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1 Introduction

Hadrons are composite objects, characterized by certain probe-dependent sizes. Their
structure can be investigated by use of electron scattering (or the inverse process). The
electromagnetic structure of the proton and the neutron has been investigated over decades,
the present status of the data is e.g. discussed in [[[]. In the non—perturbative low—energy
region of QCD, baryon chiral perturbation theory can be used to calculate these form fac-
tors. In a recent paper [J] we have shown that relativistic baryon chiral perturbation theory
(employing the so—called infrared regularization of [§]) supplemented by explicit vector me-
son contributions allows for a fairly precise description of these fundamental quantities for
photon virtualities up to @Q? ~ 0.4 GeV2. The extension of these considerations to the
three—flavor case is interesting for various reasons. First, the charge radius of the ¥~ has
recently been measured [, f] and thus gives a first glimpse of an electric hyperon form
factor. Second, chiral SU(3) can be subject to large kaon/eta loop corrections, and the
form factors offer another window to study the corresponding convergence properties. They
might thus indicate whether or not the strange quark can be considered light and lead to a
better understanding of SU(3) flavor breaking. Since the chiral expansion of the form fac-
tors is well under control in the two—flavor case, one can expect to encounter a reasonably
well-behaved series also in the presence of the strange quark. This expectation is borne
out by the results presented in this paper. Third, one can also address some questions
concerning strangeness in the nucleon, more precisely, the role of kaon loops which in sim-
ple models let one expect sizeable contributions of strange operators. Fourth, a knowledge
of certain hyperon form factors is mandatory to gain an understanding of kaon photo—
and electroproduction off nucleons and light nuclei as measured at ELSA and TJINAF. We
will come back to most of these topics in the present manuscript. In addition, these form
factors have already been calculated in the so—called heavy-baryon approach [f, [i], which
is a particular limit of the regularization procedure employed here. A direct comparison
with the results of that approach can shed further light on the dynamics underlying the
non—perturbative baryon structure, in particular the role of recoil corrections. As a final
by—product, we can also readdress the issue of the convergence of the chiral expansion for
the magnetic moments, which is much discussed in the recent literature [§, @, L0, L1, [Z].

The manuscript is organized as follows. In section [] we briefly define the baryon form
factors and the corresponding electromagnetic radii. The formalism to obtain the one-loop
representation of the form factors is given in section f. We heavily borrow from [[] and
omit all lengthy formulae. The results are presented and discussed in section fll. Section [
contains a short summary and outlook.

2 Baryon form factors

The structure of ground state octet baryons (denoted by ‘B’) as probed by virtual photons
is parameterized in terms of two form factors each,
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with ¢ = ¢,¢" = (p' — p)? the invariant momentum transfer squared, 7, the quark vector
current, J, = ¢9v,q (Q is the quark charge matrix and ¢ = (u,d,s)), and mp the
respective baryon mass. In electron scattering ¢ is negative and it is often convenient to
define the positive quantity Q* = —t > 0. F; and F, are called the Dirac and the Pauli
form factor, respectively, with the normalizations FZ(0) = Qp, F£(0) = k. Here kp
denotes the anomalous magnetic moment. Eq. (E-]]) has to be generalized for the A-X°
transition form factors which are defined according to
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(see also [[J]). The form of the generalized Lorentz structure accompanying F*(t) is
required by current conservation (which becomes obvious by contracting eq. (£-3) with ¢*
and applying the Dirac equation). Different definitions which all reduce to eq. (B.]) for
myso — my are possible, however, the one given here is preferable because it still requires
the normalization F**°(0) = 0. One also uses the electric and magnetic Sachs form factors,
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By(t), Gu(t) = Fi(t) + (), (2.3)

which are the quantities we will consider in the following. The slope of the form factors at
t = 0 is conventionally expressed in terms of a radius (r?)1/2,

1
F(t) = F(0) <1 FP ) (2.4)
(F being a genuine symbol for any of the four electromagnetic baryon form factors), and
the mean square radius of this charge distribution is given by

(r¥) = 4m /OOO drr’p(r) = %dFd—it)

Eq. (B.3) can be used for all form factors except for the electric ones of the neutral baryons
which vanish at ¢ = 0. In these cases, one simply drops the normalization factor 1/F(0)
and defines e.g. the neutron charge radius via

(r3)?) = 6L

(2.5)

t=0

(2.6)

t=0

3 Formalism

In this section, we spell out the details necessary to extend the SU(2) calculation of [B] to
the three-flavor case. We work in relativistic baryon chiral perturbation theory, employing
infrared regularization (IR). For details on this procedure, we refer to [B, . Although the
presence of different pseudo—Goldstone bosons with unequal masses entails more general
loop functions than those encountered in [f], we refrain from tabulating these here. They
will become available in [[4]. We only spell out the various terms of the effective chiral
Lagrangian underlying the calculation. Again we do not give the final formulae for the
form factors since these are rather lengthy, but instead refer to [I4].
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3.1 Effective Lagrangian

The chiral effective Goldstone boson Lagrangian is given by
2

£2) = Tt 4 v (3.1)
where the octet of Goldstone boson fields is collected in the SU(3) valued matrix U(z) =
u*(x), and the chiral vielbein is related to u via u, = i{u',V,u}. V, is the covariant
derivative acting on the pion fields including external vector (v,) and axial (a,) sources,
V.U =0,U—i(v,+a,)U+iU(v,—a,). The mass term is included in the field x via the def-
initions y = 2B(s+ip) and y, = ulyul +uyTu, with s and p being scalar and pseudoscalar
sources, respectively. s includes the quark mass matrix, s = diag(m,, mg,ms) + ... . We
will work in the isospin limit, m, = mgq = m. B = [{0|gq|0)|/F? measures the strength of
the symmetry violation, and we assume the standard scenario, B > F'. Furthermore, (...)
denotes the trace in flavor space. The mass term leads to the well-known lowest—order
(isospin symmetric) mass formulae for pions, kaons, and the eta, which enter the descrip-
tion of the baryon form factors via loop contributions. We would like to point out that
the mass differences between the Goldstone bosons yield the leading—order SU(3) breaking
effect for these form factors. For numerical evaluation, we will use M, = 139.57 MeV,
My = 493.68 MeV (the charged pion and kaon masses), and M, = 547.45 MeV. Fur-
thermore, it is legitimate to differentiate between different decay constants Fy, Fy, F,
in the treatment of the chiral loops as these differences are of higher order. We will use
F. =924 MeV, Fx/F, =122, F,/F, = 1.3 (see [[3] and, for a more recent determina-
tion of Fi/Fy, [1§]). The main motivation for not using a common decay constant is the
comparison to the SU(2) results for the proton and neutron form factors, where we do not
want to suggest an SU(3) effect which is only due to a numerically different treatment of
the pion loops.

The meson—baryon Lagrangian at leading order reads

LY} = (B (ip—m)B) + DT/F (By"ys (u,, B),) (3.2)

where the matrix—valued field B collects the ground state octet baryons and D and F' are
the axial vector coupling constants.”* For these, we will use the values D = 0.80, F = 0.46
extracted from hyperon decays [[7], which obey the SU(2) constraint D + F = g4 = 1.26.
Here, m denotes the average baryon mass in the chiral limit. To this order, the photon
field only couples to the charge of the baryon. It resides in the chiral covariant derivative,
D,B = 9,B+|[I', B], with the chiral connection given by I, = 1[u', 8,u] — Luf (v, +a,)u—

su(v, — ay)ul.

Coupling constants from the second—order meson—baryon Lagrangian are needed both at
tree level and in one-loop graphs. The following terms are required in our calculation:

) DI
ﬁ((j?); = bD/F<B(X+,B)i>+§—m(BUW(F+ B):)

po

#4Here and in what follows, we employ a compact notation: the D-type coupling refers to the anticom-
mutator and the F—type coupling to the commutator.
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Here, F/j; = uTFWu + uFWuT, and F,, = 0,A, — 0,4, is the conventional photon field
strength tensor. The b; are the so—called low—energy constants (LECs) which encode infor-
mation about the more massive states not contained in the effective field theory or other
short—distance effects. These parameters have to be pinned down by using some data. In
principle there is also a term ~ by (BB)(x) which amounts to a quark mass renormaliza-
tion of the common octet mass m. This, however, cannot be disentangled from m without
further information (like the pion—nucleon o term), and it is sufficient for our purpose to
absorb this term in m. The couplings bp,p yield the leading SU(3) breaking effects in the
baryon masses. Again, these affect the form factors via various loop contributions. A best
fit to the octet masses results in my = 0.942 GeV, my = 1.111 GeV, myx = 1.192 GeV,
mz = 1.321 GeV (for m = 1.192 GeV, bp = 0.060 GeV~!, bp = —0.190 GeV~1), com-
pared to the experimental values my = 0.939 GeV, my = 1.116 GeV, my = 1.193 GeV,
mz = 1.318 GeV (where the average masses within the respective isospin multiplets have
been taken). We consider this accurate enough to put all baryon masses to their exper-
imental values in the numerical evaluation. In any third—order calculation, however, no
mass splitting is present, hence the baryon mass parameter will always be put to the aver-
age baryon mass m = 1.151 GeV in this case. It has been discussed in detail in [, f] how
to fix the omnipresent mass scale A which has to be introduced in loop diagrams treated
in dimensional regularization. It was argued that in an SU(2) calculation, the nucleon
mass serves as a natural mass scale. Here we consider it natural to set A = m. The
LECs b? /¥ parameterize the leading magnetic photon couplings to the baryons and will
be fitted to the magnetic moments. Finally, the LECs by/19/11 accompany second-order
couplings of the various pseudo—Goldstone bosons to baryons and enter the form factors
via (tadpole) loop contributions. Their values have been estimated based on the resonance
saturation hypothesis in [[], however, the results used there do not satisfy the SU(2) con-
straint 2(byg + b11) = ¢4 ~ 3.4 GeV~L. The latter value is well-established, consistently
determined from resonance saturation [[[§] and fits to pion-nucleon scattering [[9, BO]. The
discrepancy between both determinations can be traced back to different treatments of the
A contribution in [J] and [[§]. Adjusting this, we will use the values by = 1.36 GeV ™!,
bip = 1.24 GeV~!, by; = 0.46 GeV~!. As we would like to specify the uncertainty of our
predictions based on these estimates later on, we attribute some errors to these LECs. As
an indication we regard the change of a LEC when fitting it within chiral amplitudes of
different orders. This change is about 1.0 GeV~! for ¢; when going from second to third
order in mN scattering (see BI]] for a second order fit). We assume that this change should
be a factor of 2 smaller when proceeding from third to fourth order such that, due to the
different normalization of the SU(3) couplings, we set Abg/19/11 = 0.25 GeV ™,

The only terms needed from the third order Lagrangian are those entering the electric
(charge) radii of the baryons,

@ o2 [ 5 N .
£ = T{<1_f3([pu,FW],[D ,B])3F>+h.c.}. (3.4)

d101, dio2 have to be fitted to the charge radii of proton and neutron.



At fourth order, two types of coupling constants appear which are of relevance for our
calculation: two couplings entering the magnetic radii, and seven couplings proportional
to a quark mass insertion contributing to the magnetic moments,

@ _ Q25 (et O3/4 B (f Pt
Ed)B = T<.BO"u ([F B],X+):F>+?<Bgu ({FuuvB}7X+):':>

pv?
8 - jD/F B
+GBo B)(x+ F) + 2= (x /(B (F, B)s)
— 2 (Bo™ ([Da, [N L)L B) ) (3.5)

As indicated by the notation, the terms ~ I;é)/ E only amount to a quark mass renormal-
ization of the leading magnetic couplings and will therefore be absorbed into bé) T The
LECs ay_4, (1, however, incorporate explicit breaking of SU(3) symmetry in the magnetic
moments and will be fitted to the octet moments. 7/, will be adjusted to the magnetic
radii of proton and neutron.

While there are, all in all, quite some LECs to be fitted in order to describe all electro-
magnetic form factors, it is important to point out that all these LECs are, on general
grounds, expected to be of order 1 (with the appropriate mass dimensions in powers of
GeV: as the baryonic scale is of the order of 1 GeV, it is not necessary to normalize the
LECs appropriately).f]

3.2 Chiral expansion of the baryon form factors

The chiral expansion of a form factor F' consists of two contributions, tree and loop graphs.
The tree graphs comprise the lowest—order diagram with fixed coupling (the baryon charge)
as well as counterterms from the second—, third—, and fourth—order Lagrangians. As one—
loop graphs we have both those with just lowest—order couplings and those with exactly
one insertion from E(%. The pertinent tree and loop graphs are depicted in fig. [l (we have
not shown the diagrams leading to wave function renormalization). We refrain from giving
the explicit expressions here but we mention that in the limit of a heavy strange quark, we
recover the SU(2) results of [f]. Also, the heavy—baryon (HB) results of [f] can be obtained
straightforwardly as detailed in [J].

4 Results and discussion

We first discuss the issues concerning the magnetic moments and the electromagnetic radii
in some detail. This can be done within the ‘pure’ chiral expansion. Then we turn to
the full momentum dependence of the various form factors for photon virtualities up to
Q? = 0.3 GeV2. To this end we have to include vector mesons as active degrees of freedom
in a chirally symmetric manner.

#5We would like to point out that we have adopted the natural normalization for the SU(3) breaking
terms in the magnetic moments (by using the field x4 proportional to the quark mass matrix as defined
above instead of a spurion diag(0,0,1)) which is different from e.g. [, E] Numerically, however, this
difference amounts to a factor of 4M7 ~ 0.975 GeV?, hence apart from a different mass dimension, this
does not make any significant difference.



4.1

Magnetic moments

The issue of convergence of the magnetic moments in chiral perturbation theory (ChPT)
has been discussed amply in the literature, with or without inclusion of the decuplet [§,
M, [0, i1, ). We wish to compare the convergence behavior in the heavy-baryon and
the infrared regularization scheme. Table [[] shows the best fits to the various orders. The
strategy is always to fit the seven experimentally measured static moments (pxo has not
been measured so far, in the theoretical predictions it is always given by pso = (us+ +
ps-)/2 according to isospin symmetry) and to predict the transition moment piaso. At

second and third order, only the two leading—order couplings bé)/ E are free parameters,
which results in best fits of varying quality, whereas at fourth order the additional five
couplings allow for an exact fit of all seven static moments. At second/third order, we
have performed an unweighted fit, hence simply minimizing x? = Y (tth — fexp)?. The x?
values given in table [] thus only serve to indicate the relative quality of the fits.

HB IR
O(¢*) | O(d*) O(q") O(¢’) | O(¢*)* O(q") exp.
D 2.56 2.97 2.793 2.61 2.20 2.793 2.793 £ 0.000
n —1.60 || —2.53 —1.913 —1.69 | —2.59 —1.913 —1.913 £+ 0.000
A || —0.80 || —0.45 —0.613 —0.76 | —0.65 —0.613 —0.613 £ 0.004
¥t 2.56 2.21 2.458 2.53 241 2.458 2.458 £0.010
»0 0.80 0.45 0.649 0.76 0.65 0.649 —
X7 || —0.97 || —1.32 —1.160 —1.00 | —1.12 —1.160 —1.160 = 0.025
=0 | —1.60 || —0.78 —1.250 —1.51 | —1.20 —1.250 —1.250 £ 0.014
= || =0.97 || —0.56 —0.651 -0.93 | —1.33 —0.651 —0.651 £ 0.003
AXO || 1.38 1.65 1.46 £0.01 1.41 1.81 1.61 +£0.01 +1.61 £0.08
by 2.40 5.27 4.56 £0.24 3.65 5.18 4.21 £ 0.20
bE 0.77 2.92 1.65+0.19 1.73 0.56 1.64 £0.18
o — — —1.00 £0.26 — — 0.32 £ 0.28
Q9 — — 1.35+£0.29 — — —0.08 £0.18
a3 — — —0.85£0.30 — — 2.14£0.28
oy — — 0.95 £ 0.22 — — 0.05 £ 0.19
b1 — — —2.46 £0.33 — — —3.39£0.34
x> 0.46 0.76 0.00 0.28 1.28 0.00
Table 1:  Analysis of the magnetic moments (in units of nuclear magnetons (n.m.)) to

different chiral orders. The various best—fit values for the leading order magnetic couplings
bﬁD /T and the SU(3) breaking couplings a;_4, 31 are given as well. bﬁD ' are dimensionless,
aq_y, 31 are given in units of GeV~3. Errors for fourth—order results display the uncertainty
due to Abg/10/11- For the definition of Y2, see text.




It has frequently been noted before that the inclusion of leading loop corrections in the
magnetic moments tends to worsen the leading—order results. This is seen here in the
third—order heavy—baryon results. Within the infrared regularization scheme, however, it
is even disputable which contributions to count as third order: the leading contributions
stem from diagram (6) in fig. fl, summing up only the 1/m—corrections to this graph yields
the fit in the column denoted by ‘O(¢®)’ and shows an improvement not only over the
heavy—baryon result, but also over the leading order fit. However, defining any one—loop
diagram with no higher—order insertions to be of third order, one also has to include diagram
(5) in fig. [ (which only contributes at fourth order in strict chiral power counting). These
contributions are large and worsen the fit even over the third—order heavy—baryon one, see
the column denoted by ‘O(¢®)*’. Especially the magnetic moments of proton, neutron, and
=~ are not described to any acceptable accuracy in this case. We note furthermore that
the fitted values for the leading—order couplings vary considerably among the different fits.
Regarding these as indicators for convergence, we again find that the ‘O(¢?)’ result is much
closer to the fourth-order fit than the ‘O(¢®)*’ one.

At fourth order, we can compare the two predictions for the transition moment pipyo. In
both cases, we have indicated the uncertainty of these predictions due to the estimated
uncertainties of the couplings by 19/11, which turns out to be much smaller than the ex-
perimental error of Apjy, = 0.08. It is remarkable that the prediction for this physical
quantity is so stable under variation of bg/10/11, although the fit values for the individual
couplings given in table [I] vary considerably. While the heavy—baryon result is about two
standard deviations off, the relativistic one (ppxo = 1.606 4+ 0.008 n.m.) yields exactly the
experimental result (to be precise, experimentally only |uaso| is known). We note further-
more that, while the values for the leading—order magnetic couplings bé)/ F are fairly close
in the two different schemes, those for the SU(3) breaking couplings show no similarity at
all. This clearly displays the fact that 1/m corrections to the various loop diagrams are
sizeable even beyond fourth order.

4.2 Electric radii

The electric (or charge) radius of any baryon is, according to eq. (£.3), given by the sum
of the Dirac radius and the so—called Foldy term,

K

8 = D) + o (4.)
Phenomenologically the Foldy term is hence well-known for all ground state octet baryons
from the experimental information on the magnetic moments. What remains to be pre-
dicted from any kind of theory or model, as independent quantities, are the Dirac radii.
We have therefore always replaced the chiral representation of the Foldy term by the exact
value given by experiment. This is legitimate at any chiral order, as the difference is always
subleading. Doing otherwise would partly import the well-known problematic convergence
properties of the magnetic moments to the description of the electric radii [

#6This can even entail, in our opinion, misleading conclusions: the huge decuplet effects on the charge
radii found in [ﬂ] in some cases stem from the Foldy term, hence have nothing to do with intrinsically



HB IR
O | O(¢") | O(¢*) O(q") exp.
P 0.717 0.717 0.717 0.717 0.717
n | —0.113| —0.113 | —0.113 | —0.113 —0.113
A || 014 | 000 || 005 | 0.11£0.02 —
S|l 059 | 072 || 063 | 0.6040.02 —
0 —0.14 | —0.08 —0.05 | —0.03+0.01 —
T 0.87 0.88 0.72 0.67+0.03 || 0.60+0.08+0.08 [H]
0.9140.320.40 [g]
=0 || 036 | 008 | 015 | 0.134+0.03 —
= || 067 | 075 || 056 | 0.4940.05 —
A || —0.10 | —0.09 0.00 0.0340.01 —
dior | —0.84 | —0.34 | —0.44 —0.15
dia | 120 | 1.64 | 157 1.64

Table 2: Predictions for the electric radii (r%) [fm?]. The various best-fit values for the
pertinent counterterms dg1, dyoo are given as well (in units of GeV~2). The experimental
values for the proton and neutron are taken from the dispersion theoretical studies [R3, B4].
The errors for the relativistic fourth order predictions display the uncertainty due to AbﬁD /E
The errors for the experimental X~ radius values refer to statistical (first) and systematic
(second) errors.

The chiral representations of the electric radii of the baryon octet, both at third and
fourth order, involve exactly two low—energy constants, dyp; and djg2. These can readily
be fitted to the charge radii of proton and neutron, such that all others can be predicted.
Table P shows these predictions for third— and fourth-order calculations, both in the heavy—
baryon and the infrared regularization formalism. The fourth column shows the predictions
according to the fourth order relativistic calculation together with errors which reflect some
theoretical uncertainty: even with the Foldy term fixed, some uncertainty inherited from
the description of the magnetic moments remains. Indeed, though kinematically suppressed
(i.e. of higher than fourth order in strict chiral power counting), the loop corrections to the
anomalous magnetic couplings, see diagram (10) in fig. fll, contribute to the Dirac radius.
We employ the values for bﬁD /¥ obtained from the best fit to the magnetic moments at fourth
order, by = 4.21 and b = 1.64, see table [[l. In order to get an estimate of the uncertainty
due to these LECs, we again assume an error of about half of the change when fitting them
at third and fourth order, thus assigning AbﬁD /¥ — 0.5. Table B shows that this uncertainty
is (relatively) small, as would be expected. We would like to stress however that this
error only indicates one particular effect. An estimate of the complete uncertainty due to

electric properties of the baryons. It should be noted that in a comparable SU(2) study, only minor effects
due to the A resonance were found [RJ].



higher—order contributions is hardly feasible (or, due to the appearance of new unknown
couplings, indeed impossible). Finally, the uncertainties due to the ezperimental errors on
the magnetic moments entering the Foldy term are yet one order of magnitude smaller.

With regard to convergence only, i.e. exclusively to the numerical changes when going
from third to fourth order, the infrared regularization scheme yields overall considerable
improvement over the heavy-baryon results, especially for A, ¥+, and Z°. This improve-
ment can also be seen in the behavior of the fitted values of dig; and dypo, also given
in table B, which are more stable in the relativistic scheme. What is more important
though is that both the absolute values and the trends within the two schemes are en-
tirely different for some hyperons. E.g. for the ¥~ radius, the only hyperon radius on
which experimental information exists, the heavy—baryon values are very stable at 0.87—
0.88 fm?, but deviate sizeably from the radius given by the SELEX collaboration [f],
((r£ )% = 0.60 4 0.08(stat.) 4 0.08(syst.) fm? (the pioneering WA89 measurement [{] is
not precise enough to favor any of the theoretical predictions). In the relativistic scheme
however, the third—order value is already within this error range, with the fourth—order
one even closer to the central value. Similarly for the other charged hyperons ¥ and
=7, the fourth—order corrections increase the third—order predictions in the heavy—baryon
case, but reduce them in the relativistic scheme. We also note that only the relativistic
predictions show the hierarchy in the size of the electric radii expected from naive quark
model considerations, ((r%)2) > ((r£7)2) > ((+Z)?). The sizeable difference between the
YT and ¥~ radii at third order in the heavy—baryon scheme is largely reduced in the rel-
ativistic results, leaving only a 10% effect at fourth order. For the neutral hyperons, all
predictions are consistent as far as the signs of the radii are concerned (with the exception
of the radius of the A-X° transition form factor), yielding positive radii for the A and =°
hyperons, and a negative radius for the X°. Quantitatively, the relativistic fourth-order
calculation predicts radii of a size very similar to that of the neutron for A and =°, and a
¥? radius of about another factor of 3 smaller.

To conclude this section, we would like to comment on the issue of SU(3) breaking in the
electric radii. In contrast to the calculation of the magnetic moments to fourth order,
the electric radii to this order do not contain any operators which break SU(3) at tree
level (compare the LECs ay_y4, 81 in eq. (B.) in the magnetic sector), therefore all SU(3)
breaking effects are created ‘dynamically’ via mass splittings in the loop diagrams. The
leading (and dominating) effect is the pion—kaon mass difference. We remind the reader
that SU(3) symmetry would give the hyperon radii in terms of the proton/neutron radii
according to

(r5)) = (B, (5 ) = (05 ) = (B +(rB)”)
= 2 n
2((rp)?) = =2((r5 ") = ((F)) = == ((5™)) = (")) - (4.2)
It is obvious that SU(3) breaking due to the large kaon mass changes this pattern consid-
erably: exact SU(3) predicts ((r3")?) > ((r% )?) which is reversed in all four ChPT results
presented above. In addition, it changes the sign of all charge radii for neutral hyperons.

The size of the additional SU(3) breaking due to the mass splitting in the baryon octet, see
diagrams (5*)—(7*) in fig. l, can be seen by comparing the predictions at third and fourth
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order in the relativistic framework, the change being mainly due to these mass differences
(in fact, in terms of strict chiral power counting, this is the only new effect at fourth order
apart from 1/m corrections to third order loops). The net effect is a further moderate
reduction of the charged hyperon radii. Among the neutral particles, only the A radius
shows a sizeable correction. Going to fifth order, one would obtain a large amount of ad-
ditional SU(3) breaking effects (e.g. in the meson—baryon coupling constants or ‘explicit’
breaking in the charge radii via contact terms) none of which is quantifiable to sufficient
accuracy. We thus regard our (fourth—order relativistic) predictions as the best one is ever
likely to achieve in any ChPT approach.

4.3 Magnetic radii

As the electric radii, the magnetic radii at fourth order include two parameters (labeled 7
in eq. (B.5)) which can be fitted to the respective proton and neutron data (taken here from
the dispersive analysis B3, P4]) in order to yield predictions for the hyperons. However,
in contrast to the electric case, here loops proportional to other rather poorly known
LEGCs (bg/10/11) contribute significantly. As there are no further measurements of magnetic
radii which would allow to fit these, the most transparent thing to do is to indicate the
uncertainty following from this poor knowledge. Table B shows these uncertainties, based
on Abg/i0/11 = 0.25 GeV~! (which are assumed to be uncorrelated errors). Again, this is
only one particular effect and does not reflect all possible uncertainties due to higher—order
contributions. In addition, errors on these couplings were also only roughly estimated,
such that they could even be larger.

O(¢") HB || O(¢*) IR || exp.
D 0.699 0.699 0.699
n 0.790 0.790 0.790
A 0.30£0.11 || 0.48+0.09 —
xt 0.74£0.06 || 0.80£0.05 —
»0 0.20£0.10 || 0.45+0.08 —
3T 1.33£0.16 || 1.20£0.13 —
=0 0.4440.15 | 0.61£0.12 —
= 0.4440.20 || 0.50+£0.16 —
A | 0.6040.10 | 0.7240.10 —
T 0.26£0.10 || 0.69+£0.10
2 —0.02+0.21 || 0.72+0.21

Table 3: Predictions for the magnetic radii (r3,) [fm?]. The various best-fit values for the
pertinent counterterms 7, 7y are given as well (in units of GeV~3). The errors display the
uncertainty due to Abg,ig/11.

Nevertheless, we consider the errors in table B indicative enough to state that the magnetic
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radii can be predicted only to much lower accuracy than the electric ones. Given the
sizeable uncertainties, there is no significant discrepancy between the heavy—baryon and
the relativistic predictions (with the exception of the 3%). The general trend is an increase
of most magnetic radii in the relativistic scheme compared to the heavy—baryon results,
where the central values are surprisingly small for some hyperons (A, X°). The values for
the LECs 1 /2, however, are completely different. This indicates large SU(3) symmetric
loop contributions that have to be canceled by these counterterms. This does not come
as a surprise if one remembers what is known about loop contributions to the magnetic
moments. Note that with regard to the values for the SU(3) breaking terms in the magnetic
moments given in section [.1], none of the fourth-order couplings can be fixed in agreement
with both schemes. SU(3) breaking is large, as a completely SU(3) symmetric treatment
of the magnetic form factors (moments and radii) would imply

(57 )Py = (5%

syoy _ ey Hlra)®) 4 pn((r))
((rar )7) = (3 )7) = o
(r)?) = ()% = (7)) = () - (4.3)

In contrast to these, the values in table B show no clear pattern. The magnetic radius of the
>~ is remarkable in being much larger than all other radii, electric or magnetic. Such an
effect, albeit less dramatic, is also found in some lattice studies, see e.g. [[J. (This study
also predicts relatively small magnetic radii for A and =~ as we do, though not for the
30.) Asin the case of the electric radii, improvement of these predictions in the framework
of ChPT is hardly feasible as higher order corrections would include numerous unknown
SU(3) breaking effects.

Y

4.4 Q?*-dependence of the form factors

In [Jf] it was shown that the complete relativistic chiral one-loop representation fails to
describe the Q*-dependence of the ‘large’ form factors (i.e. those not vanishing at Q* =
0) already at rather low Q?. As a remedy, it was demonstrated that the inclusion of
dynamical vector mesons, used in an antisymmetric tensor representation and coupled
to nucleons/pions/photons in a chirally invariant fashion, yields a very good description
of all electromagnetic nucleon form factors up to about 0.4 GeVZ2. Certainly, in order
to obtain reasonable predictions for the Q?-dependence of the hyperon form factors, one
has to proceed likewise here. The necessary formalism and the definitions of all pertinent
couplings are presented in great detail in [[]. Of course one has to assume SU(3) symmetric
vector meson couplings to the baryons, which are then fully determined by the values for
the vector meson nucleon couplings as given in [23]. As these transform in the same way
as the contact terms, replacing part of the latter by explicit vector meson contributions on
tree level affects in no way the predictions for the hyperon radii.

The fourth order results for the electric form factors of proton and neutron, including
vector meson effects, are shown in figs. f] and J, respectively, the former divided by the
dipole form factor. For comparison we show the equivalent SU(2) results given in [ and
the dispersion theoretical fits from [23, B4]. In both cases the difference between the SU(2)
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and SU(3) descriptions is very small, though the SU(3) one is slightly worse. From such
small differences one concludes that not much room is left for a strangeness contribution
via kaon loops, as simple meson cloud models seem to indicate. Strangeness as hidden
in the ¢—meson component or from higher mass states encoded in the value of the LECs
d101/102 cannot be separated from the analysis presented here. To completely disentangle
the strangeness contribution to a given form factor, a full flavor decomposition is necessary.
For that, one also has to calculate the singlet form factors since the electromagnetic current
is only sensitive to the triplet and octet current components.

Fig. [ shows the electric form factors of all charged hyperons (those of the negative ones
with sign reversed). They all show a Q*-dependence qualitatively similar to that of the
proton charge form factor, the quantitative difference being due to their different sizes as
determined by the radii. In all cases, the vector meson effects contribute a large part of
the curvature which is far too small for the proton in a purely chiral representation. The
neutral hyperon form factors are shown in fig. f] in comparison to the neutron electric form
factor. Similar to what was found for the latter in [Jf], the vector meson effects largely
cancel for all charge form factors of neutral hyperons. Apart from the neutron, only the
A-Y transition form factor shows significant curvature, the ones for A, X°, and =" are
dominated by the radius term and display a nearly linear behavior.

For the magnetic form factors, a problem occurs when trying to transfer the procedure to
include vector mesons exactly from the SU(2) to the SU(3) case. In the former, also loop
corrections to the tree level diagrams including vector meson exchange were calculated,
in strict analogy to loop corrections to the leading order magnetic couplings at fourth
order, see diagrams (10)—(12) in fig. [l. However, in contrast to the SU(2) case, these loop
corrections are large in SU(3), such that there is no reason to identify the bare couplings
with the ones determined in a dispersive analysis. What is more, in contrast to the electric
form factors, such loops would lead to additional SU(3) breaking effects in the magnetic
radii, yielding largely different values compared to a strictly chiral analysis. To avoid these
problems, one should use vector mesons on tree level only in an SU(3) analysis, producing
predictions for the magnetic form factors in agreement with the chiral predictions for the
magnetic radii.

We only show the magnetic form factors of proton and neutron divided by the dipole form
factor, see figs. [, 1, again compared to the SU(2) analysis in [f]. The proton magnetic
form factor proves to be worse above 0.2 GeV? in the SU(3) case, much closer to the third
order curve given in [f] (which also does not include loop corrections to vector meson
couplings). The curvature in the SU(3) calculation is slightly too small to meet the data
above 0.2 GeV2. For the neutron, however, there is hardly any difference between the two
descriptions. The general observation for the hyperons (not displayed here) is that the
neutral ones, like the neutron, tend to have stronger curvature, while the magnetic form
factors of the charged hyperons are closer to a purely chiral description dominated by the

radius term, and probably suffer from a similar deficit as the proton magnetic form factor.
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Summary

We have studied the electromagnetic form factors of the baryon octet in a manifestly
Lorentz invariant form of baryon chiral perturbation theory to one-loop (fourth) order
employing the so—called infrared regularization of loop graphs. The pertinent results of
our investigation can be summarized as follows:

(1)

We have argued that the chiral expansion of the magnetic moments in the relativistic
scheme is ambiguous at third order, such that no clear statement can be made whether
or not convergence is improved in comparison to the heavy—baryon scheme. At fourth
order, due to the presence of seven low—energy constants, one can only predict the
A-X° transition moment, ppxo = 1.61 £ 0.01 n.m., in stunning agreement with the
empirical value.

To fourth order, only two LECs affect the electric radii. These can be fixed from the
measured neutron and proton radii. Always using the empirical magnetic moments in
the Foldy term, we have shown that the fourth order corrections to the electric radii
are astonishingly small, and so are the resulting uncertainties. The prediction for
the 3~ radius agrees with the recent result from the SELEX collaboration [[§]. The
pion—kaon mass difference leads to sizeable deviations from flavor SU(3) symmetry.

The magnetic radii cannot be predicted so precisely. Again, one finds large SU(3)
breaking due to loop corrections. In particular, the magnetic radius of the ¥~ is
largest.

For the electric form factors of the charged particles, the pure chiral representa-
tion provides too little curvature. With vector mesons included as in [J], the Q-
dependence of various charged form factors is given up to virtualities of Q? =
0.3 GeV?, see figs. B, @l For the neutral particles we find in general a large can-
cellation of these vector meson contributions, and the resulting form factors for the
neutral hyperons display less curvature than the neutron one, see figs. B, f. We do
not observe any sizeable effects in the electric proton and neutron form factors when
going from SU(2) to SU(3). Again, the corresponding magnetic form factors cannot
be predicted so precisely.

In the future, it will be of interest to also calculate the singlet electromagnetic currents.
This would allow one to perform a flavor decomposition of the various form factors and in
particular to reanalyze the so—called strange form factors of the nucleon, which are currently
of great interest and have been studied in the heavy—baryon limit only [R5, PG, B7].
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Figure 1: Feynman diagrams contributing to the electromagnetic form factors up to fourth
order. Solid, dashed, and wiggly lines refer to baryons, Goldstone bosons, and the vector
source, respectively. Vertices denoted by a heavy dot/square/diamond refer to insertions
from the second/third/fourth order chiral Lagrangian, respectively. Diagrams contributing
via wave function renormalization only are not shown.
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Figure 2: The proton electric form factor in SU(3) (red/full curve) and SU(2) (blue/dashed
curve) relativistic baryon chiral perturbation theory including vector mesons, divided by
the dipole form factor. For comparison, we show the dispersion theoretical result (black
dot—dashed curve) and the world data available in this energy range.
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Figure 3: The neutron electric form factor in SU(3) (red/full curve) and SU(2) (blue/dashed
curve) relativistic baryon chiral perturbation theory including vector mesons. Also given
is the result of the dispersion theoretical analysis (black dot—dashed curve). We only show
the more recent data as given in [2§.
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Figure 4: Predictions for the electric form factors of the charged hyperons X" (green/dot—
dashed line), ¥~ (blue/full line), and == (black/dashed line). For the latter two, the

absolute value of Gg(Q?) is shown. For comparison, we also show the proton electric form
factor (red/long—dashed line).
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Figure 5: Predictions for the electric form factors of the neutral hyperons A (blue/full
line), ¥° (black/dashed line), Z° (pink/dot-dashed line), as well as the A-X° transition
form factor (green/dotted line). For comparison, we also show the neutron electric form
factor (red/long—dashed line).
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Figure 6: The proton magnetic form factor in SU(3) (red/full curve) and SU(2)
(blue/dashed curve) relativistic baryon chiral perturbation theory including vector mesons,
divided by the dipole form factor. For comparison, we show the dispersion theoretical result
(black dot—dashed curve) and the world data available in this energy range.
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Figure 7: The neutron magnetic form factor in SU(3) (red/full curve) and SU(2)
(blue/dashed curve) relativistic baryon chiral perturbation theory including vector mesons,
divided by the dipole form factor. For comparison, we show the dispersion theoretical result
(black dot—dashed curve) and the world data available in this energy range, where the data
points denoted by squares (instead of circles) refer to the more recent measurements [29].
The older data can be traced back from 3.
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