its validity to the
SU(3)-breaking contributions exploiting the approximate
equalities A~1’ and M}~ 12mq2 between VMD and QL
parameters.

The Brodsky-Lepage (BL) interpolation formula [9] for
these transition form factors is extremely simple, namely,

_ 2V2a
Ap

FPY(Ap,q?) (1—g*/Ap)7", @)

where Ap=2mfp is related to the pseudoscalar-meson de-
cay constant fp. It is an elegant expression interpolating
two theoretically well-rooted results valid at the extreme
energies g>—0 and Q?— . In the first case, current
algebra (CA) unambiguously predicts F(A £q2—0)
=V2a/nfp, whereas, QCD leads to F(Ap,Q%)
=4raV2fp/Q?, in the opposite and reliable region of
asymptotically large Q2. Our normalization is such that
the pion decay constant fp_,=V2X93 MeV =132 MeV
and, therefore, one has A_=27f,=0.83 GeV in the
correct range of the experimental values. SU(3) breaking
now proceeds exclusively through f,#f,#f,.. The two
latter decay constants are not directly measurable (in
contrast with f, + or f_+=f o=f,, by isospin) but can
be deduced from 7,7%'—yy decays into real photons.
One has

1 _ 1 |cos® V8sing |_ 0.914

o V3| S fi fr ©)
9

1 _ 1 |sind  V8Bcos® |_1.25

fo V3| fs S fa

where the numerical values follow from Egs. (3) and the
averaged data [5] for 7°, 7, and 7' —yy decays. Indeed,
several analyses [6,10,11] lead to the values

0=—20", fg=~(0.25-1.30)f,, fy=~1.1f, (10)

and, then, to those quoted in Eq. (9). Therefore, one pre-
dicts

A, =2mf,=0.83 GeV ,
A,=1.10A,=0.91 GeV , (11)
A,,=0.80A,=0.66 GeV ,

as quoted in Table II. The qualitative relation A,> A,
seems unavoidable and contrasts with the experimental
data (Table I) which tend to prefer A, >A,. This
discrepancy is already present in the analysis of Ref. [1],
where the values f,=9116 MeV and f,=78+5 MeV
are deduced from the decay widths into two real photons
contrasting with the values f,=79+9 MeV and
£y =961+8 MeV also deduced in [1] from the observed ¢°
dependence.

ChPT is particularly appropriate for dealing with
Pyy* processes. It is a QCD-inspired model with a La-
grangian written in terms of the pseudoscalar meson
fields, which are assumed to be the pseudo-Goldstone-
boson fields appearing in the process of dynamical break-

TABLE II. Values for Aﬂo" " predicted by vector-meson dominance (VMD), quark model loops
(QL), the Brodsky-Lepage interpolating formula, and chiral perturbation theory (ChPT).

A o (GeV) A, (GeV) Ay (GeV)
VMD [7,8] M, ,=0.78 0.96A,=0.75 1.06A,,=0.83
QL (m,=m;/1.4=0.23 GeV) v'12m,=0.80 0.96A,=0.77 1.06A,,=0.84
Brodsky-Lepage [9] 27f,=0.83 1.10A ,=0.91 0.80A,,=0.66
ChPT (M;=0.828 GeV) (b, +by)"12=0.75 1.03A,=0.77 1.06A,,=0.79
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ing of the chiral symmetry of massless QCD. The La-
grangian is the most general one reproducing the sym-
metries of the original QCD Lagrangian. It is expanded
in powers of p?/A* and m?2/A% where p is a typical
momentum, m is the quark mass and A~4xf_ is the
scale of chiral symmetry breaking. The relevant lowest-
order terms of the action are

S=[dxL,~N.Swz . N.=3, (12

|

with
L,=2ftr(D,3D*s'+x"2+3%)
(13)
_ i
4872

SWZ fd4x e'uvaBZ!“,aB'," Tty

where the ellipsis refer to nonphotonic terms of no
relevance here and

Z s =—ieA, tr[Q(3,303,573,53"-3,39,39,3"3)]
+2¢%3,4,)4, {028,227+ 02379, +1030373,35"+ 105703 9,375 . (14)

The covariant derivative D,2=9,2+ie[Q,2]4, contains the photon field and the quark charge matrix

Q =diag(%, —§, — 1)

2i
X=exp|—M]|,
with
0 M "
v2 Ve V3
- 7P yl3 M
= S ST B RA
M 7 V2 Ve V3
= 271
K~ K° -
V6

and f is a free constant that, at lowest order, can be
identified with the pion-decay constant f_. Under chiral
U(3), XU(3)g, = transforms as =—U,SUg. The La-
grangian L, in Eq. (13) introduces a small spontaneous
chiral-symmetry breaking through the quark-mass matrix
M, contained in y=BM + - - - . where B is a free constant
that can be fixed relating the quark masses to the pseu-
doscalar masses.

The term containing two photons in Sy, is the only
one contributing at lowest order to the amplitude for
P<—y7y*. The contribution turns out to be g* indepen-
dent:

V2Cha
FCRPT(A L 02)= P 1
(Ap,q7) s (17

with C_=1, C,78= 1/v'3 and C,,1 =2v2/V'3. It should
be noticed that, since the only source of U(3) breaking in
Eqgs. (12) and (13) are the quark masses, all the f, are the
same at this order. As expected from the nonrenormali-
zation of the anomaly and explicitly shown in Refs.
[10,12,13), loop corrections for real photons do not modi-
fy the lowest-order result and only amount to the intro-
duction of U(3) breaking in the values of f». The 7° 1,
and ' —yy decay widths are, then, well understood in
terms of the parameters in Eq. (10). Their finite parts can
be calculated from the assumption that they are saturated

K+

The pseudoscalar meson fields are contained in a nonlinear form in X,

(15)

M
%

by vector-meson contributions [13]. As a result, one ob-

tains (sinf=—1)

F (g )=1+(b, +b,)q*,
2f 1+ 13
D=1+ | o bt g 18
F,(g7)=1+ 2f1+2f8bL by lg”, (18)
f1_4f8
F (g))=1+ |=———b, +b, |q°,
n q f1_8f8 L | 4 q

where the finite part of the loop correction to the slope is
given by
1

—————[1+In(mem_/u*)]=+0.32 GeV 2
247T2f2[ K T y’ ]

bL:

(19)

for w?=M;~(OM}+M}+2m2)/12=0.69 GeV?
which is the relevant mean vector-meson mass for our
processes. This same mean mass fixes the contribution
dominated by vector mesons, namely,

by=1/u*=1.46 GeV ™%, (20)

which (at the present order) is common to 7°, %, and %'.
The only sources of SU(3) breaking are, therefore,
f17fs#f, and the fact that the loop correction for 7°



and 75 (b, ) is twice as large as for 7, (b, /2) leading to
the different coefficients of b, in Egs. (18). From these
equations one gets

A,=(b,+by,)"1/2=0.75 GeV ,

A,=1.03A,=0.77 GeV , (21)

A,;=1.06A,=0.79 GeV .

In summary, all the models considered agree in the
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correct value for a mean Ap, but differ in the breaking
pattern when P=7° 7, or %'. The VMD and QL ap-
proaches lead to A, <A,<A,, in agreement with the
data of Refs. [1,3]. The BL interpolation formula, in-
stead, implies A, <A, <A,, in disagreement with the ex-
perimental data. Finally, ChPT predicts A, <A, <A, in
agreement with the averaged data. At this stage, it seems
reasonable to conclude that accurate experiments (with
precision of the order of a few percent) are required in or-
der to decide on the correct scheme accounting for the
Pyy* transition form factors.
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