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Born-model predictions for yy~p +n-+.
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The main features of yy~p —+a+ are studied in terms of a gauge-invariant (Born) am-

plitude constructed from the phenomenological p
—+~m-+y coupling. Large cross sections

are predicted and the possibility of determining the p--meson magnetic moment is con-
sidered.

I. INTRODUCTION

Much effort has recently been devoted to the ex-
perimental study of photon-photon annihilations
into hadrons at PETRA' and SPEAR. As a re-
sult, the resonant channels yy~f ~n+n
yy~f ~n'm', yy~A, ~qn, yy~rl'~rr+rr y,

-
and yy~S ~m+m have been unambiguously ob-
served and the couplings of these J =2++, 0 +,
and 0++ resonances to yy have been measured. '
Similarly the nonresonant background to the

yy —+~a transitions' and a large threshold
enhancement in yy~p p ~m+m ~+~ have
been observed. Data on other hadronic channels,
such as yy~n+m. m (possibly dominated by
yy-+pm), are expected to become available in the
near future.

From the theoretical point of view, a simple
(gauge-invariant) Born model accounts for the
background observed in yy~rr+n (Ref. 2} and
obvious generalizations of the model have been

proposed to explain [in terms of the channels

yy —+pm+a (Ref. 5) and yy~fm+n (Ref. 6)]
the large values of the recently measured cross sec-
tion3 for yy~n+n n+n . In the resonance or
low-energy region, this Born-term background will

be modulated by the different resonant peaks and,
possibly but much more speculatively, by low-mass
gluonic states (glueballs) coupled to yy if they ex-
ist. At higher energies or momentum transfers,
two-photon annihilation into hadrons is expected
to provide other valuable tests of quantum chromo-
dynamics concerning, for instance, the pointlike
coupling of photons to the hadronic constituents or
the photon structure function.

The purpose of this paper is to study the yy
+p+ n+ transition i—n th—e framework of a gauge-

invariant Born model and in the low-energy region,
i.e., for total yy center-of-mass energies Wz rang-
ing from M+m =0.9 GeV (M and m are the p
and n masses, respectively) up to W~-1.6 GeV.
In this range of energy the only known resonance
which couples both to yy and p~ is the A2 meson.
On the other hand, no glueballs are coupled to our
negative-6-parity final state. Therefore, the region
with 8'~ & mz, 1.31 GeV seems an ideal place to

study some features of our gauge-invariant set of
Born terms and, in particular, the dependence of
one of them on the anomalous magnetic moment a
of the charged p meson. In this sense, valuable in-
formation on ~ could be deduced from the meas-
urement of the yy~pn cross section. For energies

W~-mq, and higher, the contributions from the

A2 and other resonances (such as possible radial
excitations of the pion ) are expected to appear and
modify our results. This could be useful when

investigating the existence and properties of such

pn resonant states.

II. GAUGE-INVARIANT AMPLITUDE
FOR yy~pm

The Lagrangian densities describing the interac-
tions of photons with charged spin-0 (P,Pt) and
spin-1 (g„,f„)bosons can be deduced from the cor-
responding free Lagrangians

Wr„,=(cFP)t(ding) mPtP, —

(2)

(G„„=B„Q„—B„f„),by simply introducing the co-
variant derivatives, B&~D&——8&+ieA&, where e
(e & 0) is the charge of the particle destroyed by P
or f„. One obtains

ie[(P'P)Pt (8'Pt)P]A—„+e A "PtP-,
W „,=ie [(8'f„}(A"P& A&g") (8'P„}(A"P& —A„g ")]—e[A&A "g„P—" —A„f"A"f&] . — (4)
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Equation (4) represents the interaction of photons
with charged spin-1 bosons having no anomalous
magnetic moment ~, i.e., with' p =1+~=1 in un-
its e/2M. An anomalous piece can be introduced
by adding to Eq. (4) a phenomenological term pro-
portional to the anomaly ~,

~ int elKF fptllv ~

which clearly preserves gauge invariance
(F&"=d"A —8'A"). Then, one obtains the follow-

ing set of Feynmann rules':

(c)

it ~» a

(e)

ie—(qi+q2)&,

2~e g

(6a)

(6b)

FIG. 1. Graphs corresponding to the Feynman rules

[Eqs. (6a) —(6d) and (9e) and (9f)]. Wavy, dashed, and
solid lines correspond to photons, spin-0 mesons, and
spin-1 mesons, respectively.

(2gitvgap gitagvp gitpgva} (6d)

corresponding, respectively, to the four vertices of
Figs. 1(a)—1(d) (to which we refer for notation).

Quite independently, the phenomenological
Lagrangian responsible for the well-known radia-
tive transitions p +~n+y-(or, .-similarly, co~my,
It"—vIt:y, . . . , ) is given by the expression

ge.„,(a—A P)[ (ass)y'+(ass)'y] .

(7)

When dealing with charged mesons, the introduc-
tion of the covariant derivative generates a new in-
teraction involving an additional (gauge) photon
given by

W;nt= iegeaprs(a —A )(A y y Ay y) .— (8)

From the Lagrangian densities (7) and (8} one easi-

ly deduces the Feynman rules for the vertices of
Figs. 1(e) and 1(f). They turn out to be, respective-

ly,

ie I (pl +p2 ~pgap [pi +&9 i —pZ }lpgita

[p2+~V» —pi )]ag&p ] (6c} cay width for p —

very

through

I (p~ny) =g .(M m) /—96nM.

An independent estimate of g can be obtained
from the coupling constant g~ appearing in the
e—+pm~3~ decay and the vector-meson-domin-
ance (VMD) relation g =g~ e If . In this con-
text, the different role played by the two photon
fields in Eq. (8) (an isoscalar, co-like photon and an
isovector, gauge one} is more transparent. More-
over, the mesonic cope vertex has the same features
(a large coupling constant and the appearance of
derivatives of charged fields) as the ENm vertex
(involving spin- —, and spin- —, baryons) which gen-

erates an important contact interaction analogous
to Eq. (8), dominating the yp~A++n cross sec-
tion near threshold. Therefore, it seems reason-
able to expect a similar effect in our process

yy —+@co—+p+m'+.

It is now a trivial task to obtain the gauge-
invariant amplitude for the yy —p+m transition
corresponding to the three Born diagrams (plus
two crossed ones) of Fig. 2. One finds

CF

&gawp, k p (9e) T=egeaprs[M Pr (k, k', e,e')

(9f}(eaitvak i +ecrvitak2 ) &

where the coupling constant g is related to the de- with

+M P&s(k'k e'e}]

MPr(kk ee)
' —

e pPkrps+
—P e pk q

e(k —2 ) e(k —2 )

2q.k 2p k

+ " [(ep)e")e"p k q' (p.k)e"ek q']+—e"p k e',
2p.k (12)

where k, k', and p (e, e', and p) are the four-momenta (polarization) of the two photons and the p+ meson,
and q that of the m
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III. CROSS SECTIONS AND ANGULAR DISTRIBUTIONS FOR yy —+pm

25

The differential cross section for unpolarized photons corresponding to the process yy~p+m is given by

do. 1 1 2 IPI
32+ 4X I I

W

where
I
P

I
is the momentum of the final particles and the sum extends to all spin states. A straightforward

but tedious calculation shows that Eqs. (11) and (12) lead to

with

and

g I
T

I

=e g [A(k, k')+A(k', k)]

A (k,k') =AD(k, k')+pA i(k, k')+p Ag(k, k')

Ae(k,k')=, + 2 [q (k —q)]
2(p.k')

q k q.k' (q k)2

(k k')[p (2q —k')]+2(q.k')[p (k' —k)]
qk

(14)

E
2 k k, (p.k')(q k')

2
(p'k')[p (k' —k))

(p k)' (p.k)(q k)

A )(k,k') = 1 1 2+
(p.k) (q k)(p k) M p k

2(p.k')[q. (k' —k)] 2 k k, p q q k'

A2(k, k')= 1 1
N

1

4(p.k) 4(p k)(p.k') M'p k

where

(q k')[q (k' —k)] (k k') m (q k)(q k')

(p k)(p k')

%=2(k k')(q k)(q k') —q (k k') =2(k k')(p k)(p k') —p (k k')

The absolute value of the phenomenological cou-
pling constant g can be deduced directly from Eq.
(10) and the experimental values" I (p ~~ y)
=67+7 keV (one obtains

I g I
=0.22+0.01

GeV ') or I (co-+my)=890+90 keV and SU(3)
arguments (in this case

I g I

= —,
I g„r I

=0.26+0.02 GeV '). Alternatively, ' one can use
simple VMD relations and the experimental values
for I (co~m+nm)and I'(co.~.e+e ) to obtain

I g I
=0.3 GeV '. According to this, we will

adopt the value

CROSSED CROSSED

FIG. 2. Gauge-invariant set of diagrams for
y(k)+y(k')~p+(p)+~ (q).
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f«&(co~11+11 11 ) and Pco~e+e ) to obtain

~ g ~

=0.3 GeV '. According to this, we will

adopt the value

g =0.07+0.02 GeV (15)

an(—"b—)
1.2

oa—

(a) Wv =1.00 GeV

as the most reasonable estimate. Thus, our predic-
tions for the cross sections will be affected by er-
rors -30%, which will be substantially reduced
when more accurate data on the p~~y coupling
constant become available. On the contrary, the
value of the total magnetic moment of the p+- ,
p=1+~, is completely unknown. Three main pos-
sibilities will be discussed: (i) @=0, which corres-
ponds to a pure electric Born model, (ii) p =1, as
would be the case for charged p mesons without
anomalous magnetic moment, «=0, and (iii) @=2,
which corresponds to the most interesting (and
probably most realistic) case of p -dominated pho-
tons (VMD) coupled to charged p+-mesons
through a Yang-Mills coupling.

The numerical results for the differential cross
section do(yy~p +11+)/d-Q=2dcr(yy~p+n )/dQ
have been plotted in Figs. 3(a), 3(b), and 3(c) for
total yy center-of-mass energies W =1.0, 1.3, and
1.6 GeV, respectively. The predicted angular dis-
tributions have a peculiar shape with a marked for-
ward dip, which, in principle, could be used to test
the validity of our model and the presence of addi-
tional contributions coming from competing mech-
anisms. As previously discussed, these are expect-
ed to be the formation of J (I )=0 +(1 ) and
2++(1 ) resonant states. The first possibility
leads to isotropic angular distribution, while the
second one leads to sin28 cos28 (for an A2 helicity
A, =O) and to 1 —cos 8 (for A, =+2). The first two
cases are clearly distinguishable frotn our results,
Fig. 3, but the latter (possibly more relevant ) is
not and requires further discussion.

To this end, we have evaluated the predictions of
our model for the angular distribution of the p-+

decay angle 8" (in the p+-rest frame). The results
for @=0, 1, and 2 are quite similar and have been
plotted in Fig. 4 for W~ ——1.3 GeV. The 8' angu-
lar distributions corresponding to the formation of
J =0 + or 2++ intermediate states are found to
be proportional to cos 8" (all p mesons are pro-
duced in the A0=0 helicity state) or to sin 8'
(A0 ——0 is now forbidden), respectively, and have
been plotted in Fig. 4 for comparison. The marked
difference (similarity) between the J =2++ (0 +)
contribution and our model is a consequence of the
dominant production of zero-helicity p mesons in
the latter which represents -80% of the cross sec-

0.4

I I I I I I

0.5
cos 9

1.0

„(nb)—
Sf

6.0-

(b) W = 1.30 GeV
YY

II ~

4.0— 'i

I I I I I I I I
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FIG. 3. Differential cross sections
der(yy~p —+m.+)/d 0 (in nb/sr) for (a) W~ ——1 GeV, (b)

W~ ——1.3 GeV, and (c) W~ ——1.6 GeV. The solid,
dashed, and dot-dashed curves are for p —+ magnetic mo-
ment p=O, 1, and 2, respectively.

tions in the whole energy range, 8'~-1.0 to 1.6
GeV, and for p=0, 1, or 2. This makes it possible
to distinguish between our mechanism and the po-
tentially dangerous contributions of 2++ reso-
nances, such as the A2. On the other hand, it also
shows that one can neglect any interference be-
tween these two contributions due both to the heli-
city differences and to the predominantly ima-
ginary phase of the A2 amplitude.
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= 1.30 Gt. V ~(v v- p'm'J (n&)

cos e*

FIG. 4. Angular distribution of the p
+—-decay angle

(in the p+—rest frame) for 8'~——1.3 GeV. The solid,
dashed, and point-dashed curves are for p=O, 1, and 2,
respectively. The angular distributions expected from
resonant decays are labeled with the corresponding
quantum numbers J =0 or 2+. Ordinate is in arbi-
trary units.

60—
~

1' rr

The integrated cross section o(yy~p +a+) has-
been plotted in Fig. 5 for different values of W~
and p=0, 1, 2. As expected, it turns out to be
rather large (of the same order of that recently
measured for yy +~+em+—n)th. us .allo. wing for
a reasonably simple experimental detection and ac-
cumulation of statistics. Notice however that the
reliability of our predictions for the total cross sec-
tion o(yy~p+—m+) decreases when increasing the
values of W~. This can be due to the appearance
of resonant peaks (which also change the angular
distributions) and also to absorption processes
whose strength —rather difficult to estimate —will
certainly reduce the values of o(yy~p +sr+) for-
JY~ well above threshold.

IV. CONCLUSIONS

A simple Born model based on gauge invariance
has been presented in order to describe the main
features of the yy~p +—ir+ cross sections not far
from threshold. In this energy region one expects
the dominance of these Born terms which, eventu-

ally, could be superposed to the very small number
of resonances coupled both to yy and pm. . The
value of the total cross section is predicted to be
rather large (as in yy~ir+~ n+~ ), thus all.owing

0
I

1.0 1.3
l I I

1.6
W (GeV)

YY

FIG. 5. Total cross section 0.(yy —+p —+m.+) vs 8'~ for
p =0 (solid curve), p = 1 (dashed curve), and p =2 (dot-
dashed curve).

for easy experimental detection and good statistics.
The angular distribution of the p

+—production an-
gle and the p

+—decay angle (in the p
+—rest frame)

are predicted to differ from those of competing
mechanisms and can be used to check our model
and to establish its range of validity. Finally, the
dependence of the differential and total cross sec-
tions on the magnetic moment of the charged p+-

(p = I+.a, in units of e/2M) seems to allow (in
particular, when a more accurate value for the pm.y
coupling constant g becomes available) for a first
determination of this important p+--meson proper-
ty.
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