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It has been commonly assumed that low-energy neutral pietophoduction from the proton
can be described accounting only for S and P waves, and tjia¢hpartial waves are irrelevant.
We have found that this assumption is not correct and thanhtilesion of D waves is necessary
to obtain a reliable extraction of tH&), multipole from experimental data. This is due in large
measure to the spontaneous breaking of chiral symmetry iD @Gich leads to very small S-
wave contributions. This makes the usual partial wave esipariess accurate and although D
waves are small, their contribution is enhanced throughntesference with P waves, which
compromises the S-wave extraction from data if D waves aréaken into account. In our work
we have used Heavy Baryon Chiral Perturbation Theory to oo, land up ta7(q*), to account
for the S and P waves, while D waves are added in an almost Amdigbendent way using
standard Born terms and vector mesons. We also show thatrhgintial waves do not play an
important role.
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1. Introduction

Due to the spontaneous breaking of chiral symmetry in Qurai@hromodynamics (QCD) the
7T meson appears as a pseudoscalar Nambu—Goldstone bosonighilimduces some dynamical
consequences. Among them, one of the most prominent is ttmess of the S-wave amplitude for
the yN — 7°N reaction in the near threshold region, since it vanishelérchiral limit [2, 3, 4].
Accordingly, the photoproduction of neutral pions difféfrem the general pattern for hadronic
reactions where the S wave dominates close to thresholdhemg &s the energy increases, the
higher angular momentum waves (P, D, ...) start to becomeriapt. By contrast, and also
due to the large P-wave amplitude, for tiid — 7°N reaction the S- and P-wave contributions
are comparable even very close to threshold [5]. Hence,dberate extraction of S and P waves
from pion photoproduction data becomes an important isstiee study of the breaking of chiral
symmetry and QCD.

It is important to recall that the partial waves (electrometic multipoles) are not experimen-
tal observables, but rather are quantities extracted frata dsing some kind of approach and/or
theoretical input — Heavy Baryon Chiral Perturbation The@iBCHPT), for instance. So, the
accuracy of the extraction relies on the quality of the apjpnations involved. In this Proceeding
we expose the importance of including D waves in the anabgis at the lowest pion production
energies [6].

2. Impact of D wavesin the extraction of the Swave and the L ow Energy Constants

The standard approach to extract the S and P waves consatalyzing data assuming that
these two partial waves are sufficient to describe the exgerial data, so that higher partial waves
may be neglected [2, 3, 4, 5, 7, 8]. This assumption has bestaised in previous analyses by two
arguments:

1. The angular dependence of the experimental differeata@ds section can be described ac-
curately using Legendre polynomials up only to order twaleled, S and P waves constitute
the minimal set of partial waves needed to reach that angeleendence;

2. In the near-threshold energy region higher partial wawesnveak and the early dominance
of the M1, multipole renders them negligible.

Let us discuss these two statements. The differential aestson expanded in terms of Leg-
endre polynomials and up to D waves reads

g—g - %[T0+T1@1(9) T2 2(0) + Ts 23(0) + TaZ4(0)] 2.1)
whereq;; andk, are the pion and photon momenta in the center-of-mass, atasgg, and the

T, depend on the photon energy. If we restrict ourselves to upuaves, theff3 = T4 = 0, two

coefficients that are not necessary to describe currentiexgetal data, backing the first statement.
However, the first argument is misleading because any cmgifithat accompanies a Legendre
polynomial in the expansion depends ah partial waves, implying that in some circumstances
higher partial waves can make an important contributiorhto doefficients that accompany the
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lower-order Legendre polynomials, thereby posing ungdrés in the multipole extraction. This
assumption cannot be taken for granted and has to be testegl.s€Cond argument is actually
correct forTp and T, because they contain the dominay , |2 contribution which makes any D
wave content negligible. However, in the casdpfhe situation is quite different and the argument
is in favor of the the possible importance of higher partialves.T; reads [6, 9]

T1=2 RE[Pf E0+] + 0Ty, (2.2)

whereP; = 3E;. + My, — My, anddT; stands for the D-wave/P-wave interference contribution

27 3
OTy =2 Re[ £ Mi, M2y + (M —Mi_)E>_ + <§MI+ + 3Mi_> Ma_

(2.3)

(T2 3 9 9
+E1, <€E2+ - gEzf —I—§M2+ - §M2> } .

The conclusion disregards that the S wave is also weak ahéhtpartant features of the angular
dependence of the observables are dominated by the imteckeiof different partial waves. In this
situation the dominance of a certain contribution (suchMhe in this case) can lead to an important
enhancement of smaller partial waves through interferentking them relevant. In order to
understand the interplay of the electromagnetic multpaled the impact of the D waves one can
work out a pedagogical approximation Bf. Let us assume thdi;, andM;_ are negligible. In
other words, thai,, is much larger than the other two P waves. If it is Eocan be written

27 3
T1:2Re|:MI+ <EO++€M2++E2—+EM2—>:| . (24)

If D waves are not included explicitly, the extractieg,. has a certain D-wavgollution that has to
be calculated. In a back of the envelope calculation one ndrefisily that above the" production
threshold%7M2+ is of the order of a 6% of th&gy, . Hence, a full calculation including D waves
becomes mandatory.

As previously said, a certain theoretical framework hasstgdt to extract the electromagnetic
multipoles. In our case, we have chosen HBCHPT to comput8 #rel P waves, which constitutes
the best available theoretical framework to study pion phaiduction in the near threshold region.
In [3, 4] the S and P multipoles to one loop and ugt@y*) are provided and we take these as our
starting point. The D waves are computed using the custoBam terms (equivalent to the
Born contribution to HBCHPT) and vector meson exchangeatd p) [10]. For thew andp
parameters we have used those given by the dispersion snafythe form factors in [11]. The
vector-meson correction is very small and the inclusion @fdvyes in this way is almost equivalent
to the zeroth order in HBCHPT. The inclusion of vector mesamtails a certain model dependency,
however, this dependency is very small and the results wagrolegarding the impact of D waves
are effectively model independent.

Within this framework we have performed fits to the latestezkpental data from MAMI
[7] (171 differential cross sections and 7 photon asymrmgtreépanning the energy range from
threshold up to 166 MeV) using either solely S and P waves (pérf5, P and D waves (SPD fit).
As a fitting procedure we have used a hybrid optimization dmdeed on a genetic algorithm [12].
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Figure 1: Left panel: Extractedtg, multipole. The solid line corresponds to the SPD calcutatiad the
dotted line to the SP calculation. Right panel: ExtracteBRamultipole ratio between the SP and SPD fits.

Both the SP and SPD calculations provide equally good fitata ffom [7] and the same P
waves within a 1% level, but the extracted S waves are ratifereht. In Fig. 1 we provide the
resulting extraction of thEy. multipole. In the left panel we compare both SP and SPD eitre
and in the right panel we provide the difference between tlmepercentage. It is noticeable that
as early as at the charge pion threshold the impact of D wavesarly a 20% effect.

Because we are employing HBCHPT to describeBfe multipole, every difference between
both extractions is embedded in the Low Energy Constant€é)B; anda, associated to thEg.
counter-term. As noticed by Bernard, Kaiser, and Meil3ngrddanda, are two highly correlated
LECs, and their sum is a better quantity to use when analyddtg. The reason is that the leading
order for the counter-term is the one associated with= a; + a, namely the parameter that
accounts for the value dy, at the neutral pion threshold:

SPfit: a, =6.48"383(70% C.L.)"19%(90%C.L.), (2.5)
SPDfit: a, =6.57"583 (70% C.L.) T93(90% C.L.). (2.6)
Fora_ = a; — ap the uncertainties are too large and, if any good extractfoen_ds intended, the

inclusion of D waves is very important. In Fig. 2 we show theretation plot for thga,,a_) pair.
The big error bars associatedao are apparent.

3. Conclusions

The main results we have obtained can be summarized in:

1. S and P waves alone are not enough to analyze the expesindatd and extract accurately
the electromagnetic multipoles. Without the inclusion ofMaves the extraction of the S
wave is compromised and so are the LECs of B¢ multipole and the conclusions that
can be derived. Hence, D waves cannot be dismissed in thgsanal low-energy pion
photoproduction.

2. The extraction of the P waves is not affected by the inclusif D waves at the 1% level.
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Figure 2: Correlation plot fora, anda_ given the P-wave parameters. We display both the SP (dattetl)
SPD (solid) fits. The cross is the valueaf anda_ given by Bernardt al. [4]. For each fit, the inner line
is the 70% confidence level and the outer one is the 90% linée that the different scales have been used

fora, anda_.

3. D waves do not impact the valuelgf, at the neutral pion threshold — this is made apparent
by the fact that both the SP and SPD fits yield very ckosgalues —, but they have an almost
20% impact at the charged pion threshold, an effect thaeasas with energy.

4. The impact of D waves in low-energy pion photoproduct®diie to the soft nature of the S
wave and a direct consequence of chiral symmetry and the N&wldstone nature of the

pion.

At this point one might wonder if F waves could also make andrtgnt contribution tor;
in this energy region through their interference with P vgav&he answer is no because, due to
symmetry considerations, there is no interference of F anges inT;. Indeed, F waves only
interfere with D and G waves, guaranteeing a negligible rdaution to T; in the near-threshold
region. A detailed analysis on the impact of F and higherigdastaves in observables can be found
in [9], where it is proved that they can be neglected.

In the coming years our knowledge of the electromagnetidipulés will be increased thanks
to the forthcoming [13] and currently under analysis [14perments at MAMI. The cross sec-
tion andX asymmetry data at several energies [14] will allow one todawn the P waves with
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higher accuracy, and the andF asymmetries [13] will allow one to extract both the real amel t
imaginary parts of the S wave. In addition the measuremettieE asymmetry would serve to
unambiguously determine the D-wave contribution [9].

Acknowledgments

The work reported here was carried out in collaboration witbon M. Bernstein and T.
William Donnelly. This research was supported in part byogpama Nacional de Movilidad de
Recursos Humanos del Plan Nacional 1+D+1 2008-2011" of Mario de Ciencia e Innovacion
(Spain). We gratefully acknowledge the Institute for Thetimal Physics at Bern University for
their hospitality.

References

[1] J. F. Donoghue, E. Golowich, and B. R. Holste@ambridge Monographsin Particle Physics,
Nuclear Physics and Cosmology Vol. 2: Dynamics of the Sandard Model, Cambridge University
Press, Cambridge 1992.

[2] V. Bernard, N. Kaiser, J. Gasser, and U.-G. Meil3fRéys. Lett. B 268 (1991) 291; V. Bernard, N.
Kaiser, and U.-G. Mei3neNucl. Phys. B 383 (1992) 442.

[3] V. Bernard, N. Kaiser, and U.-G. Meil3net, Phys. C 70 (1996) 483.
[4] V. Bernard, N. Kaiser, and U.-G. Meil3néyr. Phys. J. A 11 (2001) 209.

[5] A. M. Bernstein, E. Shuster, R. Beck, M. Fuchs, B. KrusddeMerkel, and H. StréheFhys. Rev. C
55 (1997) 1509.

[6] C. Fernandez-Ramirez, A. M. Bernstein, and T. W. Donnéthys. Lett. B 679 (2009) 41.
[7]1 A. Schmidtet al., Phys. Rev. Lett. 87 (2001) 232501.

[8] A.M. Bernstein, M.W. Ahmed, S. Stave, Y.K. Wu, and H.R. &g Annu. Rev. Nucl. Part. Sci., 59
(2009) 115.

[9] C. Fernandez-Ramirez, A. M. Bernstein, and T. W. Donnélys. Rev. C 80 (2009) 065201.

[10] C. Fernandez-Ramirez, E. Moya de Guerra, and J. M. Udfas Phys. (N.Y.) 321 (2006) 1408;
Phys. Lett. B 660 (2008) 188.

[11] P. Mergell, U.-G. Mei3ner, and D. Drechshlcl. Phys. A 596 (1996) 367.

[12] C. Fernandez-Ramirez, E. Moya de Guerra, A. Udias, akid Udias,Phys. Rev. C 77 (2008)
065212.

[13] A. M. Bernstein, W. Deconinck, D. Hornidge, M. Ostriacko-spokesmergt al., Mainz Exp.
A2/10-2009 Measurement of Polarized Target and Beam Asymmetriesin Pion Photo-Production on
the Proton: Test of Chiral Dynamics (2009).

[14] D. Hornidge (spokepersor) al., Mainz Exp. A2/6-03Measurement of the Photon Asymmetry in
Neutral Pion Production from the Proton near Threshold (2008).



