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1. Introduction

The spontaneous breaking of chiral symmetry in Quantumi@bdynamics (QCD) makes the
TTmeson appear as a pseudoscalar Nambu—Goldstone bosomig has some dynamical conse-
quences and one of the most prominent is the softness of Wev&-amplitude for thgN — 7°N
reaction in the near threshold region, since it vanishesiénchiral limit [2]. As a consequence
of this softness and the large P-wave amplitude contributioe to the early appearance of the
A(1232) [3], the S- and P-wave contributions are comparable vergecto threshold [4] and even
D waves matter [5]. Hence, the accurate extraction of thedFamaves from pion photoproduction
data becomes an important issue in the study of chiral symrhegaking and QCD. Consequently,
neutral pion photoproduction from the proton has con&ituine of the most studied reactions to
test chiral dynamics in the baryon sector, both from the ewpmtal and theoretical perspectives.
The A2 and CB-TAPS collaborations at MAMI (Mainz) have reitemeasured the differential
cross section and the photon beam asymmetry [6] in the lowggmegion for neutral pion photo-
production with such precision that it is possible to extthe P-wave energy dependence and to
use the data to accurately test Heavy Baryon Chiral Petiarb&heory (HBChPT) and assess the
energy range where the theory is accurate.

2. Structure of the Observables

The differential cross section and the photon beam asymn{iEfrcan be expressed in terms
of the electromagnetic responses [7]:

do q
T (s0) = dwr (50 2.1)
550 = L9 W) o 2.2)

g, +0| Wr (s,0)

whereWr andWs are the electromagnetic respons@ds the center of mass scattering andig,
the center of mass photon energythe pion momentum in the center of mass, arhbe squared
invariant mass. The responsas andWs are defined in term of the electromagnetic multipoles:

W = To(8)+ To(S) 21(8) + T2 (8) 22(6) + ... (2.3)

Ws = So(8) +S1(8) 21.(8) + .. (2.4)

whereP; (0) are the Legendre polynomials in terms of épshe dots stand for negligible correc-
tions, and

Ta(s) = > Re{. 7" (9) T 4 (s)} (2.5)
]

Si(s) = S Re(.4 (3 S} #4(9)} (2.6)
1]

where up to D waves#j (s) = Eo., E14, Eot, Eo—, M1y, M1, Mz, M2_. The detailed analysis
of the partial wave structure of the observables and thdicmefts T, andS] can be found in [7].
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Figure 1: Coefficients of the Legendre polynomial expansion of theeolzbles. Data from [6]. The solid
red line stands for the empirical fit and the dashed blue lovelfe HBChPT fit. The inset in figure (a)
provides a better look &y in the lowest energy region.

3. Results

From the differential cross sections and the photon beammagtries measured in [6] it is
possible to extract th&; and S; coefficients. In Figure 1 we show them. The extracBds
compatible with zero and provides no additional informa{i®]. Hence, we are able to extract four
single-energy quantities — i.dy, T1, To, andS —, from the data, what implies that we can only
extract four single-energy multipoles, in our caseERe ReE; ., ReM1, and Ré; , assuming
that the imaginary part of the P waves is zeroEjm is fixed through unitarity and D waves are
fixed by the Born terms. The single energy multipoles can badan [6, 8].

Together with the single-energy multipoles one can fit theeexnental data to different the-
oretical approaches that describe the multipoles. We gnthlee approaches: 1) HBChPT cal-
culations toO(g*) [5, 9] with the five empirical low-energy constants brougptta date by fitting
these data [8]; 2) relativistic ChPT calculations (als®tg*)) which as well have five low-energy
constants fit to these data [10]; and 3) an empirical fit [6, 7]:

_ g0, (@ My o O
Eoy = By, +Eq - +|Bm7ﬁ , (3.1)
P w—m
P/g— J_pd =123 3.2
]/q mrrF + j m2n+ 3 J 9y &9 ( )

whereE(()i), Eéf, Pl(o), Pl(l), PZ(O), Pz(l), Péo), and Pél) are free parameters that will be fitted to the

experimental datap is the pion energy in the center of mass ghi fixed through unitarity [8].
We note that chiral symmetry is not imposed in this approachthatP; partial waves are related
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Figure2: x2/dof energy dependence for the empirical (full red circlé$) HBChPT (full blue circles) [8],
and BChPT (empty green circles) [10] fits. Each point represa separate fit and the connecting lines are
drawn to guide the eye. The points are plotted at the centexgg of each bin, although the calculations
take the energy variation inside of each bin into accoune Wluex?/dof= 1 is highlighted with a solid
line.

to standard electromagnetic multipoles through

Eir = (PL+P)/6 (3.3)
My, = (PL—Py) /64 Py/3 (3.4)
M- = (Ps+P.—Py)/3 (3.5)

We perform fits to the experimental data in [6] up to differereximum photon energies"®
within the rangg15872,19194] MeV and compute thg?/dof. The amount of data employed in
each fit depends on up to what energy we are fitting, — i.e. foloowest-energy fitE'® = 15872
MeV) we employ 100 experimental data and for our highestggnét (E]'® = 19194 MeV) we
employ 514 experimental data. Systematics are not incliéle x2 and this uncertainty can
amount up to 4% in the differential cross section and 5% irpti@on asymmetry. Figure 2 shows
the x2/dof for every fit performed versus the upper eneljy™ of the fit as well as the number
of data. It is shown that up t&170 MeV all the fits are equally good providing very log/dof.
Above 170 MeV the trend is different; while the empirical &mains with a good and stal&/
dof, both the HBChPT and the BChPT start rising, a trend thatvs clearly how the theory fails
to reproduce the experimental data above that energy. Tpéieat fit provides good agreement
with the data up te-185 MeV where the imaginary parts of the P waves start to beitapt. The
parameters of the empirical fits are approximately constai)"®* as we is show in Figure 3. The
same graphs for the HBChPT low energy constants can be foisdl i

In Figure 4 we compare the empirical and HBChPT calculatimnsthe differential cross
section and the photon beam asymmetry at different energadhe differential cross section it is
clear that above 170 MeV the HBChPT approach does not prevgteod description of the data,
however, for the photon beam asymmetry the agreement isigagbd whole energy range.
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Figure 3: Upper energy (fit) dependence of the parameters for the amaliit. Error bands are computed
atthex2,, + 1 level as described in [6, 8].
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Figure 4: Differential cross section and photon beam asymmetry #reéifit energies. Data from [6]. Solid

red: empirical; Dashed blue: HBChPT.

4. Conclusions
The main results we have obtained can be summarized in:

1. The high-quality experimental data gathered by the A2 @BdTAPS collaborations at
MAMI allow to obtain the electromagnetic multipoles andithenergy dependence to the
best precision ever, what allows to accurately test chinalrsetry and the range of applica-
tion of HBChPT.

We can establish a clear upper-energy limit of validityH8ChPT. We have found this limit
to be~170 MeV of photon energy in the laboratory frame.

We do not think that calculating higher orders in HBChPT help extending the energy
range of application of the theory because data are fairlyreqgroduced by the empirical fit
up to 185 MeV which expands up to a lower order in pion energy.
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4. Further improvement is necessary in the theory if ChPD ibe applied above 170 MeV.
The relativistic calculation does not provide better agreet with data than the HBChPT
approach [6, 10] what suggests the inclusion of&(iE232) in the calculation [11] .
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