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1. Introduction

Hyperon semileptonic decays are interesting for various reasons as they give information
on the weak and the strong interactions in the light quark sector of QCD (for some recent
experimental determinations, see e.g. Refs. [1-5]). The transition matrix elements are
parameterized in terms of three vector current and three axial current form factors. Of
these, the so-called vector form factor at zero momentum transfer, f1(0), plays a particular
role. Hyperon decay data allow one to extract |Vys - f1(0)[?, where V5 is one entry of the
Cabibbo-Kobayashi—-Maskawa matrix. Deviations from SU(3) symmetry are expected to
be very small because the Ademollo-Gatto theorem protects f1(0) from the leading SU(3)
breaking corrections [6]. Therefore, precise calculations of the hadronic corrections to fi(0)
appear feasible, resulting eventually in an accurate extraction of Vs from hyperon decays
(for a recent analysis of SU(3) breaking effects in hyperon decays, see Ref. [7] and references
therein).

In this paper, we will concentrate on the leading moments of the vector current form

factors in semileptonic hyperon decays. There are two privileged frameworks for calculating



the QCD corrections to these form factors, namely lattice QCD and chiral perturbation
theory. First exploratory lattice studies are just becoming available, see Refs. [8-11]. The
application of chiral perturbation theory to the semileptonic hyperon form factors has a
longer history, see Refs. [12-15], with partly contradictory or incomplete results: Ref. [12]
neglects the mass splitting in the baryon ground state octet, while Ref. [13] is erroneous with
respect to the signs of certain contributions and misses some 1/m corrections. Ref. [14] is
purely confined to the leading-loop contributions. In Ref. [15], in addition the contributions
of dynamical spin-3/2 decuplet intermediate states were considered in what is known as
the small-scale expansion [16] generalization of chiral perturbation theory with baryons,
which sometimes leads to an improved convergence behavior of the low-energy expansion
(see e.g. Refs. [17-19]).

Except for the first of these studies, heavy-baryon chiral perturbation theory was
utilized. Recently, a method was established to perform calculations in baryon chiral per-
turbation theory (BxPT) in a manifestly covariant way [20] (for a recent review discussing
also different formulations of covariant BxPT see Ref. [21]). It is therefore timely to revisit
the calculation of the hyperon vector form factors in that framework. In what follows, we
perform the full one-loop O(p*) calculation in covariant BYPT of hyperon decays, which
may serve as a check of previous results [15] in a different regularization scheme, but in
addition provides partial higher-order corrections useful for a study of the convergence
behavior of the chiral series. In doing so, we revert to ByPT without dynamical decuplet
degrees of freedom, which in the light of surprisingly big effects found in Ref. [15] may be
considered problematic. However, we want to concentrate on the resummation of higher-
order loop effects and therefore defer an even more involved calculation of the decuplet
effects in infrared regularization to a later study.

In addition to the already mentioned vector form factor at zero momentum transfer,
we also calculate further observables such as weak radii and the weak anomalous magnetic
moments. Those observables have become measurable nowadays [2, 3], and more results
are expected from high-energy colliders in the future.

The paper is organized as follows. We define the vector form factors and explain
their role in semileptonic hyperon decays in Sect. 2. In Sect. 3 we present the chiral
Lagrangians necessary for our calculation and discuss the various low-energy constants.
In Sect. 4 we present our results for the form factor f; at vanishing momentum transfer,
confirming findings of Ref. [15], and discussing partial higher-order corrections. As the
convergence behavior of SU(3) BxPT is known to be problematic, we investigate various
chiral extrapolations in Sect. 4.3. In Sects. 5 and 6 we discuss the weak Dirac radii and
the weak anomalous magnetic moments of semileptonic hyperon decays. The conclusions
are given in Sect. 7.



2. Vector form factors

The structure of ground state hyperon decays as probed by a charged strangeness-changing
weak SU(3) vector current V#* = V,,s uy*s is parameterized in term of three form factors,

(B 0a) V" B01)) = Vs 1pa) | 157 (0) + 2 17 0+ 2 1071y ) (2)

with the momentum transfer ¢* = ph — p', t = ¢%, and " = i[y*,+"]/2. mq (ma2) is
the mass of the initial (final) state baryon. f; is sometimes referred to as the vector form
factor, fo as the weak magnetism form factor, and f3 the induced scalar form factor. The
expansion of these form factors at small momentum transfers defines slope parameters \;
or, in analogy to electromagnetic form factors, radii,

R = £O{L+ 0B+ 00} = fO{1+aL 0B}, @)

such that \; = m2(r?) /6.

We consider the following strangeness-changing (s — u) decays in the ground-state
baryon octet
Aoplo, 20 5pl i, ¥ —nl oy, 2 A", 2 - X% 5, 20 2t

(2.3)

where the lepton pair £~ 7y can be electronic or muonic.

Vector (V) and axial vector (A) current contributions do not interfere in the total
decay rate I' =T'4 +I'y, and I'y is related to the form factors Eq. (2.1) by [22]

AmS 3 6 1
Iy = G%IVuSIQW{[l—§ﬁ+562<1+§m%<7“f>)]|f1(0)|2

+ 262 (Re AORO + SIROF) +O(Fmd) | . (24)

where § = Am/m; = (m1 —ma)/m1, GF is the Fermi constant, and my denotes the lepton
mass, { = e, u. We note that the induced scalar form factor f3 is suppressed by m? and
can safely be neglected at least in the electron channel; we will not consider f3 any further
in this work. The expansion in the small quantity 5 in Eq. (2.4) demonstrates that the
decay width is dominated by f1(0), and that subleading contributions are given by the
Dirac radius (r?) as well as by the weak magnetism form factor at vanishing momentum
transfer, f2(0). Both of these subleading moments will hence be discussed in the following.

In the SU(3) limit the vector form factors at zero momentum transfer f;(0) are fixed
by the conservation of the SU(3)y charge. The Ademollo-Gatto theorem [6] asserts that
SU(3) breaking effects only start at second order in the symmetry breaking term (mgs—m),

£1(0) = ££79(0) + O ((ms —m)?) | (2.5)

with the average small quark mass m = (m, + mg)/2. flS ue) (0) = gy are the vector

couplings in the symmetry limit, which read:
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Since isospin breaking effects are much smaller than SU(3) breaking effects (mg — m, <
ms — M), we neglect the former. Isospin symmetry then relates the transitions %0 — p
and ¥~ — n, as well as 2= — X0 and Z° — 31 in a trivial manner: when dividing by
the overall vector charge gy, the corresponding form factors are equal, hence the number
of independent processes reduces from six to four.

3. Chiral Lagrangians

We will employ chiral perturbation theory (xPT) [23-25] as the effective theory in the
low-energy region of QCD (for a recent review see e.g. Ref. [26]).
The chiral effective pseudo-Goldstone boson Lagrangian to leading order is given by

2

£ = Ty, (3.1)
where v, = iuTVuUuT, u? = U collects the Goldstone boson fields in the usual manner,
and x* = uxfu+ ufxul, x = 2B diag(my, ug, ms) + . .. incorporates the quark masses. As
the notation suggests, we can identify the Lagrangian’s normalization constant with the

pion decay constant for the purpose of this study, F; = 92.4 MeV.
For the effective meson-baryon Lagrangian we employ basis and notation of Refs. [27,

28] (see the related work in Ref. [29]). At leading order, it reads

£ = (B(iv' (D B~ mB)) + 22 (B, Bla) (32)
where B is the matrix of the ground state octet baryon fields, m is the average octet mass
and D and F are the axial vector coupling constants (strictly speaking, the parameters
appearing in the Lagrangian refer to the chiral SU(3) limit). Their numerical values can be
extracted from hyperon decays and obey the SU(2) constraint for the axial vector coupling
ga =D+ F = 1.26; we use D = 0.80, F = 0.46. The following terms from the baryon-
meson Lagrangian at second order are needed to generate the baryon mass splittings at

leading order, as well as the coupling of (traceless) vector currents:

8 = bpyp(BIx* Ble) + ibss(Bot [[u w,). B].)

+1 b?(B’LL“>O'MV<’LL,,B> + b12/13<BO'MV[F:;, B]$> . (33)

We use the numerical values bs = 0.23 GeV™', bg = 0.62 GeV™', by = 0.68 GeV~!
obtained from resonance saturation estimates [30, 31]. To the order we consider here, the
effects of bpp can always be re-expressed in terms of the physical baryon masses, for which
we employ my = 0.939 GeV, mp = 1.116 GeV, my = 1.193 GeV, and m=z = 1.318 GeV.
In addition, we will occasionally refer to an average octet baryon mass m = 1.151 GeV.
Finally, by5/13 can at leading order be determined from the anomalous magnetic moments
of proton and neutron.

Only two terms, entering the Dirac radii of the baryons, are needed from the third
order Lagrangian,

5% = ds1/52 (By"[[D", F,}], B] (3.4)
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Figure 1: Feynman diagrams contributing to the vector current form factors up to fourth order.
Solid, dashed, and wiggly lines refer to baryons, Goldstone bosons, and the weak vector source,
respectively. Vertices denoted by a heavy dot/square/diamond refer to insertions from the sec-
ond/third /fourth order chiral Lagrangian, respectively. Diagrams contributing via wave function
renormalization only are not shown. Note that the masses appearing in the various propagators
differ in the initial and final states and may also be different for the intermediate states.

ds1 /52 can be determined from the Dirac (or electric) radii of the nucleons [31,32]. At
fourth order seven couplings proportional to a quark mass insertion contributing to the
anomalous magnetic moments are of relevance:

Lo = oupe (Bo ([[Fl. BlxH], + [FL. B 1))

+ gy (Bo ([{Fh, BY X, + {Fi (Bl ))
+ a5 (Ba™ B)(F,x") + ag/r (Ba" [F,, Blx)(x") - (3.5)

The term proportional to as vanishes for off-diagonal currents, and hence for weak decay
matrix elements, while ag/7 account for a quark mass renormalization of the magnetic
couplings byo/13. The operators scaling with a;_5 incorporate explicit breaking of SU(3)
symmetry in the anomalous magnetic moments and have to be fitted to the baryon octet’s
anomalous magnetic moments [30, 31]. E((;g; also contains two additional counterterms
contributing to the magnetic (Pauli) radii [31], which however we will not consider here.

4. The Dirac form factor at zero momentum transfer

We will calculate the loop diagrams in a manifestly covariant form, using infrared regular-
ization [20]; for the diagrams that are to be considered, see Fig. 1.

In comparison to a heavy-baryon calculation to subleading one-loop order [15], there are
far fewer diagrams to be considered, as all the 1/m corrections and baryon mass splittings in
the baryon propagators are automatically resummed to all orders. On the other hand, the
closed forms for the full loop results are much more involved and cannot be displayed here
completely. A re-expansion of the covariant loop diagrams in strict chiral power counting



however reproduces the heavy-baryon results and leads to simplified expressions that are
useful for comparison with the literature.

The Ademollo-Gatto theorem results in the absence of local contributions up to fourth
chiral order, therefore our analysis up that order is free from low-energy constants. We
will parameterize the expanded corrections in analogy to Ref. [15],

£(0) = gv [1 6@ 4 (5<371/m> +5<375m>) T CON ] . (4.1)

6?2 is the leading SU(3)-breaking loop correction of order p3. The corrections of order p*

3,1/m) and terms proportional

are divided into two classes, pure 1/m recoil corrections 5(
to the baryon mass splitting denoted by 6(39™)  As an indicator for the size of higher-
order terms, we can also extract partial (i.e. incomplete) corrections of order p® from the
covariant amplitudes, which we denote by §(4*) (the asterisk serving as a reminder that

there are additional, e.g. two-loop, corrections at that order).

4.1 Heavy-baryon results up to order p*

Both self-energy like diagrams and tadpoles contribute to f1(0) at this order, the former
scaling with the axial couplings D and F' squared, the latter coming with completely fixed
coefficients. The results read:

2 3,1/m 1 1 - 1 2 1 2
O+ Ol ™ = B(HLE + H) + 7 (HUL + H) + v (HS + HR) . (4.2)

where the coefficients ygg, are shown in Table 1, and the functions Héllj), Héi) are given

by

1 M2M? M, 1
7Y ab _Jog b = (M2 M 43
ab (87TF7T)2 Mb2 _MC% 08 M, 4 ( a T b) ’ ( )
M, — M,)?
HY = T M= Mo)T e ang g, oM 4.4
b " 6m(8nF, )2 M, + M, (Mo + 3Mo My + M;) (44)
The corrections Egs. (4.3), (4.4)
! n
satisfy the Ademollo-Gatto theorem, B—B VBB BB
and have been given before in the lit- A— N | 9D? + 6DF + 9F? (D + 3F)?
erature [12,14,15]. As already stated , , ,
in Refs. [33,34], the quadratic symme- Y= N | D°-18DF+9F* 9D -F

try breaking term (ms — m)? comes = A | 9D? —6DF +9F? (D —3F

with coefficients that scale with inverse
- 2 2 2

powers of the quark masses, therefore E—X | D°+18DF +9F* 9D+ F

allowing for (non-analytic) symmetry-

Table 1: Coefficients for Eq. (4.2).
breaking corrections at lower orders

than what local (analytic) terms can provide.



The baryon mass splitting corrections are somewhat more complicated, but can still
be brought into a rather compact form,

530 = (D + F)(D + 3F) HM (my) — ;(D — 9F2) HAY (my)

+2D(D +3F) HM (ma) +2D(D — F) HYY (ms)
S = (D? — F?) HEY () + (D — F)(D — 3F) HZY (my)

~ 2D(D +3F) HE (ma) — 4(D — F)F B3 (ms) +2D(D — F) H3 (m)
S0 = 2D(D — 3F) HEyma) + (D — F)(D ~ 3F) HE(m=)

- %(DQ — 9F?) HZA (mz) + 2D(D + F) HEA (my) |

sBom gD(D 3F) HZE (mp) + (D? — F2) HEE (mz) + 4(D + F)F H22 (my,)
+ (D + F)(D +3F) H¢(mz) + 2D(D + F) HZ (ms) (4.5)
with
HAP (m) = 3(8:&)2 (]\AZ:J\AZ,G)Q {(mB —ma) (Mg + 3My M, + M)

+3(m — ma)MZ — 3(m — mB)MQQ} , (4.6)
satisfying the Ademollo—Gatto theorem. Eq. (4.5) agrees with the results given in Ref. [15].

4.2 Order p® corrections and numerical results

A useful benefit of the infrared regularization method is that a certain, well-defined subset
of higher-order contributions, stemming from all possible 1/m corrections (including, in our
case, those due to the shift of the baryon masses away from their SU(3) symmetry limit)
in the baryon propagators, are automatically resummed. In the case of the hyperon decay
form factors, such higher-order corrections are far from being complete, but comprise a
complete set of terms, namely those quadratic in the axial couplings D and F. As a
downside, these higher-order terms are in general not finite, and even after removing the
infinities by hand, display some subleading renormalization scale dependence. We try to
reflect the resulting inherent uncertainties by varying the scale between M, = 0.770 GeV
and mz = 1.318 GeV (with a central scale chosen at 1 GeV). Here we evaluate both the
partial next-to-next-to-leading order §(**) and the completely resummed covariant loop
results numerically. The analytic expressions are rather cumbersome and can be obtained
in Ref. [35].

In Table 2 we give the numerical results for each contribution defined in Eq. (4.1) (6(2),
§B3:1/m) 5(3.0m) 5 (4*)) separately, the results summed up to given chiral orders O(p®)-O(p®)
(6@, Sum®, Sum®) and for the complete covariant expressions (Cov). Bands for the
variation of the renormalization scale as detailed above are given for 6(**), Sum®, and
Cov. The numerical results for 62, §3:1/m) §3:9m) “and consequently Sum®) agree with
those of Ref. [15], as well as those for 6() with Ref. [14].



Channel | 62 §@1/m)  §56.0m) 5(4%) Sum/3) Sum/) Cov

A—N | =97 +81 +44 +38+32| 428 +6.6+£32 -57£21
X—N | +08 3.3 +6.7 +23+06| +41 4+64+06 +28+0.2
=E—A | 6.3 +4.4 +6.3 40922 +4.4 +53+22 —-1.14+1.7
=E—X | 94 +7.9 +2.5 +3.5%£26 +1.0 +444+26 —-56=+1.6

Table 2: Numerical analysis of relative chiral corrections to the hyperon decay vector form factors.
Values are given for each contribution separately and by chiral orders summed up (Sum(3) =
62 4 5G1/m) 4 §5G0m) - Gum) = Sum(3) 4 §(4%)). The corrections are given in per cent (%).

Comparing with model approaches for the SU(3)-breaking corrections in f1(0), we
note that quark models tend to yield small negative corrections of —1.3% [36] or —2.4%
to —2.5% [37] for all decay channels, while an analysis based on the 1/N, expansion of
QCD [38] yields positive corrections throughout, ranging from +2 + 2% for A — p to
+7+ 7% for = — ¥. While heavy-baryon yPT up to complete O(p?) also favors positive
corrections, the covariant resummation rather agrees in sign with the quark models in three
out of four channels, see Table 2.

We note that the ¥ — NV form factor is consistently found to receive positive corrections
in Table 2, while there is a sum rule argument [39, 40] suggesting the opposite. The latter is
based on the fact that positive contributions are due to states of exotic strangeness/isospin
quantum numbers S = —2, I = 3/2, and the assumption that the sum rule ought to
be dominated by resonances. In sum rule language, the corrections calculated in ByPT
are due to non-resonant multi-particle intermediate states; as the effects of resonances are
subsumed in counterterms, which only start to contribute at O(p®) for the quantity at
hand, the argument given in Refs. [39,40] leads to the expectation that such counterterm
corrections are likely to reduce the positive correction in the ¥ — N form factor.

It appears somewhat irritating that the sums of all terms up to (partial) O(p®), Sum®
are not at all close to the full covariant results, see Table 2, and even opposite in sign in
three out of four channels: the chiral expansion seems to converge very slowly towards its
own covariant resummation. This is a frequent problem in SU(3) BxPT, see e.g. Refs. [41-
43]. We further investigate this issue in the following section by varying the quark masses.

4.3 Chiral extrapolations

In order to investigate the convergence behavior of the chiral corrections to f1(0) and to
test the consistency of our method, we wish to extrapolate the quark masses towards the
chiral limit and see if convergence in the spirit of chiral power counting is retrieved for
smaller masses.

To investigate a meaningful quantity that allows for an intuitive understanding of its
convergence properties, we factor out the symmetry breaking parameter (ms — 1m)? o
(MIQ{ — M2)2. As an extrapolation now would diverge in the chiral limit due to the appear-
-1 -1/2

ance of non-analytic quark mass dependence oc m, ", mq '~ and in order to obtain a dimen-
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Figure 2: Chiral extrapolations of the hyperon decay form factor for the channels A — N, ¥ — N,
E — A, and E — X, according to Eq. (4.7). The yellow (light) band is the region of the fifth order
contribution where we vary the scale between the p— and the Z—mass. The green (dark) band is
the same variation for the full covariant amplitude.

sionless quantity, we additionally factor out a term proportional to 1/[(4mFy)?*(M2+ M%),
thus making the quark mass dependence of the leading O(p3) symmetry breaking term a
simple constant. We introduce a quark—mass scaling parameter a and reparameterize the
meson masses according to My — /a My. In Fig. 2 we plot the reparameterized relative
corrections to the vector form factor of all four channels,

T (ML M2 17V fiat=0)
Ala) = <4an>2f<(Mz+M%<>] ( o ‘1>’ .7

order by order. We observe improved convergence for smaller quark masses in all four
channels, as expected. As discussed above, the orders O(p®) and Cov include a subleading
dependence on the renormalization scale, which we vary once more in the region between
the p— and Z—mass, producing bands for these orders. It is obvious, though, that there is
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Figure 3: Chiral extrapolations of the hyperon decay form factor for the channels A — N, ¥ — N,
E — A, and £ — X. We show the dependence on m/mpnys for fixed ms. The yellow (light) band is
the region of the fifth order contribution where we vary the scale between the p— and the =—mass.
The green (dark) band is the same variation for the full covariant amplitude.

no good convergence towards the covariant result up to O(p°) even for the physical quark
masses (a = 1), let alone at even higher masses.

As a second application of varying quark masses, and closer in spirit to what is needed
for lattice simulations, we increase the (average) light quark mass m, keeping mg fixed.
Obviously the convergence of the chiral series becomes rather more problematic for larger
m (or, equivalently, larger pion mass). However, in the symmetry limit /m = mg, or
m/Mphys ~ 25, the corrections to fi(0) vanish quadratically, as can indeed be seen in all
channels and for all chiral orders in Fig. 3. The qualitative picture is very similar for all
channels except the ¥ — N one. Numerically, the covariant results are surprisingly close
to the leading-order calculation. [Note that the bands for the covariant results for the
channels ¥ — N and = — ¥ stop for m/mypnys S 0.35, where the ¥ becomes instable
against strong decay to Am, and f1(0) develops an imaginary part.]

— 10 —



4.4 Further comments on the chiral expansion

Let use briefly return to the results of the chiral expansion for the Dirac form factors at
zero momentum transfer displayed in Table 2. First, we note that the corrections taking
either the fourth order heavy-baryon results (Sum(®) or the full covariant one (Cov) are
in the few percent range, with sizeable corrections from 1/m and baryon mass splitting
insertions in all cases. The importance of these effects makes the covariant scheme — in
which such contributions are resummed to all orders — more reliable than the strict heavy-
baryon expansion. This is also consistent with the experience made in the calculations
of the electromagnetic nucleon [44] and hyperon [31] form factors. It is therefore these
covariant results (last entry in Table 2) that should be used in the extraction of V,s from
hyperon semileptonic decays.

5. Weak radii

For the analysis of ongoing and future high-precision hyperon decay experiments, it will
be essential to include the effects of subleading moments in the hyperon decay vector form
factors, first of all the weak magnetic moments f5(0), and the leading ¢-dependence of f;
as given by the Dirac radii, see Eq. (2.2). As a side remark, we note that the complete ¢-
dependence of the one-loop chiral representation of f;(0) displays very little curvature, such
that the linear approximation of Eq. (2.2) is in fact rather precise; compare the discussions
in Refs. [31,44].

In this section we analyze the weak Dirac radii of the semileptonic hyperon decays.
According to Eq. (3.4), two low-energy constants ds;/s5p enter the chiral representations
of these radii at third order (and no further constants at O(p*)), which also feature
in the electromagnetic Dirac radii of the nucleons (r7),, [31,45]. The hyperon decay
radii are therefore linked to the latter by low-energy theorems that only contain finite,
renormalization-scale-independent loop effects as corrections:

<T%>AN = <T%>p + Lr(AN) , <T%>2N = <T%>p +2 <7‘%>n + L (XN) ,
(T%>EA = <T%>p + (T%>n + L (EA) , <T%>EE = <T%>p - <T%>n + L, (EX) . (5.1)

The remaining loop contributions L,(BB’) are non-analytic SU(3)-symmetry breaking ef-
fects. A representation according to Egs. (5.1) holds up to corrections of O(p®), where
analytic SU(3) breaking due to quark-mass-dependent counterterms is allowed. Further-
more, up to O(p*) f1(0) as factored out in Eq. (2.2) can be set to the symmetry limit. As the
neutron Dirac radius is strongly suppressed compared to the proton one (<T%>p ~ 0.60 fm?
vs. (r?), ~ 0.01 fm?, see e.g. Ref. [46]), Eqgs. (5.1) suggest hyperon decay radii very close
to the proton radius in the SU(3) symmetry limit.

The analytic expressions for the loop corrections of the low-energy theorems tend to
be lengthy, these are collected in Appendix A. In Table 3 we give the numerical values for
these as well as for the resulting weak Dirac radii in third and fourth chiral order. The loop
contributions at third order tend to be very large, in particular for the channel = — ¥, and
corrections at fourth order are similarly sizeable and tend to be opposite in sign, leading

— 11 —



Channel L7(~3) L7(~4) Lg’cov) O(p3) O (P4) Cov

A—N | =024 +40.10 —-0.16=+0.06 0.35 0.70 0.44 +£0.06
¥ —= N | +031 +0.10 —0.10=£0.05 0.92 0.72 0.51 £0.05

=—A | 40.06 +0.05 —0.16=£0.03 0.66 0.65 0.45+0.03

=E—% | =059 4019 -0.12+0.07 | —0.01 0.77 0.46 £0.07

Table 3: Numerical analysis of the weak Dirac radii squared (r?) (in units of fm?). The columns
L® LW L show the SU(3)-breaking loop corrections as defined in Eq. (5.1) up to third and
fourth order, as well as the full covariant result (the latter with some residual scale dependence).
The last three columns present the resulting Dirac radii.

to large cancellations. For a better assessment of the convergence behavior and a more
reliable prediction, we again show the covariant loop results that consistently resum all
the higher-order 1/m and dm corrections. As discussed for the case of f1(0) above, such
partial higher-order corrections induce some residual dependence on the renormalization
scale, which again we vary around 1 GeV, between the masses of the p and the =. After such
resummation, all residual loop effects in the radii are negative and of similar (moderate)
size, leading to slightly smaller values for the hyperon decay radii compared to the proton
Dirac radius. The corresponding numbers are also displayed in Table 3.

We note that phenomenological model parameterizations [22,40] frequently assume
a radius term (r?) = 12/M32 =~ 0.50 fm?, derived from a dipole parameterization with
My = 0.97 GeV for all hyperon decay modes, agreeing rather well with the values shown
in Table 3. This agreement is accidental, however, as the SU(3) breaking mechanisms
are completely different: the dipole mass My is obtained by scaling the phenomenological
dipole mass in the nucleon electromagnetic form factors by Mg~ /M,, while in yPT SU(3)
breaking is entirely due to Goldstone boson loop effects up to the order considered here.
When resumming the loop contributions in a covariant way, sign and size of the effect
agrees with the phenomenological guess.

6. Weak anomalous magnetic moments

Comparably to the weak Dirac radii, the weak magnetism form factor at vanishing momen-
tum transfer fo(0) can be related by low-energy theorems to anomalous magnetic moments
of the ground state baryon octet. For convenience, we will define weak magnetic moments
with a slightly different normalization,

2mpy

kK =

m1

where m is the mass of the decaying baryon, see Eq. (2.1), such that the magnetic moments
K are given in units of nuclear magnetons.

At leading order O(p?), the magnetic moments kpp are just given in terms of the
low-energy constants bi/13, see Eq. (3.3), so they can be strictly related to the proton’s
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Channel L,(f’) L,(f) L,(@COU) O(pz) O(Ps) O(P4) Cov

A— N | =016 +0.16 +0.2740.03 1.33 1.17 1.49 1.60 = 0.03
¥»— N | 40.16 +0.01 +0.03+0.01 | —=1.59 —-1.43 —-1.58 —1.56=£0.01

=Z=—A | -0.16 +0.07 +0.38£0.05 | —0.13 —-0.29 —-0.07 0.25 £0.05

E—Y | 4015 4025 —-0.02£0.08 2.45 2.60 2.7 2.43 £0.08

Table 4: Numerical analysis of the weak anomalous magnetic moments (in nuclear magnetons).

The columns L,(.;3), Lf:l), L) show the SU(3)-breaking loop corrections as defined in Eq. (6.3) up

to third and fourth order, as well as the full covariant result (the latter with some residual scale
dependence). The last four columns present the resulting anomalous magnetic moments, where the
O(p?) result is calculated from Eq. (6.3) with vanishing loop corrections.

and neutron’s anomalous magnetic moments in analogy to Eq. (5.1),

AN XN
RKAN = gy FKp, KLN = gy (Hp+2/€n),

KEA = g‘E/A(Iip—l-/in) , Kzy = g‘E/E(/{p — Kp) - (6.2)

Once more gy are the vector couplings defined in Eq. (2.6). No loop corrections can occur
at this order.

However, the large number of symmetry-breaking (i.e. quark mass dependent) coun-
terterms contributing to the magnetic moments at fourth order, see Eq. (3.5), prevents
a sensible use of a simple low-energy theorem like Eq. (6.2). For a discussion of higher-
order corrections to such relations, we therefore resort to relations making use of the
well-measured hyperon magnetic moments, whose chiral representations are also known in
covariant ByPT to the appropriate order [31,45]. The corresponding low-energy theorems
read

1
KAN = g‘/}N[é (5/{;,,4—2/{”—6/11\4—/{2—2/-{5)+L,€(AN)} ,

1
KxN = g‘z/N[§ (;{p+2mn—/{2+—2/{2)+Ln(2N)] ,

=a |1
KEA = g‘“/A |:6 (2/<Lp +6KA — Kyt — 2K=0 — 5/%5—) +LH(EA):| ,

= | 1
Ry = g‘“/Z |:§ (2 Kyt + Ky- — 2/4150 - ’%E*) + LH(EE):| . (63)

The remaining loop effects L,(BB’) contain non-analytic symmetry-breaking terms. They
are free of fourth-order low-energy constants, and finite up-to-and-including O(p®), while
our calculation of these corrections is complete up-to-and-including O(p?) only. The cor-
responding formulae for the L,(BB’) are collected in Appendix B.

In Table 4 we present the numerical results, both for the residual loop effects and for
the resulting weak anomalous magnetic moments. All numbers are given to second (no
loop effects), third, and fourth chiral order, as well as the resummation of 1/m effects in
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the covariant loop representation. The well-known anomalous magnetic moments of the
ground state baryons are taken as k, = 1.793, K, = —1.913, kp = —0.613, kKyp+ = 1.458,
ky- = —0.160, kzo = —1.250, kz— = 0.349 [47], all given in nuclear magnetons. Again,
we show the effects of the residual higher-order scale dependence in the covariant loop
corrections by varying the renormalization scale between the p— and the Z—mass.
Comparing third-, fourth-, and covariant loop order results, we once more observe
partially problematic convergence behavior, with the covariant results not always very
close to their fourth-order approximations. The total residual loop effects are very small
in two channels (¥ — N, = — A) and more significant in the other two (A — N, 2 — ).

7. Conclusions and outlook

Hyperon semileptonic decays allow for an independent method of extracting Vs, provided
the hadronic form factors involved are sufficiently well-known from theory. In this article,
we have investigated the vector form factors to complete one-loop order in covariant BxPT,
with the following findings:

1. The dominant contribution in the vector matrix elements of hyperon decays is due
to the Dirac form factor at zero momentum transfer, f;(0). Corrections to the SU(3)
symmetry limit of this quantity are of second order in mgs — m due to the Ademollo—-
Gatto theorem, and are dominated in the chiral power counting by non-analytic loop
contributions. We confirm earlier results [15] when performing the heavy-baryon
expansion of the covariant loop results, and find problematic convergence behavior
of the heavy-baryon series towards the covariant representation.

2. An extrapolation towards smaller quark masses confirms that convergence of the
chiral series is restored, but seems problematic at the physical quark mass values. The
effects of increasing the average light quark mass m at fixed mg are also presented.

3. We have argued drawing upon experience made in earlier calculations of nucleon and
hyperon electromagnetic form factors that nevertheless the corrections obtained from
the covariant one-loop result should be utilized in the analysis of hyperon semileptonic
decays.

4. We have calculated the leading SU(3) breaking corrections to the radius terms of fi(t).
These radii can be related to the electromagnetic Dirac radii of proton and neutron,
and corrections are given in terms of parameter-free loop corrections. While the
convergence behavior is problematic, the full covariant corrections point at somewhat
smaller radii, compared to the proton radius.

5. Furthermore, we have established low-energy theorems that relate the weak anoma-
lous magnetic moments to the magnetic moments of the ground state baryon octet,
valid including leading analytic SU(3) breaking effects. The non-analytic loop cor-
rections to these relations are also calculated to complete covariant one-loop order.
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We have not addressed the much more drastic convergence problems found for the
inclusion of decuplet effects in the calculation of f1(0) [15]. A reassessment of these effects
in covariant BxPT [48-51] is an important extension of the present work and will be
addressed in a future work [52].
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A. Loop corrections for the weak Dirac radii

In this appendix we show analytic expressions for the residual loop contributions to the
weak Dirac radii, L,(BB’), as defined in Eq. (5.1), to third and fourth order in the heavy-
baryon expansion. The third order contributions read

3 T T 3 ™ s 3
Lg,g)(BB/) = (UBB/ + pBB/) H7(7[3 + (O'Bg/ + pBIé/> H7(r[){ + (UgB’ + pr/) H}(7)r N (Al)

with

Hég) = log — —

5 MA(3ME — M2) N (A.2)
M7 —MP M, (M7 - M2? 12 |

M, M2 M} 5
2(47Fy)? ’
and the coefficients O'%bB,, p%bB, are given in Table 5. We decompose the additional fourth
order corrections into 1/m recoil corrections and dm baryon mass splitting corrections
according to

LW(BB'" =LY (BB') + /™ (BB') + §°™ (BB') . (A.3)

The 1/m corrections are

m 4
5(1/ )(BB) %[;/ Hé[z‘i‘pBB/ H(I){—l-pBB/ H§(7)r s (A4)
where
- 24M3 + 61 M2 My, + 44M, M2 + 11M3
g® _ ™ Ma— M, 24M; 4 6LM M, + b M (A.5)

ab 8(4rFr)2 m (M, + My)?
The dm corrections read
1
SC™(AN) = (D + F)(D + 3F) HAN (my) — g(D2 —9F?) H2N (my)
- D(D +3F) H3Y (ma) + 2D(D — F) HAY (my)

(D +3F2HR, + (D — F)*HS), |

wl’—‘
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B—B'| oy oy i by P PR
A—N| 2 L 2 L(D+3F)? (D — F)? 2(D + F)?
S—>N| 2 1 -2  3(D-F)? ID*-2DF+5F?> —2(D+F)?
E—A | 2 2 0 2(D-3F)? 3D?-2DF + 3F” 0
E-x2| 2 - 1 3D+F)? -UD?-2DF-F> 4D+F)?

Table 5: Coefficients for Egs. (A.1), (A.3), (B.1).

50 (SN) = (D? = F?) HEN (my) + (D — F)(D — 3F) HEY (my)

—%D(D+3F)H’ZN( A) —4(D — F)F H=EN (my)

+2D(D — F) HY (my) + 5(D +3F)?HY), +5(D - F)2HY), |

s (2A) = §D(D —3F) Higy (ma) + (D — F)(D — 3F) H;3¢ (mz=)

— S(D*~ 9F) HEM (m=) +2D(D + F) HE (ms)
+ %(D +3F)?HY), +3(D - F)2HE) |
sOm(En) = — §D(D 3F) Hiz> (ma) + 2D(D + F) HiZ, (my)
+4(D + F)F Hgy (my) + (D + F)(D + 3F) Hy32 (mz)
+ (D2 — F2) HEZ (mz) + %(D+3F) 1), - (D—F)2H§> (A6)
with
, 7 M?2 + 3M, M, + M? (Mg — My)(ma —mp)
HAB( ) (47TF7T)2{ (Ma +Mb)3 b (mA +mp — 2m) - Q(Ma +Mb)2 } 5

() 51 m4 — Mp
Hap = 4(4rFr)? Mg (A1)

B. Loop corrections for the weak anomalous magnetic moments

Here we give the analytic residual loop contributions to the weak anomalous magnetic
moments, L,(BB’), defined in Eq. (6.3). The third order contributions can be expressed
in terms of the same coefficients p%bB, given in Table 5,

LP(BB') = Héz? + o Hi + o5T High (B.1)
with ) ) ) )
g© _ _mm [ M+ MMy —2M, My = My | (B.2)
ab (4w Fy)? 3(M, + My) 2(Mg + M)
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The additional fourth order corrections are split into terms scaling with second-order low-
energy constants, 1/m recoil corrections, and m baryon mass splitting corrections,

LW(BB') = LY(BB') + §*(BB') + §/™(BB') + 6™ (BB') . (B.3)

These read as follows:

7 7, 8.8 7 48
O (AN) = m(3bs +bo) [H{T) + H) + gﬂ;gr] +mbr | H) - gH}{H
kply (D 2 A(kp + En) (1o a2 (8) (8)
+{4[1 <3+F)]+ (D= 3%  [H), + 3 H)|
SO(EN) = 3m(bs — bo) [HE, + HT) + 3H§<)] mbr [H, +4H)]
2kn
+ ’WT“ [1— (D - F)? [H@T +3HE)| (B.4)
SU/m (AN = 2 L3p? 4 2pF + 372 B — 5(491)2 +30DF +57F%) H®)
6(D+3F) H{) +(D*—2DF — TF?) HY) .
2
S/ (EN) = — %(zﬂ —18DF +9F?) H{) + (% +10DF — 5F2>H( )
3 7 8
- 20— FP[H + 2H§<37} , (B.5)
where
m_ 1 A My My 5 .09 ® _ M M,
H, = nF.)? {M2 le gMa Mg — My, H, = (nF.)? log A, (B.6)

5O

The correction terms 5(1/ m)

and O for the channels = — A and = — X can be retrieved
from the corresponding ones in A — N and ¥ — N, respectively, by replacing FF — —F,

be — —bg, and exchanging (k, + kp) < kp throughout. Finally,

SO (AN) = (D — F)(D + 3F) H{AN — (D* — 6DF ~ 3F2> Hiex' +2D(D - F) "
M

—(D+F)(D-3F)HY, —2D|D D F) log M—]HSA),
K

5O (EN) = —(D — F)(D + 3F)HIEN + (3D2 +6DF — 5F? ) HiE + gD(D +3F)H"

D? D M,
+ (— 1+ 2DF — F2) aY) - [— + F? —2D(D + F)log —] HY

3 3 Mr

SO (ZA) = (D + F)(D — 3F) Hig" + (D* + 6DF — 3F*) HiZ* + 2D(D + F) H"
+(D—F)(D+3F)H), - [3 (D + F?) + DF — 2D<£D + F) log Aﬂj’r } aY)

K

K

SO™M(EX) = (D + F)(D — 3F) HiG" — <§D2 — 6DF — 5F2) HES + gD(D —3F)H"

2
- (D— _9DF — F2) ) —(D-F)|2(D-F)—2D1og 2= | g | (B.7)
3 2 My
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with

AB m mag—mp |1 2 2 Ml;l Mb
H(/J,/b = (47TF7|_)2 sz — M2 {Z(Ma + Mb) — 7sz _ M2 log E 9 (B8)
m M2+ M? M, (9) m
H" = ez —aiz g e ) Hap = g (ma - ma)
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