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Abstract

The use of SU(3) chiral perturbation theory in the analysis of
low energy meson-baryon interactions is discussed. It is emphasized
that short distance effects, arising from propagation of Goldstone
bosons over distances smaller than a typical hadronic size, are model-
dependent and can lead to a lack of convergence in the SU(3) chiral
expansion if they are included in loop diagrams. In this paper we
demonstrate how to remove such effects in a chirally consistent fash-
ion by use of a cutoff and demonstrate that such removal ameliorates
problems which have arisen in previous calculations due to large loop
effects.
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1 The Problem

The low energy phenomenology of baryons is relatively simple. In the 1960’s,
this simplicity was evidenced by the successes of SU(3) symmetry. Indeed,
masses and couplings can be well described by SU(3) invariant interactions
with SU(3) breaking at the 5 - 25% level. In the present era we have come
to understand this invariance in terms of QCD and the underlying quark
substructure of baryons—SU(3) relations work because the effects of the s-u-
d mass splittings are relatively small. Moreover, the quark model even allows
us to understand many details of the pattern of SU(3) symmetry breaking.
Overall, most features of the static properties of baryons are reasonably well
understood.

It has also been realized that the old SU(3) results represent merely the
lowest order terms of an expansion in energy and quark masses in a rigorous
effective field theory framework which exploits the (broken) SU(3),xSU(3)g
chiral symmetry of the QCD Lagrangian. The higher order terms in this
expansion can be calculated via the technique called “chiral perturbation
theory”, which has already been highly developed and successfully applied
within the sector of Goldstone boson interactions.[[] In the related case of
baryon-Goldstone interactions, there has also been a great deal of activity
using methods generalized from the purely mesonic situation. [J]

However, the problem is that traditional SU(3) baryon chiral perturba-
tion theory does not appear to work well. As generally applied, it does not
manifest the approximate SU(3) symmetry that one sees in the real world, in
that SU(3) breaking corrections in loop diagrams often appear at the 100%
level. It is particularly distressing that these effects come from the most
apparently model-independent parts of the theory—the nonanalytic chiral
loops. With some parameter fitting, it appears in practice that such effects
can be compensated by positing equally large effects from the effective La-
grangian at higher order in the chiral expansion. However, this leads to wor-
ries about convergence. In any event, the simplicity evident in baryon physics
has become lost. In its conventional manifestation then, SU(3) baryon chiral
perturbation theory does not represent a good first approximation to baryon
physics.

In this paper we will suggest a resolution to this problem in terms of
a reformulation of baryon chiral perturbation theory within a framework
which is better suited to phenomenological applications. Before we turn



to a diagnosis, let us, however, demonstrate the nature of the problem by
observing several pertinent results. In each case we defer the specifics of the
chiral analysis until later in the paper and simply quote results in order to
convince the reader that a problem exists.

i) Baryon masses can be understood by noting that the quark mass non-
degeneracy arises from a component of Locp which can be represented
in terms of a Lorentz scalar SU(3) octet gAgq operator. To first order
in symmetry breaking one can then write the baryon octet masses in
terms of an SU(3) invariant term Mo, plus octet f,,, d,, couplings—

My = My —4m2dy, + 4(m% — m2) f,

™

N 4
Mo = Nl Al — Al — ) 1)

Since the four octet baryon masses are represented in terms of effec-

tively three parameters there is a corresponding sum rule—that of Gell-
Mann and Okubol[f]—

1 3
My~ My = 5(Mz—My) + 5(Ms — My)
Expt.: 254MeV = 248MeV (2)

which is satisfied experimentally at the 3% level.

When analyzed in the usual fashion in chiral perturbation theory, how-
ever, this simplicity is lost. At one loop—O(¢®)—order the chiral loop
corrections are found to be extremely large[f]

oMy = —0.31 GeV; My = —0.67 GeV;
SMy = —0.66 GeV; M= = —1.02 GeV (3)

such that, e.g., the = mass receives a 100% correction. This calculation
has also been carried out to—QO(g*)—by Borasoy and Meissner[f]], who
quote their results as

My = M(1+0.34—0.35+0.24)
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ii)

iii)

My = M(1+0.81—0.70 + 0.44)
My = M(1+0.69—0.77 4+ 0.54)

Mz = M(1+1.10—1.16+0.78) (4)

where the non-leading terms above refer to the contribution from O(¢?)
counterterms, nonanalytic pieces of O(¢?), and O(q*) counterterms re-
spectively. Obviously, the contribution from higher order terms is far
larger than one expects and the series does not display obvious conver-
gence. Also, the Gell-Mann-Okubo deviation is found to be five times
larger than experiment.

Baryon axial couplings can be related by noting that the weak axial
current arises from an SU(3) octet ¢'v,75q structure. Thus to leading
order in SU(3) the various weak matrix elements can be represented
in terms of simple f4,ds couplings. A fit to the ten experimentally
measured semileptonic hyperon decay rates is found to yield reasonable
results, with x?/ d.o.f. ~ 1. SU(3) breaking in the decay rates is
noticeable, but the amount of SU(3) breaking is never above 5%.[f]
One can explore quark models and find that they generate breaking
that is of about this magnitude, and the challenge then is to fit the
pattern of breaking.

When chiral loops are calculated,[[] one finds logarithmic dependence
on the meson masses that leads to significant SU(3) breaking. Typically
these effects are too large. Numerically, choosing a renormalization
scale 1 ~ 1 GeV, typical leading log corrections are found to be at the
30-50% level and a fit to the experimental hyperon decay rates finds
a much increased chi-squared—the chiral corrections go in the wrong
direction!

S-wave nonleptonic hyperon decay amplitudes can be related by using
the feature that the octet component of the weak Hamiltonian is dom-
inant over its 27-dimensional counterpart by a factor of twenty or so,
plus using chiral symmetry to relate the experimental pion decay am-
plitudes to simpler baryon to baryon matrix elements. This allows a fit
in terms of octet f,,, d,, parameters: Such a representation yields a very
good fit to the experimental amplitudes in that the two independent



predictions:[]

AZE) = 0 vs.0.13x 1077 (expt.)
VBA(SE) — 24(E7) - AAY) =0 vs. 0.11 x 1077 (expt.) (5)

are, since the typical size of an s-wave amplitude is ~ 4 x 1077, both
reasonably well satisfied by the data. [

In baryon chiral perturbation theory, the chiral loop corrections to in-
dividual terms are found to be at the 30-50% level,[[]] and a large cor-
rection to the Lee-Sugawara relation is found

VBA(SE) —2A(E7) — AN°) ~ —6.4 x 1077 (6)

which is in considerable disagreement with the experimental number.
The other lowest order prediction—A(X1) = 0—is not affected by chi-
ral logarithms.

One can also see the problem with chiral convergence of individual
terms. Indeed, a comprehensive analysis of the problem up to second
order counterterms has given[d]

A(A) = 2.35(140.62 —0.65) x 1077

A(XE) = 3.09(1+0.30 —0.32) x 1077

AZE) = 0x1077

A(Z)) = 3.06(140.40 —0.36) x 107" (7)

where the various contributions are from lowest order, nonanalytic com-
ponents, and next order counterterms respectively.

iv) Hyperon magnetic moments can be related to one another since they
arise from an SU(3) octet ¢'v,q structure. Then to leading order the

'Note that the second of these results is the Lee-Sugawara sum rule.[g]

2Tt is, of course, possible to apply a similar analysis to the corresponding P-wave
amplitudes. However, in this case the leading piece of each amplitude involves a significant
cancellation from from pairs of baryon pole diagrams, so that there is large and very model
dependent sensitivity to higher order chiral contributions. Thus we do not analyze this
case.



moments can be written in terms of simple f,, d, couplings—

1

Pp = WPzt = gdu + fu
fin = 2y = im0 = —%du
Hy- = H=- = %d,u — fu
HAS = \/gﬂzo = ! dy (8)

V3
The experimental moments are in approximate (but not outstanding)
agreement with these predictions. (Although it is not relevant for our

considerations here we note that the heavier mass, and hence smaller

magnetic moment, of the strange quark explains most of the observed
SU(3) breaking.)

Again the chiral corrections are large and harmful. Numerically, picking
a renormalization scale p = 1 GeV, the nonanalytic corrections are at
the 50-90% level, and make enormous modifications of the lowest order
results. As shown by Caldi and Pagels, there remain three relations,
which are independent of these corrections and are in fact reasonably
well satisfied by the experimental numbers:[I{]

fis+ = —2pn—fig—, Hz0+ - i = 20a— fp, A —V3lias = fizo +(uf>z

9
However, other relations pose significant problems for experimental
agreement. Meissner and Steininger have performed a O(g*) analysis of
the problem and have shown that it is possible to get good agreement
via a careful choice of counterterms.[[1]] The convergence of the chiral
expansion is again a possible problem, as the contributions of terms of
successive orders is found to be

gy = 4.69(1—0.57 + 0.16) = 2.79

fn = —2.85(1—0.36+0.03) = —1.91
ps+ = 4.69(1—0.72+0.24) = 2.46
pso = 1.43(1—0.93 + 0.38) = 0.65
py- = —1.83(1—0.41+0.04) = —1.16
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pay = 247(1—0.57+0.18) = 1.51
—2.85(1 — 0.95+0.39) = —1.25
p=- = —1.83(1—0.57+0.18) = —0.65 (10)

=
[1
=)
Il

We see in each case then that the chiral corrections are large and in each
situation the leading nonanalytic components destroy the good experimental
agreement which exists at lowest order. There is something clearly ineffective
about this procedure. For a technique that has aspirations of rigor, this is
a dismaying situation We will show below that the problem resides in a
spurious short-distance contribution that appears in loop diagrams when
they are regularized dimensionally. We propose that we should keep only
the long distance parts of the loops, and propose a cutoff regularization that
accomplishes this.

2 Effective Field Theory: Separating Long
and Short Distances

Effective field theory is a technique for describing the low energy limit of a
theory. It is an “effective” description because it uses the degrees of freedom
and the interactions which are correct at low energy. All the features of
the high energy portion of the theory are captured in the parameters of a
general local effective Lagrangian which describes the low energy vertices.
Using these interactions one treats the low energy dynamics in a complete
field theoretic description.

Within such a treatment, one encounters loop diagrams, in which the
integration over the momenta includes both low energy and high energy
components. While the low energy portion is fully correct within the effec-
tive theory, the high energy portion is not. One might worry then about
the inclusion of such incorrect high-energy /short-distance physics present in
loops. However, this is not a problem in general since this high energy effect
has the same structure as the terms in the general local Lagrangian, meaning
that any incorrect loop contribution can be compensated by a shift of the
parameters of the Lagrangian. As an example, the ultraviolet divergences in
the effective theory are all absorbed by defining renormalized parameters.



In practice, there is a situation where such loop effects can cause prob-
lems. This occurs if the residual short distance contributions are large even
after renormalization. A large and incorrect short distance effect can still
be removed by the adjustment of parameters, but those parameters must
consequently also be large. We then obtain an expansion which is of the
form

M~MA-1+1-1+..) (11)

where each term in the expansion is sizeable and there is no clear conver-
gence. If one were able to carry out the process to all orders, one would, of
course, still get the right answer. However, at any finite order, the incorrect
short-distance phyiscs in loops has obscured the answer and the expansion
is useless. While not formally “wrong”, this procedure is ineffective, which
is certainly a poor trait for an effective field theory.

In SU(3) baryon chiral perturbation theory, exactly this situation occurs
when the theory is regularized dimensionally. We will show that the poor
convergence described in the introduction follows largely from the short-
distance component of loop diagrams. In order to provide a more effective
description, we will then reformulate the theory using a cutoff which retains
only the reliable—long-distance—portion of loop diagrams. This will result
in improved phenomenology. Baryon effective field theory becomes even more
effective with a long-distance regularization scheme!

In baryon chiral perturbation theory, the transition between short and
long distance occurs around a distance scale of ~1 fermi, or a momentum
scale of ~200 MeV. This corresponds to the measured size of a baryon and
we will refer to it as the separation scale. The effective field theory treats
the baryons and pions as point particles. This is appropriate for the very
long distance physics - the “pion tail” is independent of whether the baryon
is treated as a point particle or an extended object. However, for propa-
gation at distances less then the separation scale, the point particle theory
does not provide an accurate representation of the physics - the composite
substructure becomes manifest below this point.

In the next section we focus on the specific Feynman integrals that arise
in baryonic calculations. Our goal is to understand the structure of loops in
this effective field theory by separating the short-distance and long-distance
physics within the loop integral. The use of a cutoff representing the separa-
tion scale will allow us to show that the long distance physics is well behaved,



and that dimensional regularization in practice contains large short distance
contributions for these particular integrals.

3 Anatomy of Feynman integrals

We begin by performing an autopsy on a particular Feynman integral that
appears in the baryon mass analysis. Consider the integral

/ (d4k‘ kik; . 1(m)

2m)4 (ko — ie) (k2 — m2 + ie) ity

(12)

where the right hand side simply defines the function I(m). When regularized
dimensionally this has the value

[dim—reg(m) = m3 (13)

This integral is uniquely the source of nonanalytic corrections to baryon
masses.
Some comments about the dimensionally regularized form are instructive.

i) The Feynman integral is cubicly divergent at high energy. However a
peculiarity of the dimensionally regularized form is that the result is
finite. This is not a problem and occurs at other times in dimensional
regularization. However, it is one indication that this regularization
scheme implies a particular short distance subtraction, which will in
general leave behind finite effects from short distance.

ii) The only scale in the integral is the meson mass m. Therefore the
relevant momenta in the integral all scale with m also. In the limit
that m is very large, all of the relevant momenta correspond to high-
energy /short-distance. This is an indication that as m grows the di-
mensionally regularized integral becomes totally dominated by short
distance physics—below the separation scale.

iii) If we are interested in only the long distance component of the integral,
this portion would fall off with increasing mass. At large m the meson
progagator could be approximated by a constant (e.g., as we do for the
W- boson mass in low energy weak interactions) and the low energy
portion of the integral would fall as 1/m?.
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iv) We would expect that the long distance portion of the integral would
be largest for the smallest meson masses, and greatest for masssless
Goldstone bosons. However the form Eq. vanishes for massless
particles and is very small for small meson masses.

These are all indications that an overall subtraction has taken place which
confuses short and long distance physics. We cannot count on the dimen-
sionally regularized form to yield only long distance physics—an implicit
short-distance contribution is carried along also.

Now let us isolate the long distance component of the integral. Indeed it is
possible to remove the short distance portion by use of a cutoff regularization,
as we demonstrated in ref. [[Z. Although an exponential cutoff in three-
momentum was employed therein, for our purposes it is most convenient to
employ a simple dipole regulator

A2
(m)2 (14)
since it enables loop integration to be carried out in terms of simply analytic
forms. However, the specific shape of the cutoff is irrelevant—a consistent
chiral expansion can always be carried out to the order we are working.
The introduction of the dipole cutoff Eq. [[4 yields

d4/€ k’zk‘] A2 2 . IA(m)
2m)4 (ko — i€) (k2 — m2 + ic — T oy
| e e ) i (15)
where ) o+ A
_ L em

Various comments on this form are appropriate

i) This integral is plotted in Figure 1 for A = 400MeV, along with its
dimensionally regularized analog. We see that the cutoff result is much
smaller than that of dimensional regularization for kaon and eta masses.
Moreover, what matters for SU(3) breaking are differences in the intgral
between pions kaons and etas, since a constant effect can be absorbed
into chiral parameters. This difference is quite small for the cutoff ver-
sion. We conclude that most of the dimensonally regularized Feynman
integral for kaons and etas corresponds to short distance physics.



ii) The greatest contribution at long distance is seen in the cut-off scheme
to come from massless mesons, as expected. As the meson mass in-
creases, there is a decreasing effect from the long distance portion of
the integral.

iii) We observe then that in the small mass limit
m 1 1
I(m) ™= S = o hm® w4 (17)

i.e., I(m) reduces to the dimensional regularization result—m3—plus
polynomial terms in A which are absent in the dimensional approach.
In the next section, we will see explicitly how these polynomial terms
can be absorbed in the renormalization of chiral parameters.

iv) In the opposite limit of a large mass compared to the cutoff
4
I(m) === 22 4 (18)

the function I(m) is found to depend upon the pseudoscalar mass to
inverse powers, meaning that the pion will contribute much more than
its heavier eta or kaon counterparts, as we expect intuitively.

Our conclusion from studying the integral Eq. is that the cut-off
scheme picks out the long distance part of the integral, which behaves as
expected on physical grounds. In contrast, the dimensional form carries with
it implicit and large contributions from short distance physics. It is not
suprising then that the large short distance effects dominate the analysis
when dimensional regularization is employed and we will demonstrate this
explicitly in the next sections.

Before returning to the physics, we analyze the other Feynman integrals
which arise in the analysis of baryon physics. In the case of baryon axial
couplings and s-wave hyperon decay the relevant heavy baryon integral which
generates the nonanalytic terms in m?Inm? is

/ d4]{3 ]{7@]{?] . J(mZ)

) ko — i (2 — 2 i) i 12 (19)
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0.6
I(m) [GeV?]

m[GeV]

Figure 1: The integral I(m) for the case of dimensional regularization (I =
m?) and in the cutoff scheme with A = 400 MeV.

In dimensional regularization the integral has the value

2
Jaimreg(m*) = m? In —— (20)
0

while the cutoff version is given by

JA(mz)

S Ten

)? = —id (21)

/ d*k kzky ( A?
(2m)* (ko — i€)?(k? — m? + ie) A2 — k?
with

JA(m2) =——n—+—— (22)



We plot these forms in Fig. 2. The behavior is qualitatively similar to that
which occured with the previous integral—the dimensional form overstates
the amount of SU(3) breaking. In addition the growth in the magnitude of
the integral at large masses indicates that short distance physics dominates
the dimensionally regulated form.

J(m?) [GeV?3]
0.1
0.1 0.2 0.3 0.4 0.5 0.6
m [GeV]
-0.1
-0.2
-0.3

Figure 2: The integral J(m?). The lower curve is the result in dimensional

regularization, whereas the upper curve shows the case of the cutoff scheme
with A = 400 MeV.

The small and large mass limits of the cut-off form are given by
2

J(m?) <M A2 ot in % +... (23)

12



and
2

m2>>A2 A4 m
J(m?) "= —ls 4 (24)

so that again our intutitive expectations are met.
Finally, we consider the integral which is relevant in the analysis of the
magnetic moments

d'k kik; . K(m)
= —10;;—— 25
/ Q)i (ko —ie) (k2 —m2 +ie)2 9 16n (25)
The dimensionally regularized form is given by
Kdim—reg (m) =m . (26)

Once again, the integral shows no sign of its true linear divergence, and grows
at large values of m, indicating short distance dominance at large m. The
use of the dipole cutoff yields

K(m) = —}A4 !

3 At mp (27)

which is plotted in Fig. 3 and is there compared to the dimensionally regular-
ized form. Again we see that the long distance portion of the integral is well
behaved and that dimensional regularization overstates the SU(3) breaking
in the integral. The function K (m) has the small and large mass limits

" 1
K(m) "=} —3Ahtmt (28)
and Al
K(m) "=z —s 5t (29)

which have the expected qualitative forms.

13



0. 25
K(m) [GeV?)

0.15

0. 05

m [GeV]

0O 0.1 0.2 0.3 0.4 0.5 0.6

Figure 3: The integral K (m). The upper curve is the result in dimensional
regularization, whereas the lower one shows the case of the cutoff scheme
with A =400 MeV.

4 Theory and Phenomenology with a Cutoff

In the previous section, we used a cutoff as a tool to explore the long-distance
portion of loop integrals. Since we find the long-distance portion to be well
behaved, we suspect that the problems described in the introduction are in
fact caused by the spurious inclusion of short-distance effects. We then turn
to a different use for the cutoff - as a regularization technique for handling
loop integrals.

Field theories can be applied with a variety of regularization methods.
In the end, the resulting physics should be independent of the choice of
regularization scheme. At first sight this suggests that it is unlikely that

14



simply employing a change in regularization can have any impact on the
problems mentioned in the introduction. However, we will see that the choice
of a cutoff with a value around the separation scale will amount to a partial
resummation of the chiral expansion and that this can be done without losing
the generality of the effective field theory treatment. If we are right in our
assesment that the problem is caused by spurious loop effects below the
separation scale, this resummation can then lead to an improved procedure
for phenomological applications.

We will first show explicitly how the standard chiral expansion is exactly
reproduced for small values of the meson masses. A key ingredient of this
demonstration is the renormalization of the chiral parameters. The loop in-
tegrals will often depend strongly on the value of the cutoff, and we will
encounter integrals with A3, A%, A and InA dependences, where A represents
the momentum space cutoff. However, this does not mean that the resulting
physics will depend on the cutoff this strongly. Indeed, the final physics is
independent of A. This occurs because the terms in A have a chiral SU(3) de-
pendence which is the same as the various terms in the effective Lagrangian.
Therefore, in physical processes one can absorb this A dependence into a
renormalized value of these parameters, e.g.

%‘A2
1672

for some specific coefficient ¢;. (Here 7; is a number to be calculated in the
renormalization process.) All phenomenology can be expressed in terms of
the renormalized parameters and the strong A? depencence of this example
would have vanished. When the meson masses are small, we will Taylor
expand the loop integrals, renormalize the chiral parameters and recover
exactly the usual results.

For realistic phenomenology, however, we need to use the physical val-
ues of the meson masses. The kaon and eta masses are in reality not small
compared to the separation scale. They are also not so large that all of
their effects can reliably treated as short-distance and hence be built into the
parameters of the effective Lagrangian. We do need to treat them as dynam-
ical degrees of freedom and include at least their long distance effects. When
we use a cutoff regularization, with a cutoff close to the separation scale,
the loop integrals will be the nonlinear functions of the mass, as described
in the previous section. When these are evaluated at the physical meson

=+ (30)
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masses, this will generate effects that are equivalent to higher orders in the
chiral expansion. Thus this form of regularization can be viewed as a par-
tial resummation of the chiral series. If we continue to treat the problem in
full generality, we will still need to include chiral parameters in the effective
Lagrangian which will allow us to continue to be fully model-independent.
In each of the sections that follow, we will explore the phenomenology at
physical values of the meson masses.

The cutoff A should not be taken so low in energy that it removes any
truly long distance physics. Also, while it can in principle be taken much
larger than the separation scale, this will lead to the inclusion of spurious
short distance physics which can upset the convergence of the expansion. It
is ideal to take the cutoff slightly above the separation scale so that all of the
long distance physics, but little of the short distance physics, is included.

This procedure is not a model. Indeed its purpose is to remove the model-
dependent short distance portions of loops. However, it appears to do so at
the cost of introducing a new parameter, the cutoff A, plus the dependence
of the choice of cutoff function. If the form of this function or the value of A
played a major role in the phenomenology, this would be a serious drawback
for this approach. However, renormalization theory leads us to expect that
the dependence on the cutoff should be quite mild in phenomenological ap-
plications. This is because the cutoff (and the functional dependence) can be
absorbed in the renormalization of the chiral parameters. If one worked to
all orders, all dependence would disappear. If one is working to a given finite
order, the residual dependence is expected to occur only at the next order
beyond that at which one is working at. Since it appears from the above
analysis that the cutoff integrals are rather slowly varying functions of the
mass, we expect that working to an order where one includes the first SU(3)
breaking parameters should be sufficient to minimize the cutoff dependence
to an acceptable value.

Another issue that we should address here is the nature of the energy
expansion in such a procedure. When using a regularization scheme which
does not contain any dimensionful parameters, there is a particularly simple
power counting procedure which determines the order of contributions of
loop diagrams. If the regularization scheme does involve a mass parameter,
this counting will not directly apply. We will see this explicitly below as
the loop process will renormalize chiral parameters at different orders in the
energy expansion. As one goes to the next order in loops, one will have to

16



perform this renormalization again order by order. This, however, is not a
fundamental problem. As we show, for small values of the meson masses we
obtain exactly the same results as in other regularization schemes. Therefore,
we can use the small mass limit to set up the chiral expansion and determine
the order of the loops that one should include. Subsequently taking the
masses to their physical values will accomplish the partial resummation of
effects described above. However, the procedure in terms of which loops to
include need not be changed.

There is one special feature involved in doing chiral perturbation the-
ory with a cutoff instead of dimensional regularization. This involves an
occasional change in the Feynman rules due to the presence of derivative
couplings. The analysis of this aspect goes back to a classic paper on the
subject, [[J]. Recall that in the canonical construction of a field theory, one
forms the canonical momenta conjugate to the field variables via

oL

m(x) SahoT) (31)
When the interaction piece of the Lagrangian involves time derivatives, the
canonical momenta will also carry portions of the interaction so that in form-
ing the Hamiltonian, the interaction Hamiltonian will no longer be simply the
negative of the interaction Lagrangian. Since perturbation theory and the
Feynman rules are formulated from the interaction Hamiltonian, the canon-
ical formalism will involve some modified (and non-covariant) vertices. At
the same time, the presence of time derivatives in interactions will act on
the time ordering in propagators to produce further non-covariant contribu-
tions to loop processes[[H]. These modifications do not always cancel but
can leave a residual interaction. While one can simply calculate this using
the straightforward but clumsy canonical formalism, the authors of Ref. [[§]
show that one can use the naive rules if one adds a specific contact interac-
tion proportional to §4(0) to the Feynman rules of the mesonic part of the
theory. When using dimensional regularization, one of the peculiarities is
that the regularized value of §4(0) is equal to zero. Therefore the contact in-
teraction vanishes and we may proceed using the naive Feynman rules when
calculating dimensionally. However, with a momentum-space cutoff, one has
§4(0) ~ A* and one gets a nontrivial modification quartic in the cutoff. This
influences the purely mesonic sector of the theory. We have verified, however,
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that the baryonic processes that we consider are not modified by this feature
at the order that we are working.

We now explore several specific cases of the physics of loop processes
in baryon chiral perturbation theory. Our procedure in each case is the
same. We take the known results of a standard analysis of the one-loop
amplitudes and re-express it in terms of the Feynman integrals that we have
analysed. We then show how the renormalization procedure is accomplished
with a cutoff, absorbing the leading cutoff dependence into renormalized
parameters. In each case this reproduces the standard analysis for small
values of the mesonic masses. Then we turn to the realistic case of the
physical meson masses and a finite cutoff. In this situation, the presence of
the cutoff only permits the long distance loop effects, and this leads to the
much more moderate effect of loops compared to the results quoted in the
introduction.

5 Baryon Masses

In this section we return to the physics of chiral loops, as illustrated in the
analysis of baryon masses, and deal with specific numerical results. This has
already been discussed in Ref [[Z], but it is pedagogically useful to revisit the
analysis in the present context. This will clearly illustrate the renormalization
program and the isolation of long-distance loop effects.

To lowest and next leading order in the derivative expansion the effective
Lagrangian which descibes the interactions of baryons can be written, in the
heavy baryon formalism, as

LyB = TrBiv-DB+ dATrBS“{uM, B} + fATrBS“[uu, B]
+ dnTrB{x4, B} + fnTrB[x4, B] + b TtBBTry, ... (32)

where y, is given in terms of the quark mass matrix m via x, = 2Bym,

1
Dy =9, + §[UT7 Oyuu] (33)
is the covariant derivative, and
i 14
Su = 3750w (34)

2
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is the Pauli-Lubanski spin vector. The nonlinear mesonic chiral constructs
u, u, are given by

U=u?= eXp(FL > oNd;), u, = iu'0,Uu’ (35)
TJ

Here My, f,n, d, by are free parameters in terms of which the tree level con-
tribution to the baryon masses can be written as given above in Eq. [] with

My = My — 2(2m3% + m2 )b, (36)

If we continue the analysis to higher order we include the effects of quark
loops and of the higher order terms in a general Lagrangian. In an expansion
in quark mass we have the schematic form

3
Mp = Mo+ agmg+ Y _bymi + > cqmi+ ... (37)
q q q

Here, the terms linear in the quark mass are those parametrized in Eq. [,
where we recall that m% ~ m,. The next term in the expansion is nonanalytic
in the quark mass and comes uniquely from loop diagrams. Finally the terms
at order mg come from yet higher order effects which we will not explicitly
consider here.

The one loop chiral corrections are well known and involve the integral
given in Eq. [ of the previous section. In dimensional regularization this
yields terms in m% and can be represented as

oM; = —2471]77% ZJ: /{fm;? (38)
with
Wy = St faf R = (60— 6fadat 95), wk = 3(da— 37
RS, (dh+613), s =3(d%+f3), rb=d}
KR 3d4, KN =d4+9f% Kl=d%
K= Z(dA SR RE = %(561?4 +6dafatOf2), KL= i(dA +3f)?
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This produces the large mass shifts quoted in Eq. 3. The violation of the
Gell-Mann-Okubo relation is given then by

1 & — 313

~[3My + My, — 2My — 2Mz] = 62 [4mje — 3m; — m?] (40)

T

4

The deviation from the Gell-Mann-Okubo relation due to loops is found to
be quite small, primarily due to the (accidental) feature that d% — 3f3 ~
0.02 << 1.

We now turn to an exploration of the analysis using a cutoff regulariation.
The first task is to see how the renormalization program works, in order that
we obtain exactly the same result in the limit of small masses. The diagrams
involved are the same as in the previous analysis, but we utilize the cutoff
form for the Feynman integral. This is simply done by replacing m3 in Eq.
by the function Iy (m?%), expanded as in Eq. [[4. The one loop contribution
to the mass then has the schematic form

1 1 1
J

M = —
OM; 247 F?

Obviously the term in m? is identical to that arising in conventional dimen-
sional regularization, but more interesting are the contributions proportional
to A3 and to Am%. The piece cubic in A has the form

A3 j
M = T Z K] (42)
T

and is independent of baryon type—it may be absorbed into a renormaliza-

tion of My—
3

ro__ 2 2
M _MO_(5dA+9fA)487TF7§ (43)
On the other hand the terms linear in A
A .
M = Iim? 44
M= Rer ZJ: Fi (44)

must be able to be absorbed into renormalizations of the coefficients involving
mg, and indeed this is found to be the case—one verifies that

3f3 — di

I = = dn = e

m
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Sdafa A

Jm = 1927 F2
13d4 + 913
P gy — YA T4 4
b bo 5767 F2 (45)

That such renormalization can occur involves a highly constrained set of
conditions and the fact that they are satisfied is a significant verification
of the chiral invariance of the cutoff procedure. Of course, once one has
defined renormalized coefficients, since they are merely phenomenological
parameters which must be determined empirically, the procedure is identical
to the results of the usual dimensionally regularized technique when the
masses are smaller than the cutoff.

Having convinced ourselves of the chiral invariance of the cutoff procedure
to the order we are working, we can now apply it to the case where masses
are their physical values and the cutoff is taken to be phenomenologically
relevant—-i.e., A > 1/ < rg >~ 300—600 MeV. However, we first remove the
asymptotic mass-independent component of the function 7(m) by defining

I(m) = I(m) — %Ag (46)
since these effects can be absorbed into M, and give misleading indications
about the size of the nonanalytic effects in the large cutoff limit. The size
of the long distance nonanalytic contributions to the baryon masses is then

given by
1 .
M, = — S K (my 4
6 ) 247TF7% - K’z (m]) (7)

and the corresponding numerical results are given in Table 1. A careful look
at these findings reveals that the quantitative results are in agreement with
our qualitative expectations—for a reasonable value of the cutoff parameter
A, the overall size of the nonanalytic corrections is much smaller that that
found in the dimensionally regularized case since the short distance contribu-
tion from kaon, eta loops is much reduced. There is no longer any in principle
problem with the convergence of the chiral expansion and the “mystery” of
why the lowest order fit linear in m, works so well is resolved. Of course,
one still must include the model-dependent contribution from short distance
effects, but there no longer exists a problem from the calculable and model-
independent long distance component.
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dim. | A =300 | A =400 | A =500 | A =600

N | -0.31 0.02 0.03 0.05 0.07
Y | -0.62 0.03 0.05 0.08 0.12
A | -0.68 0.03 0.06 0.09 0.13
= 1-1.03 0.04 0.08 0.12 0.17

Table 1: Given (in GeV) are the nonanalytic contributions to baryon masses
in dimensional regularization and for various values of the cutoff parameter
A in MeV.

A good fit to the baryon masses can be accomplished for any value of the
cutoff in the range that we consider. For example, with A = 400MeV, we
have the masses described by

My = 1.143—0.237+ 0.034 = 0.940
Ms = 1.143 —0.005+ 0.053 = 1.191
My = 1.143—0.086 + 0.057 = 1.114
Mz = 1.143+0.106 + 0.077 = 1.326 (48)

where all numbers are given in GeV. In Eq. [i§, My is the first term, the second
term comes from the leading tree level SU(3) breaking due to quark masses
parameterized as in Eq. [l and the last term from the residual loop effects.
The tree level terms contribute 343 MeV to the =-N mass splitting, while the
loop effects contribute only 43 MeV. The chiral expansion is well-behaved—
loops do not upset the basic pattern at lowest order and the approximate
SU(3) invariance is manifest. In order to disentangle Mj and by, one has also
to take, e.g, the 7N o—term into account [[J].

If we had used a different value of the cutoff in the regularization, the
specific contributions would have been different, yet the final answers change
by less that 1 MeV for A from 300 MeV to 600 MeV. This is a demonstration
of the cutoff independence of this procedure. (Our previous discussion sug-
gested that we should have found a cutoff dependence equivalent to neglected
higher order terms, which in this case would have been of order 5 MeV. In
practice we found less dependence than that.) We have also verified that we
obtain identical results for another form of the cutoff function[[3].
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Having seen how the cutoff procedure can be successfully applied in the
case of the baryon masses, we can now move on the the remaining applications
— axial coupling, nonleptonic hyperon decay, and magnetic moments — to
show how a chirally consistent picture emerges therein.

6 Axial Currents

The baryon axial couplings are parameterized in terms of the same fa,da
coofficients which appear in the Hamiltonian of Eq . Defining the lowest
order contribution using the notation g4(ij) = «;;, we have

Qpn = fA+dA
2

aps- = \/adA
1
Qpn = —%(d/y +3fA)
1
aprs- = —%(dA —3fa)
Apy— = dA - .fA
1 1
asoz- = —=axniz0 = —=(da + fa) (49)

V2 V2

It is these forms which are used in SU(3) fits to hyperon beta decay.
The leading nonanalytic corrrections from loops are O(m%Inm%) and
were first calculated by Bijnens, Sonoda, and Wise[[]]. They have the form

- 1 B2y TR
gA(Z]>:\/ZiZj[O‘ij+W2F£; ijmklnﬁ] (50)
with
o 1 3 3 2 2
= Z(dA+fA+3dAfA+3fAdA)_(dA_l—fA)’
1 1 1
g = gda = gfadi +dafi — fi - 5(da+ fa),

3

1 5 1 3
n - _ d3 d2 —Zd 2 Y r3
pn pdat ppfada = gdafa = 1/a
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1 3 3
N \/—6(_2d3+ dAfA (dA+3fA))
N = \%(%dix d,zqu—§fidA+gfi)+Z(dA+3fA)),
1 1 3 3
Bor = \/—g(gdi - §dAffx + g(dA +3fa))
Ao = \/ig(—gdiﬂL?dAfi—?dA),
- = \/Lg(di_dAfi_dA)a
1 2
Xzf = \/—g(gdi)
o= %di——d fat sdafd+ £ = S(da = fa),
o = %f + dAfA_'_ d fA+6d3 i(dA_fA>>a
b = gdafi- dAfA+6d:1—§<dA—fA>>
B = —m(adit 5 fida+ 2(da—310)
A=— \/6 A AUA S A A))s
e - %g%d” S Sa = Sdafh = SIS 3),
1 3
Br=- = \/—g(gd?}x - §dAffx + g(dA —3fa))
B = S+ ghadi+g fAdA+éd3—§<dA+fA>>
1 1 1
Beoz- = \/—5(—0[?2 6fAdA+ fAdA 2f ——(dA+fA)),
1 2 3
Bfoz- = f(6d3+ “fa+ dAfA_g(dA_'_fA)) (51)

Here Z; are the wavefunction renormalization factors, whose leading nonan-

alytic form is
1 P o M
Zi=1-— 62 Zmimj In 2 (52)
T

with m{ given in Eq. 39. These forms generate the corrections discussed in
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the introduction.

When we apply the cutoff formalism we first note that all of the nonana-
lytic behavior of the form m? In m? comes uniquely from the integral that we
labeled J(m) in Section 3. This means that all that we need to do in order to
convert the analysis above to our formalism is to replace m% Inm% by J(mp)
everywhere throughout these formulas. We may again check the chiral con-
sistency of the renormalization program by verifying that the contribution
quadratic in A—

can be absorbed into renormalizations of the lowest order axial couplings
d Ay fA via
2

1672 F?

r 1 2 2 ?
fA — fA_éfA(25dA+63fA+9)W2FE

3
d, = dA—§dA(3d?4+5fi+1)

(54)

Since such coefficients are determined empirically the analysis with small
meson masses becomes identical to that of the dimensionally regularized
case.

In the case of a physically realistic cutoff—A ~ 300 — 600 MeV— and the
physical meson masses, we have

3941 = g LI — 50 + XL (55)

where we have again removed the asymptotic mass-independent component
of the function J(M?) via

J(m?) = J(m?) — A2 (56)

The numerical results using typical values of the cutoff are compared with
those from dimensional regularization in Table 2 and again reflect the feature
that the SU(3) chiral expansion is now under control at least as far as long
distance effects are concerned—the “mystery” of the correctness of the simple
SU(3) fit without chiral corrections is resolved. A complete discussion of
axial-vector current matrix elements can be found in [I4].
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dim. | A=300 | A=400 | A=500 | A=600
ga(pn) 1.72 | 0.37 0.53 0.69 0.84
pA)

ga(pA) |-1.78 | -0.34 | -0.51 | -0.67 | -0.84
ga(AX7) | 117 | 0.23 0.34 0.45 0.56
ga(@X~) | 036 | 0.07 | 0.10 0.14 0.17
ga(AZ7) | 0.83 | 0.15 0.23 0.31 0.39

ga(X9=7) | 2.46 0.45 0.68 0.91 1.15

Table 2: Given are the nonanalytic contribtions to g4 for various transitions

in dimensional regularization and for various values of the cutoff parameter
A in MeV.

7 S-wave hyperon decay

Chiral invariance relates the S-wave nonleptonic decay amplitudes to the
baryon-to-baryon matrix elements of the weak Hamiltonian. For the dom-
inant octet Hamiltonian this can be paramterized in terms of two SU(3)
coefficients f,,, d,,

A1) = ¢(Th) (57)
where

0 _ _i 0
G0 = —C(A) = =52 (dy +3f0)

T e S S A
(S§) = —5C(E) = 5l — o)
((Xf) =0

=0\ _ _L =\ — _
((5) = \/54(~_)— Q\f( 3fw) (58)

This yields a good fit to the data, including the chiral SU(3) results given in
Eq. 5.

Proceeding to one- loop order, the leading nonanalytic corrections are de-
pendent upon m% Inm? and have the form

i i 1 iNk, 2 m%
A(TY%) =\ Z:Z;[C(T5) + W;p(Tj) mj; In F] (59)
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with

p(AY)™ = —%ﬁdw(%—g i—gdAfA) 2{ (7
p(ADE = —%dw(—l—z + gdi —9fada + ifA)

o L R RN
P = a5+ 5~ Sdat) - 21[ w(-g
p(E)™ = 21[ (7 d dAfA) f w(
p(ENS = —%dw(—l—z + gdi +9dafa+ —fi)

+2;.<5+d%w%m+ =)
PED =~ + 3+ 5dafa) + 5=l
()" = vgd(;(+WQ+g@JA_l d2)

- %f (274+3fA+ZdAfA+ 5d4)
PEDS = oy — 5t dafa+ )

- \%fw(—% + 3d2 +3dafa+ gfi)
S = %%(—g—édi +3afa) = = Ful—5 = 5
pEDT = p(SHE = p(st)" =

The correction to the Lee-Sugawara relation is found

1
167 F2

VBA(SE) —2A(E7) — A(AY) = —\/g

+d2

9 9

+ dA+ dAfA)

3 fAdA)

dAfA)

3 9
+ 2d2 + dAfA)

3

1
Sd% + §dAfA>

(60)

9 9 3 9
X [my lnm%(dw(§di +3dafa+ §ffx) + fw(§d3x —9dafa— §ffx))
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3 3 3 9
+m; In mi(dw(idi — idAfA) + fw(—idi - §dAfA))
) N 5 3 9 . 27 9 ,
+m2 InmZ(d,(—6d5 — §dAfA — §fA) + fw(?dAfA + §fA))]
~ —6.4x 1077 (61)

When analysed using the physical values of the masses, we uncover the prob-
lems described in the introduction.

A very similar analysis obtains as was describe in the situation for the
axial currents. In the cutoff formalism the nonanalytic pieces proportional
to m% Inm?% are simply replaced by the function J(m%). Again, the chiral
consistency of of the renormalization program can be verified by noting that
for small meson masses the component quadratic in A—

i A? ik Lo iy vk k
SA(TS) = W[ﬂ(Tj) - §C(Tj)(>‘i + A5)] (62)
can be absorbed into renormalized values of the lowest order couplings f.,, d.,
via

r 1 2 2 A2
o= dy,— 5[dw(l +13d4 + 9f3) + 18fwdAfA]716W2F7%
r 1 2 2 A2
fro= fw_E[fW(l+5dA+9fA)+10d”dAfA]7167r2F3 (63)

Once this renormalization is accomplished, we exactly recover the usual chiral
analysis.

In the case of a physically realistic masses, we again use the same mass-
independent renormalization to define the residual integral J(m). The shift
in s-wave amplitudes is then given by

SA(TE) = zk;[p(rgl)k — %C(Té)(kf + )] 1”2(7;";}?2

(64)

The numerical results are compared with those of dimensional regularization
in Table 3 and it is clear that once again the results are dominated by the
lowest order SU(3) forms—there no longer exist large chiral corrections.
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| dim. | A=300 | A=400 | A=500 | A=600

A(A)) [-3.57] -0.62 | -0.95 | -1.30 | -1.65
9) | 196 | 036 | 054 | 0.73 | 0.92
AXT) | -157 ] -026 | -041 | -0.56 | -0.72

Table 3: Given are the nonanalytic contributions to s-wave semileptonic hy-
peron decay amplitudes in dimensional regularization and for various values
of the cutoff parameter A in MeV.

8 Magnetic moments

The final case considered here is that of magnetic moments. The lowest
order parameterization is given in Eq. §. The leading nonanalytic chiral
corrections are linear in mp and were first calculated by Caldi and Pagels.

They have the form
My

with
2
op = —(fatda)?, o =—3(dh+3f3)
on = (da+fa)’, on =—(da— fa)
orn = 0, of =2fads
2
ofe = —S(d+3f3), o =—(da+ fa)?
0%, = 0, ofo=-2dafa
2
of = (@33, o =(da—fa)
4 2
O-XE = —%dAfA, 0'1]\(2 == _%dAfA
2
oL = (da— fa)?, of = g(d,%x +3f2)
0% = —(da—fa)’s o= (da+ fa)’ (66)

In this analysis, all Feynman integrals are given by the linear form called
K (m) in Section 3. The general result appropriate for a cutoff regularization
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is obtained by replacing the nonanalytic dependence mp by K(mp). We can
then verify that the leading term in A can be absorbed into the renormaliza-
tion of the chiral parameters, leading to an identical analysis for small values
of mp. In this case, examination of the term in the magnetic moment shift
linear in A—

A ]
op; = 247TF2 Z (67)

shows that it be absorbed into renormahzatlons of the lowest order parame-
ters f,,d, via

MOA

d, = du+ FZdAfA
) MOA 5,

Since f,,d, are determined empirically, the analysis is then identical to that
of the dimensionally regularized case.

On the other hand with the use of a physically realistic cutoff and meson
masses, the magnetic moment shifts cam be obtained by using the mass
independent renormalization given by

K(m) = K(m)+ =A (69)

The shifts in the magnetic moments are given by

> ol K(m;) (70)

62':
M rz 2

The numerical results for this form for reasonable values of the cutoff are
compared with those from dimensional regularization in Table 4. Again the
chiral corrections are no longer out of control.

9 Summary

We have seen above that a significant component of the poor convergence
found in previous calculations in SU(3) baryon chiral perturbation theory
is due to the inclusion of large and spurious short-distance contributions
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dim. | A=300 | A=400 | A=500 | A=600
ty | 0.76 | 0.22 0.27 0.31 0.34
e | -0.22 1 -0.12 -0.14 -0.15 -0.16
pa | -0.43 | -0.08 -0.11 -0.13 -0.15
px+ | 1.05 | 0.24 0.30 0.36 0.40
pso | 0.44 | 0.08 0.11 0.13 0.15
px- | -0.18 | -0.08 -0.09 -0.10 -0.11
psa | 0.39 | 0.12 0.14 0.16 0.18
p=- 1 -0.52 | -0.10 -0.13 -0.16 -0.18
p=o | -0.90 | -0.17 -0.22 -0.26 -0.30

Table 4: Given are the nonanalytic contributions to magnetic moments in
dimensional regularization and for various values of the cutoff parameter A
in MeV.

when loop processes are regularized dimensionally. The use of a momentum
space cutoff keeps only the long distance portion of the loops and leads to
an improved behavior. Indeed although we have formulated our discussion
in terms of merely a different sort of regularization procedure within the
general framework of chiral perturbation theory, it is interesting to note that
our results are quite consistent with the sort of SU(3) breaking effects found
in chiral confinement models such as the cloudy bag, when the effects of kaon
and/or eta loops are isolated|[[].

We might ask why baryon chiral perturbation theory has this problem
while mesonic chiral theories do not. Most applications in mesons work
perfectly well using dimensional regularization. At first sight one might argue
that the separation scale in baryons corresponds to lower energies because
the physical size of baryons is larger than mesons. While this is a true
statement, it does not really answer the question, since the baryon problem
surfaces entirely within the point particle theory. For some reason, given
the same meson masses, the loop corrections are larger in the baryonic point
particle theory compared to a mesonic point particle theory. This feature can
perhaps be blamed on the baryon propagator in the loop integral which, being
linear in the momentum, suppresses high momentum contributions less than
a corresponding quadratic mesonic propagator. However, the existence of the
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problem is beyond doubt, given the troubles discussed in the introduction.
Fortunately, we do not as a consequence have to abandon all such chiral
calculations—a revised regularization scheme seems capable of resolving the
problem.

The simplicity that underlies baryon physics is more evident when chiral
loops are calculated with a long-distance regularization. In this context, we
hope that baryon chiral perturbation theory will become more phenomeno-
logically useful. One can hopefully now use the chiral calculations in order to
provide a model independent description of the very long distance physics,
and this can be a welcome addition to our techniques for describing the low
energy phenomenology of baryons.
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