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The recent precise measurement of the neutral pion photoproduction on the proton near thresh-
old seems to be inconsistent with the predictions of the low-energy theorems on the photoproduc-
tion of pions. In this note, we have sought to resolve this problem, in the framework of an ap-
proximate SU(2) xSU(2) symmetry of the pion-nucleon dynamics, by incorporating the contribu-
tion from the nucleon matrix elements of the equal-time commutator between the divergence of
the axial-vector current and the electromagnetic current, which was introduced earlier by Furlan
etal. We find that a mean value of the nonstrange quark mass 1 = (m, +my) =(7 £ 2) MeV
leads to an estimate of the symmetry breaking terms compatible with experiment.

The long-awaited experimental results on the photopro-
duction of neutral pions off protons near threshold are
now available.! Precise experimental information on this
process near threshold is very important for our under-
standing of the dynamics of photoproduction at low ener-
gy. However, our knowledge of the neutral pion pho-
toproduction on the proton relied, until recently, on the
inferences and extrapolations from experiments per-
formed at photon energies exceeding the threshold for this
reaction by more than 15 MeV. The recent experiment by
Mazzucato et al. ! has been carried out in the energy re-
gion from 144.7 to 173 MeV, including the threshold for
the neutral pion photoproduction on the proton. Perform-
ing the multipole analysis of the measured cross sections,
differential in the recoiling-proton energy, the electric di-
pold amplitude at threshold is found to be

, Eo+(pr®) =(—0.5+0.3)x10 3y !,

which is neither compatible with the predictions from the
low-energy theorems (LET) (Ref. 2) which imply that

Eo+(pr®) =—2.60x10"3u "1,

nor does it agree with the previously inferred experimental
value, '3 that is,

Eo+(pr®) =(—1.8+0.6)x103u "',

The data from this experiment have been analyzed else- ‘

where also? and the major conclusions have been
confirmed, emphasizing again the strong disagreement be-
tween the LET predictions and the measured value of the
electric dipole amplitude E o+ (px°).

We have investigated this problem using the chiral
SU(2) xSU(2) symmetry of the pion-nucleon system® and
the gauge invariance of the electromagnetic interactions.
We have also considered in detail the contributions from
the N* resonances and the vector mesons, which turned
out to be hardly appreciable at threshold. On the other
hand, we find that the discrepancy between the recent ex-
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perimental results and the predictions of the LET can be
adequately accounted for by incorporating a symmetry-
breaking term analogous to the o term in the low-energy
pion-nucleon scattering. The possibility that an additional
term proportional to the nucleon matrix elements of the
commutator between the divergence of the axial-vector
current and the electromagnetic current may play a
significant role in the neutral pion photoproduction on the
proton was pointed out first by Furlan, Paver, and Verzeg-
nassi® (FPV) and discussed further by MacMullen and
Scadron’ in a somewhat different form. In Ref. 6, the
symmetry-breaking term was used to place an upper limit
of 40 MeV on the mass of the nonstrange light quarks.
Using the FPV approach, we find that a mean value of the
nonstrange quark mass # = 5 (m,+my) =(7+£2) MeV
(Ref. 8) leads to estimates of the o-like terms, which are
compatible with those deduced from the latest experi-
ment.!

In order to describe the dynamics of the reaction
yN — nN at low energy, we start with the Weinberg La-
grangian® for the pion-nucleon system which is invariant
under the transformations of the chiral SU(2)xSU(2)
and make the gauge-invariant replacement 9,— 9,
FieA, for the charged fields. Then we introduce the
Pauli-type interaction between the nucleon magnetic mo-
ment and the electromagnetic field to take into account
the anomalous magnetic moment of the nucleon. The re-
sulting interaction Lagrangian and the contribution it
makes to the photoproduction of pions are given in the
literature.” ~!!

We define the invariant amplitudes A, B, C, and D fol-
lowing Chew, Goldberger, Low, and Nambu'? and in the
isospin space they are further decomposed as

Ag(s,1) = 8534 P (s,0) + § [25,7314 7 (s,1)
+ 134 9(s,1) , (1)

with similar relations for other.amplitudes, where s, ¢, and
u are the Mandelstam variables. The s-wave amplitude at
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threshold is given by TABLE 1. A contributions to Eo+ for different values of Z
and Y. Units are 10 °u ",
2mvg
Eor=|— [A+(W—m)D— W—-m) (c— D)]] > Contributions from A(1232)
q=0 Z=1
where 2 Z=Y=%f yY=0 Z=Y=-} Zz=y=-1%
oW 1 E§P 0.34 0.10 0.04 —0.10
X=4zr , E{¥’ -1.09 —-0.02 0.72 0.90
W=m) [(m+E)(m+E,)1"? i
—_ 2
Wi, vp=Ti)

In the s-channel center-of-mass frame, E| and E; are
respectively, the energies of the incoming and the outgo-
ing nucleon, with K and g as the momenta of the photon
and the pion, respectively. We wish to observe here that
the results of the low-energy theorems? can be exactly
reproduced if the electric dipole amplitudes E§E%7) ob-
tained from the chiral-invariant Lagrangian as dlSCUSSCd
here are expanded in powers of u/m, where u is the pion
mass and m the nucleon mass. However, as it has been al-
ready mentioned, the LET predictions are in strong
disagreement with the experimental value of the
Eo+(pz®) at threshold,! although for the charged pion
photoproduction off the nucleon near threshold the LET
offer a satisfactory explanation of the current experimen-
tal results.

The A( 1232), which plays an important role in the dy-
namics of the pion photoproduction, can be incorporated
in our formalism without spoiling the chiral symmetry and
the gauge invariance of the system. This problem has
been discussed in detail in the literature.’ ~!"!3 In partic-
ular, the A contributions to the invariant amplltudes have
been evaluated explicitly, using the full spin- 3 propagator
and the most general forms of the zNVA and yNA interac-
tion Lagrangians. Expressions for the A exchange contain
two arbitrary parameters, Z and Y, which measure the
off-mass-shell effects of the A(1232). From purely
theoretical considerations, the values of Z and Y are found
to be + and 0, respectively.'®!* Considerable work has
been done to obtain the values of these parameters from
the phenomenological analysis of the pion-nucleon scatter-
ing !> and photoproduction of pions.!! Although it is rath-
er difficult to fix Z and Y uniquely from the phenomenolo-
gy, it has been possible to place bounds on the values of Z
and Y, which are

1Zz|=7, |Yl=7. 3

The numerical values of the A contribution to the s-wave

amplitudes at threshold have been computed for different
values of Z and Y compatible with the constraints (3) and
they are given in Table I. We find that our predictions de-
pend rather weakly on the off-mass-shell parameters and,
more importantly, the A contribution to the electric dipole
amplitude at threshold is not appreciable compared with
the nucleon contribution. The higher resonances such as
N*(1440), N*(1520) do not make any appreciable con-
tribution to Eg+ at threshold, because their masses are
larger and the coupling parameters are much smaller. '°

We have also considered the vector meson exchanges in
the ¢ channel. The contributions from the © and p mesons
have been evaluated explicitly, using the currently avail-
able information on the VNy and VNN coupling parame-
ters.'!617 There are some uncertainties (of nearly 20%)
regarding the values of the VNN couplings. However, the
vector meson contributions to Eo+(pz°) at threshold are
so small that our conclusions are not affected by these un-
certainties.

Our results displayed in Table II imply that the contri-
butions from the N* resonances and the vector mesons
cannot for sure account for the disagreement between the
LET predictions and the recent experimental results on
Eo+(pr®). In view of these considerations, we propose,
following FPV,® that a chiral symmetry-breaking term
analogous to the o term in pion-nucleon scattering be in-
corporated in our description of the photoproduction dy-
namics. Using the experimental information on the
charged and neutral pion photoproduction at threshold, !3
we obtain

(=) =(1.40£0.70)x10 "3u 7!,
4)
ER(z*)=(0.40+0.40)x10 3 ",

where Eo+(Z"*) are the contributions from the symmetry
brcakmg term to the dipole amplitudes E§3°®. [The cusp
effect!® in Eo+(pz®) caused by the final-state 1nteract10n,
which equals approximately —0.82x10 ~3u ~! at thresh-

TABLE II. Contributions to Eo+ from the nucleon, the A(1232), and the vector mesons in compar-
ison with experiment. The A(1232) contributions shown in Table II correspond to the theoretically pre-

ferred values of Z and Y, i.e., Z =

+,Y=0. Units are 10 "3y .

Contributions
Vector Exp
Nucleon A(1232) mesons Total (Refs. 1 and 4)
Eo+(z™*) 27.60  —0.03 0.08 27.65 28.6 £0.14
Eo+(x™) —31.80 0.03 0.08 —31.69 —31.5*1.0
Eo+(pn®) —2.60 0.10 0.20 —2.30 b —0.5+0.3
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old, further increases the disagreement between the LET
predictions and the latest experimental results.! Inclusion
of the cusp effect in our calculations gives E e
=(2.22%0.70)x10 *p ']

In the nucleon Breit frame in which the produced pion
is at rest, the additional input to the photoproduction am-
plitude can be represented as®

7@ (B.th.) =#(N(P) O VE™ O] |N(—=P)), (5)
where

0.=fo,4:x)ax

and f7 is the pion decay constant.

Writing the currents as the bilinear quark densities and
taking the symmetry breaking term proportional to the
quark mass, the commutator in Eq. (5) is evaluated in
terms of the tensor currents defined by
J L =y70,,v%w, o,,v=é[7,,,yv], B=0,...,8. (6)
[The commutator in Eq. (5) is evaluated by using the
free-quark algebra. However, according to quantum
chromodynamics, such calculations are not always free
from anomalous dimensions at the loop level.'°] Then, in-
troducing the tensor current form factors G;(z), the nu-
cleon matrix elements of the commutator are obtained.
More explicitly, the contribution from the symmetry
breaking term to the transverse amplitude 7’| at the Breit
threshold, if we ignore the ¢ dependence of the o-like
terms, can be written as

Tl(+’0)= _l’i(;]("“‘) ) %)
Ufx
The SU(6)w in the static limit leads to the following es-
timates of the tensor current form factors:

GPV=-3, GOW=~—F. (8)

Taking into account the appropriate normalization factor
and using 72 =(7 £ 2) MeV (Ref. 8) as input, we obtain

EFE)=01.60+0.46)x10 3 "1,
4"
E®(=%)=(0.88+0.25)x10 3u !,

(The value of the amplitude T’y at the Breit threshold is
not quite the same as that of the conventional amplitude
at the threshold in the center-of-mass frame. However,
the difference is ignorable, at least, for the calculation of
the chiral symmetry breaking term. This point has been
discussed in detail in Ref. 6.) Equations (4) and (4')
show that the agreement between the theoretical expecta-
tions and the empirical determinations of the symmetry
breaking terms is quite reasonable, taking into account
that the form factors Gl("") have been estimated, using ul-
timately the SU(6) which is known to be only an approxi-
mate symmetry of hadrons.

We conclude that a symmetry-breaking interaction
term like the o term in pion-nucleon scattering is neces-
sary as well as adequate to resolve the discrepancy be-
tween the LET predictions and the recent experimental
results on the neutral pion photoproduction off the proton.
[The experiment has also been carried out in Mainz by
Breitbach eral.?® The estimated value of Eo+(pr®) at
threshold, based on the preliminary analysis, is compatible
with the results of Mazzucato et al. ']
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