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1. Introduction

Pion photoproduction on nucleons has been the focus of many theoretical studies in the past
years [1, 2, 3, 4, 5]. More specifically the neutral channels are particularly interesting, as their
total cross sections are much smaller than for the charged channels, and there are big discrepancies
between the models and data [6, 7]. It was pointed out that, when using chiral perturbation theory
(ChPT) models it is therefore very important to take into account not only tree-level, but also loop-
diagram contributions, as the lower-order contributions show very strong cancellations between
amplitude pieces [8, 9, 10, 11, 12].

By obtaining data for higher energies [13], it became clear that also this approach is not suffi-
cient to describe the right convergence, even at energies of about only 20 MeV above threshold. A
possible solution that was performed in [14, 15] is studying higher-order contributions, i.e. going
to 0(p*). Unfortunately this was not sufficient to reproduce the empirical behaviour, neither in the
heavy-baryon quasi-static approach nor in the fully relativistical one. Another suggestion to solve
the discrepancy, which we study here, is to consider the contributions coming from the A(1232)
resonance [16, 17, 18]. Its effect is small close to pion production threshold, but when approaching
the resonance’s mass one would expect it to lead to an important modification of the cross-section’s
behaviour [19, 20, 21, 22, 23, 24]. A first such study has already been performed in [25], which is
a calculation up to chiral order p*. There it has been shown that, although no new fitting constants
are introduced, the convergence between model and data is very good, even at energies higher than
200 MeV.

Here we study the low-energy constants. They are taken as fitting parameters and their conver-
gence to the literature values is tested. Furthermore, we propose the inclusion of the next possible

set of loop diagrams. It corresponds to an order p’/?

calculation when following the counting
of [26], which is reasonable for photon energies sufficiently below the A(1232) resonance mass.
The goal is to study the effect of this higher order on the modelling of polarization observables,

which is expected to be small if the theory is convergent and the power counting consistent.

2. Specifics of the chiral Lagrangian to calculate the yp — pn° channel

We study the process in a fully covariant ChPT calculation, including nucleons, pions, photons
and the A(1232) resonance. The power-counting scheme we use is the § expansion introduced

1/2

in [26], where the small parameter 6 = M — m is treated as being of order p'/=. So being, the

diagrams are ordered by the rule

1
D:4L+Zkvk—2Nn—NN—§NA, (2.1)

where D is the order of the diagram, L the number of loops, V} the number of vertices of a specific
order k, and the NV; are the three propagators of the respective hadrons. Following this counting
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scheme, for a calculation up to &'( P/ 2) we need the following pieces of the nucleonic Lagrangian:
. 1
Ly = ‘P{IE —m+ %Am@ +o (cofiy +erTr [fiy]) oY
i ~
; (Zmeuvaﬁ (dsTr [Tyt +doTr [£5)] ) + h.c.) Dy

i
+ 5B (e[ g + i 5[Dus 1-]) }‘P o 22)

with the definitions of [27]. While the low-energy constants g4, c¢ and c¢7 are already well deter-
mined at the order at which they appear, corrections to their values are expected when moving to
higher orders and including the A(1232) resonance. As for the dg and dy, they are mainly sensitive
to the pion production processes, as they represent the third-order contact term. Fitting them to our
model is therefore an important study of their values. Finally, the di¢ and d;g have already been
thoroughly studied in [24] in the same ChPT approach, degrees of freedom and renormalization as
in the present work. Therefore, it would be extremely interesting to compare the fitting results of
these two works. The inclusion of the degrees of freedom of the isospin-3/2 A quadruplet requires
the additional Lagrangian terms

3e
2m(m + MA)

o h
zAnN:I‘P< T (D a’) +

3/ »
2F M T (lgMF“v —gE’}/5F“v)> 8MAV +H.c.,

(2.3)

with the definitions in [28]. The constants F, hy and gy, are very well studied and we don’t expect
them to change in our fits. As for gg, it is still not too well known, so we can leave it as a free
fitting parameter.

With the help of the Feynman rules extracted from these Lagrangians, one can now calculate
all the amplitudes of the diagrams entering this channel at the considered order, shown in Figs. 1
and 2. We parameterize the amplitude .# as

eu ™ =ia(p') (Vg - Y5+ Vkq - €k¥s +Vedys + Vexékys) u(p), (2.4)

where Vy, Vi, Vi and Vg are structure functions of the photon energy and the scattering angle,
and where g, is the photon-polarization 4-vector, k; its 4-momentum and g, the momentum of
the outgoing 7°. The Dirac spinors u(p) and ii(p') are those of the nucleon in the initial and final
states, respectively. Another common representation is current conserving by definition and has
the form [3]

4

eu A" =gui(p') (th%“) u(p),

i1
with
3 'Ml :1k¢%7
e-My=i(p'-ek-g—q-ek-(p+p))y,
E-Ms :i(fék'q_%Q's)Y&
€-My=i(¢k-(p+p')—kp'-€—2mk¢)ys.



Neutral pion photoproduction on protons in fully covariant ChPT with A(1232) loop corrections
Astrid Hiller Blin

The conversion between parameterizations is straightforward:

. m
A =i (VEK i (Vg +k-qVK)> ;
P

. Wy
Ay —
2 12k.p7
) k-q Ve
Az =1 (Vx| 1l——— | —
’ 1(K< 2k-p) 2k~p>’
i
Ar=— — (Vg +k-gVk).
4 2k.p(E+ qVk)

Finally, for the calculation of multipoles it is useful to write the expressions in terms of the Chew—
Goldberger-Low—Nambu (CGLM) amplitudes [19],

47w
gy Mt = 7%}27&',

where ; and x are the initial and final state Pauli spinors, respectively, and W the center of mass
energy. For real photons, the amplitude .# may be written as

F =iT- 871 +7-GT-kx 8% +1T kG- T3 +1T- G4 - € Fa.

The conversion between parameterizations is given by

\/ (Ei+m)(Ef +m)
8w

k2
F| = — (K O _)A;—k-gA
! <0+E,-+m>l a3

2k2
+ (—k5+2kom+ = o™

i+m

—ko(Ei-i-Ef) —k()]c_j| COos 9) A4] s

V(Ei+m)(Ef +m)
8w
kok - q
(Ei+m)(Ef+m)
B <k0k(2)+2k0m+kO(Ei+Ef) —|—k0’2j| cos 6 n 2kom >A4],

Ty =

4

ko %
+ Ay
Er4+m  (Ei+m)(Ef+m)

(Ei+m)(Ef+m) Ef+m

V (Ei+m)(Ef+m)
8w

E,+Er+k
) itEf+ o+6]oA2

P = 0 Ei+m
l

4l

2

0
Ei+m

(ot ) )|,

V(Ei+m)(Ef+m) 32
W

ko k%
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F4=
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Figure 1: Diagrams with nucleonic virtual states only contributing to the neutral pion photoproduction up

to O(p?).
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Figure 2: Diagrams with isospin-3/2 virtual states contributing to the neutral pion photoproduction up to
o(p'?).
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The clear ordering of the mesonic ChPT is spoiled by the inclusion of baryons: power-counting
breaking terms appear in those diagrams that have baryons inside of a loop. When integrating over
the loop momenta, in addition to the usual divergences of dimensional regularization, there are
now also terms that belong to a lower chiral order than the nominal order of the diagram. A
scheme which has proven to be straightforward and effectively renormalizes both these issues is
the EOMS regularization scheme [29, 30]. The expressions of the divergences and power-counting
breaking terms are fully analytical. Therefore they are absorbed into the low-energy constants of
the corresponding order. This scheme has been broadly studied in [31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43]. The specific subtraction we perform is the modified minimal subtraction MS [41].
For that purpose, all terms proportional to

2
L= g+log(47r)—?’E+1

are subtracted, with € = 4 — dim. Then, after making an expansion of the amplitudes', we have
removed the power-counting breaking terms. The analytical expression obtained for the power-
counting breaking terms in the isospin-1/2 sector reads

m> m2 1 2m
(4v=3"2 ) g (3373 ) e+ et ge].

iegim
32F372
The expressions of the additional power-counting breaking terms coming from the introduction of
the A loops are larger and thus not shown here.

At the considered order, the wave-function renormalization has to be taken into account for
the external proton legs of the &(p') tree diagrams, as the correction amounts to multiplying this
tree-level amplitude by the residuum Z,, a term of &'(p?). All the corrections to higher-order
amplitudes or to the other external legs would be at least of &'(p*). The analytical expression for
this correction factor when including only isospin-1/2 intermediate states reads

1
7 =
P 1=X lp=m

3 2.2
=145+ (P [pom =1+ g;t‘m” <3log <’;"> —2), (2.5)

where ¥, is the self energy of the proton. Since we are considering the A(1232) as an intermediate
state, we also have to take into account the additional self-energy loop that enters the wave-function
renormalization. Also in this case, we took the &'( p?) term (there is a power-counting breaking term
at 0(p°) which is subtracted) and added it to Eq. 2.5.

We compare our model with the full set of data of Refs. [13] on the angular cross section

do g’ ZTY[///*'(P/JFW)'///'(I’JFW)}
dQ  2aW(s—m?) 2 '

(2.6)

€

where the sum over polarizabilities is taken because we are working with unpolarized photons, and
with the linearly polarized photon asymmetry

. do| *dGH

= 2.7
do| —|—dGH ’ (27

I'The chosen small parameters were my, vV = (s — u)/(4m) with s and u the Mandelstam variables of &(p'), and the
Mandelstam variable ¢ of order &'(p?) asin [24].
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with do; and doj the angular cross sections for photon polarization perpendicular and parallel
to the reaction plane with the pion and the outgoing proton. In the CGLM representation, the
differential cross section and photon asymmetry are written with the help of the response functions
1.
Ry =| 71+ |2 + 5 sin 0 (|3 + | 7al?)

—Re [2005 0F F2— sin” 6 (F| Fy+ F5 F3+ cos 69"3*?4)] ,

1.

+Re [sin 0 (F[ Ty + T3 T3+ cos 0.F5 Fy)| |
with which one obtains

do . @ Rrr

— Ry and zT=--IT
aQ; k1" Ry

As for the lowest multipoles Ey, M1, M;_ and E1,, they read [9]:

Eo+ o[ R 3P 0 LR -pw)] \ [ A
Mo | _ [ L] A =R 5l - RX)] 0 z0 |
M- o —3Pi(x) 3R(x) §[P(x) —Pr(x)] 0 F5(x)
Eiy (X)) —3P(x) 15 [Po(x) = P(x)] 15[P1(x) = P3(x)] ) \ Fa(x)

where x = cos(0).

3. Results and discussion

Following the calculations performed in [25], we studied the neutral pion photoproduction on
the proton in a fully covariant ChPT calculation and with the inclusion of the isospin-3/2 virtual
states. There the obtained fits described the steep increase of the cross section with the photon
energy very well, even at energies higher than 200 MeV. The low-energy constants obtained in the
fits are shown in Table 1. One can see that the low-energy constant g4 perfectly agrees with the
expected result obtained from f-decay data. As for ¢g7 = c¢ + ¢7, it corresponds to a combination
of the nuclear magnetic moments, which is calculated in the MS scheme and with the inclusion of
the A(1232) in [39]. An analogous calculation in the MS scheme used in the present work yields
an expected value of ¢¢; = 2.5, which is also very close to the free fit performed here. There
are not yet any studies of dsg = ds + dy in the EOMS scheme with A(1232) degrees of freedom.
Therefore we let it completely free an obtain a very reasonable and natural value for its result. The
low-energy constants djg and d;g have been studied in the MS scheme with inclusion of A(1232)
in [24]. The couplings are the same as in the present work and the study is performed up to the
same order. The constant d;¢ is absorbed into the renormalization of g4. Therefore our combined
value dyeg = 2d16 — di3 corresponds to a dg of around 7.6 MeV. This is interestingly quite different
from the expected value in the above-mentioned work. Another interesting fact is that, when letting
gum be a free fitting constant, it assumes the value of 3.1. A study performed in [44] showed that the
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| g1 | @7 | dso[GeV 21 | digs [GeV 2] | x*/d.of.
Full Model [ 1.27 | 2.33 1.46 -12.1 0.69
Full Model || 1.24 | 2.36 1.46 111 0.68

Table 1: LEC values in different versions of the model. Fixed values appear in boldface.

expected value of gy, from electromagnetic decay data of the A(1232) is 3.16, which is in perfect
agreement with the result from our fit. Finally, for the shown results gr was fixed to —1, which is
the value presented in [22].

As an extension of this work, we also test the convergence of the model, by proposing the
calculation up to the next chiral order, which in the presented counting scheme corresponds to a
calculation at &(p’/?). The additional contribution is expected to be small. With this model, it
will then be possible to study observables like the differential cross sections, photon asymmetries
and multipoles, among others. By fits to experimental data, one obtains further insight into the
low-energy constants’ values at the considered order, and therefore it is then possible to make more
reliable statements about the consistency between these results and those from previous works.
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