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Abstract

We present a calculation of the leading two-loop corrections to the axial-vector coupling constant g4 in two
covariant versions of two-flavor baryon chiral perturbation theory. Taking the low-energy constants from a
combined analysis of elastic and inelastic pion-nucleon scattering, we find that these corrections are rather
moderate.

1. Introduction

The nucleon axial-vector coupling constant g4 plays an eminent role in neutron S-decay, see Ref. [1]
for a recent work, in nuclear reactions and in neutrino scattering off nuclei, as witnessed by the T2K,
NOvA, MINERvVA, MicroBooNE, and SBN experiments. For reviews, see Refs. [2, 3]. Furthermore, g4 is
also a fundamental parameter of low-energy chiral QCD dynamics which parameterizes the leading order
pion-nucleon interaction as at tree level the Goldberger-Treiman relation (GTR) allows to express the pion-
nucleon coupling in terms of the axial-vector coupling. Corrections to the GTR are known to be small so
that this relation is an approximate one when considering loops. Furthermore, the axial-vector coupling is
also considered a “gold-plated” observable for the ab initio lattice QCD approach. The first high-precision
lattice QCD calculation was reported in Ref. [4] and a summary of older and more recent results is collected
in Ref. [5]. Most of these simulations are performed for unphysical pion masses, while in Refs. [6, 7, 8, 9] the
physical pion mass is also considered. In any case, the issue of precise and controlled chiral extrapolations is
still of relevance. Of course, it is also of general interest to study the higher-order corrections in the quark
mass expansion of this observable, as they encode information about the convergence of two-flavor baryon
chiral perturbation theory. Therefore, in this work, we consider the calculation of g4 to two loops using
two different covariant schemes, namely the extended-on-mass-shell (EOMS) approach [10] and the method
of infrared regularization (IR) [11]. Detailed discussions of these schemes and comparisons with the often
used heavy baryon approach can be found in Refs. [12, 13]. This work differs from the earlier paper [14],
where renormalization group methods were applied to the chiral pion-nucleon Lagrangian in the heavy
baryon approach and the two-loop representation was confronted with then existing lattice calculations at
unphysical pion masses. We will come back to that work later.

This article is organized as follows. In Sec. 2 we present the general form of the chiral expansion of g4.
Sect. 3 outlines the calculations of the two-loop corrections. We present and discuss our results in Sec. 4.
Appendix A contains some further results.
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2. Chiral expansion of ga

In baryon chiral perturbation theory (BCHPT), one encounters odd and even powers of the small ex-
pansion parameter g, which in the two flavor case is given by pion masses and momenta as well as nucleon
three-momenta. The nucleon mass my is of the same size as the hard scale related to chiral symmetry
breaking, often estimated as A, = 4nF; ~ 1.2GeV, with F; ~ 92MeV the pion decay constant. Tree
diagrams start contributing at order ¢, one-loop diagrams at order ¢, two-loop ones at order ¢°, three-loop
diagrams at order ¢7, and so on. In this paper we will concentrate on the leading two-loop diagrams of chiral
order ¢°, the order ¢® two-loop calculation is in progress [20]. The latter involves the calculation of several
two-loop diagrams with vertices from L’f]z,. Consequently, the chiral expansion of the axial-vector coupling
as evaluated in this work takes the form
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with gg the chiral limit value of g4,
ga=go [1+ O(M2)} ) (2)

and A contains the two loop contribution of chiral order ¢°, as well as contributions from one loop
diagrams with vertices from [,7(3]’\,2’3). Note that terms with denominations one-loop/leading two-loop in the
last line of Eq. (1) include the contributions from tree diagrams with vertices from ./37(3\/,5). Further, p is the
scale of dimensional regularization and A represents the correction at order n in the chiral counting. We
have expressed g4 in terms of the pion decay constant in the chiral limit, F', and the leading order term of
the quark mass expansion of the pion mass squared, M?2. One has:

Fr=F [1+0(M?*)], M;=M[1+0(M?)] . (3)

The difference between F' and F, (M and M, ) is of higher order when working at O(¢?), however, at the
order we are working it has to be taken into account. The one-loop coefficients as and S5 in Eq. (1) were

first given in Ref. [15] and the one-loop fourth order calculation was completed in Ref. [16] with (see also
Ref. [17]),

ay = —2- 49(2J )
4 9
= —dr -
/82 9% 16(:“’) (47TF)2 )
= L (34302 dmes + 8mey) (4)
a3 = 247{'F2m 90 mcs mcy) ,

with m the nucleon mass in the two-flavor chiral limit (sometimes also denoted as mg). Further, the
expressions in Eq. (4) are identical in the IR and EOMS schemes when expanded in powers of M. Indeed
in the latter the additional so-called regular terms, which violate the power counting, can be absorbed into
the LECs go and dj6, see Ref. [18] and below. One has in the EOMS scheme

90— 90 + 09olreg  di6— di6 + dd16]reg (5)

where the subscript “reg” denotes the above mentioned regular terms.
Let us now discuss the M* contribution to g4. Note that contrary to the work [14], in which ay was
calculated in heavy baryon chiral perturbation theory using renormalization group methods, we use here
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the operator basis and low-energy constants (LECs) given in Ref. [19]. There are four types of contri-
butions to A®: the irreducible diagrams, the one coming from the wave function and coupling constant

renormalization, the one loop graphs with vertices from Ef’]z,, and counterterms. One thus has schematically

9o AW = g™ + g% + gi" + g5 (6)

3. Outline of the calculation

Here, we sketch the calculation of the four different contributions mentioned above. For all the details,
we refer to Ref. [20].
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Figure 1: Two-loop diagrams contributing to the nucleon self-energy. The same topologies contribute also to g4. For the latter
one has to hook the axial current wherever possible on the nucleon propagator and on the vertices with pions and nucleons. The

dashed lines represent the pion and the solid ones the nucleon. The dots are vertices from Lgrlli, at the order we are working.
Note that there are further two-loop diagrams shown in Fig. 2 where the axial-current couples to three pions.

Let us first discuss the wave function and coupling constant renormalization. The wave function renor-
malization constant Z is the residue of the pole in the two point function and is determined by

d
Z7l=1--—% 7
Rl 7)
p=mn
with X(p) the nucleon self-energy, which has a similar expansion as discussed above for g4, namely
Z =1+ Zl—loop + Z2—loop +e (8)
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Figure 2: Two-loop diagrams contributing to g4. The wavy line represents the axial current, the dashed ones the pion and the
solid lines the nucleon.

where one has
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and g is the Euler-Mascheroni constant. The first two lines correspond to the pure infrared result while
the last line gives the contribution from the regular part. As expected the latter exhibits only analytic
terms in M2. The total sum given in Eq. (9) is the EOMS result expanded up to M?3. Note that one needs
the results of the one-loop calculation up to order O(e) as it contributes to the product of two one-loop
quantities. Further, d = 4 — 2¢ is the dimension of the space-time. Z5_j,0p can be obtained from the nucleon
self-energy to two loops, whose purely IR part is given in Ref. [21] and in Refs. [22, 23, 24, 25] within the
EOMS scheme. In order to calculate the Z factor we have performed the calculation of ¥(p?) at two loop
order, see the diagrams in Fig. 1, and found agreement with these works at the order we are working. We
thus finally have
g;len = 4o ((A(Q) + A(3)) Zlfloop + go (Z127]00p + Z27loop)) . (11)
Let us turn to g'§". There are 44 irreducible diagrams contributing at two loop order. Forty have the
same topologies as the ones for the nucleon mass with the axial current interacting with the nucleon and
up to four pions wherever possible. For example the first graph in Fig. 1 leads to 7 diagrams, the second
and third ones to 8 diagrams each, and so on. They are proportional to 9(1),3,5. Additionally there are four
diagrams specific to the calculation of the axial current, where the axial current couples to three pions, see
Fig. 2. In order to calculate these 44 graphs we used the Mathematica program Feyncalc [26], TARCER
[27] and finally HypExp to expand the Hypergeometric functions [28]. It allows to write the result in terms
of a small set of scalar master integrals Fgse(m1, ma, m3, ma, ms) with two integration variables involving
up to five propagators:

F(X,B’yée(mlam27m3am47m5) (12)

B / Ak 4 1
) @m @)t (k2 = mA)e R = m3]P[(k - p)? — m3][(K — p)* — miP[(k — k)? —mZ]

with m,; denoting here either the nucleon or the pion mass. These functions also depend in principle on p2,
but unless specified otherwise they are understood to be taken at p> = m? in the following. Note that when
B =0 and v = 0 these functions are the well-known sunset integrals which have been rather well studied
in the literature, using the Mellin-Barnes representation, see for example Ref. [29] (and references therein).
In particular the full e-dependent expression of the functions Fi 1.1(M,m, M) and Fb01,1(m, M, M) to
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all orders in M is given in Ref. [30] providing some checks of our results. Following Ref. [21] we split these
loop functions into a purely infrared part Fy, a mixed term F5 4+ F3 and a regular part Fi:

Fopyse(mi, ma, mg, ma,ms) = Fy + (Fo + F3) + Fy. (13)

This decomposition corresponds to an expansion of the integrand into different regions where the integration
momenta is either of the order of the soft scale or of the hard scale. More precisely, in Fy both integration
momenta are soft, whereas in Fs, F3 one of these is soft and the other hard, and in Fj they are both hard.
The latter terms can be absorbed by the LECs. This decomposition allows to differentiate between the pure
IR result and the full EOMS one. At present we have performed an expansion of these loop functions up to
order M.
For the pure IR result for g4 as well as for the two-loop contributions to Z we need four two-loop
functions, namely
F17070,171(M, m, 1\4)7 F270,07171(m,M, M), FI,O 1.1 1(M,m,m,M), F1 1.1.1 1(M, M,m,m,M) 5 (14)

sdydy sLydyds

with M and m the leading order terms of the quark mass expansion of the pion and the nucleon mass,
respectively. For the graphs with the axial coupling to three pions, we need three additional loop functions
with three pion propagators instead of two:

Fro11(m, M, M, M), Fy1111(M,M,m,m,M), F110,0,1(M,M,M)|2—g , (15)

3oty

and one with two pion propagators F5 .0.1,1 (M, m, M), which is, however, not an independent loop function
as it can be expressed in terms of F g 0.1,1(M, m, M) and F»00,1,1(m, M, M) [31]. In the case of the second
and third scalar integrals in Eq. (15) we only need the first term of the expansion in M which we take from
Ref. [32]. For the EOMS calculation more loop functions are needed which involve only one pion mass, thus
contributing only to Fj 2 3. These are

F1,0,0,1,1<M7m7m)|p2:O,m2a Fl,O,l,l,l(M7m7m7m) . (16)

Indeed those necessarily have Fy = 0. One also needs the products of two one-loop functions

dk 1
am) = [ G 2 —m2)
dk 1
Bm,my) = @ [~ ml[(e ) —nid] a7)

which are well known in one loop calculation within BCHPT.

Let us now turn to the contribution of one-loop graphs with either vertices from /.3532, or insertions
from mesonic operators with LECs from EST472. This contribution denoted as gf{ is necessary to cancel the
divergences ~ log(M/u)/e and ~ log(m/u)/e appearing in the two-loop calculation. In fact this property
was used in Ref. [14] to determine ay from a renormalization group condition. Here this cancellation provides
one of the various checks of the result. The LECs of this part of the chiral pion-nucleon Lagrangian are
usually denoted as d; and nine of them contribute to g4 at (’)(q“)7 namely di1 2.10,11,12,13,14,16,18- They satisfy

di = 7> (6:A + di(p) + ed5 () + O(€?)) (18)

with the d; given in Ref. [19] for the IR case and in Ref. [18] for the full EOMS case. Note that each d; has
an expansion in powers of gg, which up to the order we are working has the form

5, =0 +0Mgo+ 0 g2 +87 g3 + 6V gh + O(gD). (19)

where the §; with ¢ = (1,2)/(10 — 13,16) have non-vanishing contributions of only even/odd powers of gq

(4)

respectively, while for i = 14 only 511 is different from zero. This has to be kept in mind when checking
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the scale dependence. There are also contributions from the mesonic LECs I3 and I, which enter the quark
mass expansion of the pion mass and the pion decay constant, respectively. Similarly to the d; one has

L= 7% (yaA 4 () + €el5(n) + O(e2) (20)
with
1
’732—57 Ya=2. (21)

We have given the LECs up to order € as they will be multiplied by one-loop terms and thus the € terms can
contribute at two-loop order. The result of a one-loop calculation can be written in terms of a sum of some
scalar master integrals which can be split into an infrared part (I) and a regular one (R) with coefficients
¢} g- One can decompose the contributions from the insertions of the d; as

g% =d; Y _(I"c}p + R"cp) = Y I"cidilir + Y (R"chdilir + I"cldilr) + Y R'chdilr,  (22)

where d;|1 g contains the ¢; from Ref. [19] and d;| g contains the difference between the EOMS and IR results
for the 0;. The first sum in the last equality in Eq. (22) added to the IR two-loop contributions constitutes
the IR result. It satisfies the Ward identities. The same is true for the second sum together with the mixed
terms from the two-loop graphs, which we will call the mixed result. Finally one has the contribution from
the third sum and the regular part of the two loop graphs which can be absorbed into ¢%. The EOMS result
is the sum of these three parts.

Finally, we discuss the last contribution to the two-loop calculation of g4. In Eq. (6) g% denotes
counterterms generated by a linear combination of LECs from the Lagrangian at order ¢°:

g5 = (CO 4+ CWgy + CDGE 4+ COGE + COGE) M* =CM* (23)

They are necessary to absorb the remaining infinities, however, as explained before, they cannot cancel the
log M /e terms as they are coefficients of an analytic term in the expansion of g4. One has

C = p ' (Coda + Cr(p)i + Co(p) + O(e))

= w7 Y (Bgira+ P ghh + O (b + 0(0)) 2y
i=1,2,3,5
with
Ao = A2+ (log(dm) —vp +1),
A= o+ (log(dm) —yp +1) 2

which is appropriate for the modified MS subtraction scheme used here as it is customary in CHPT (for
similar results in two-loop calculation in the meson sector see, e.g., Ref. [33]). Let us consider the derivative
of C with respect to p. It turns out that the contribution to g of this derivative is not given by the derivative
of C™ with respect to u as the latter can contribute to various powers of go. This is specific to the baryon
sector as already encountered in the case of the d;, see discussion after Eq. (19). The C (1) therefore can not
be individually scale-independent. Thus one has

d
—C =0, 26
e (26)
meaning of course that each contribution to g§ of the derivative of C' with respect to p is a scale-independent
quantity. Consequently, C5 has to be scale-independent whereas the two others are scale-dependent and

satisfy the following relations [34]
d _ 46, d 4C1 ()

3O = =2 J1Coln) = =2 (27)




To get these relations provides another check of the calculation together with the scale-independence of the
result. One obtains

o0 _ ﬁpm%+wﬁu%+wﬁw3mmh+WW%

cn _m;M?+M{;ﬁf(h_mﬂ+@»_?ﬁ?g—gy-j§%}+QUWL

c® = %;2 (dig — 3dig) A1+ Céz)(u) )

o®  — 127F4 Ao + {_647T2(1§4_ l3) + 721F4 (65 — 327r2)} A+ CP ()

c® = %/\2 - 61—;4A1 + G5 (u) - (28)

4. Results and discussion

We can now put all pieces together. We start with the infrared result for Z(5_jo0p), which reads

3M* 5o M M M 1
Z(2-100 = — S22 40 (1 —5log— ) +10log? — — 4log — + — (6 + 28172
(2-loop)| TR 20487T4F4go{go[ 1 + 1< 0g ﬂ)—k og " og p +24( + 77)
M M M r?
+g2 [—3)\2 T (1210g +5> ~24log? = — 20log — — = _ 5]
2 1% poo 2
A M M M 1
+[32+A1 (2—610g>+1210g2—81og+(22+7r2)”. (29)
2 % % poo4

We give the result of the mixed terms in Appendix A. There is in addition a contribution from the purely
regular local terms. As already stated the sum of all the regular parts satisfies the Ward identities and thus
can be absorbed in the LECs of the Lagrangian of fifth order. We thus refrain from giving any pure two-loop
regular pieces here as at the order we are working they are irrelevant. The sum of the mixed and the pure
infrared terms (4 the regular parts) above leads to the EOMS expression of the two-loop contribution to
the Z factor. Adding the various M* contributions to g4 discussed so far one gets:

7
as = =290 (1-g3) + 1645 - (30)
This result agrees with the gj term of Ref. [14]. However, we found a small mistake in that reference. The
quantity &4 which takes into account the quark mass expansion of the decay constant was too large by a
factor of two, it should read a4 = 2a. Taking this into account and the fact that the result there is given
in terms of the physical pion mass our results are in agreement. For v, we get

0 1 2 3 5
=12 7P g0 + 708 + P 68 + 1P (31)

with
A = 1672 F2 (—20d5, + 8d7s + 14d5, + 85, + 3d7y + di) |
389
W= -B2rFR (df, - 2(d] + dp)) — 6dm® (1 — 1) - S
64m2 F? < 1 )
- cg+cg—ca—-— |,
m 2m

(2) — 9256 2F2 dr. — T
V4 = T (dig — 3dig) »

(3) _ 2 r r 1 2 487T2F2
v o= 1287 (I = 1) + 5 (13 —167%) + el
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Yoo = 3 (32)
And finally one has
By =8 + 890+ 8708 + B g5 + 8 a7 (33)
with
UrF)1BY = —an® (2dj, + 4d}, + 3d5, + dis) + CF”
1 . r r r 3575 7T2 1 2 1
(rF)* B = —8r? (df, +2(d} +db)) — 3271 + S~ 3 v <3) +cV
1672 F2 2
+ co+dea+— |,
m m
(AnF)*8Y = —64n2F? (3d}, — d} )+ ci?,
5 L 335 1 g5 32m2F2
(4nF)*8® = 3272 (=315 +15) — 7 (61 +481log 3) — 3 71/1(1 ( > +ci¥ + —
a7
(UrF)'B = oo+ am + G (34)

where (1) (2/3) = 3.06388 is the first derivative of the digamma function at 2/3. Note that the @Ei) also
have contributions from the df and [ terms in Eqgs. (18) and (20), respectively. These can be absorbed

in the C’él). In the EOMS scheme the mixed terms do not contribute to aff). This has to be the case as
the leading non-analytic terms have to be the same in all renormalization schemes. This is in principle not
the case for 'yy) as this coefficient is renormalization scheme-dependent due to the different treatment of
one-loop diagrams in different renormalization schemes. It turns out that in our case the mixed terms do
not contribute to %&”. Thus the only difference between EOMS and IR at that order are terms contributing
to 4. These will be hidden in our Cps.

Let us now discuss the convergence of the series and the dependence of g4 on the pion mass which is
relevant for the lattice. We will not perform fits to lattice data here, but rather use typical values for the
pertinent LECs from various analyses of elastic and inelastic pion-nucleon scattering in the EOMS scheme to
get an idea about the size of the leading two-loop corrections. A more detailed discussion including also an
uncertainty analysis will be given in Ref. [20]. To be concrete, we use F; = 0.927 GeV and M, = 0.139 GeV,
and the nucleon mass in the chiral limit is taken as m = 0.87 GeV [35]. Further, we set the renormalization
scale to u = m (which leads to log(m/u)=0, a quantity which appears in the mixed terms and in the regular
ones in principle) and take the values of the LECs at that scale. The LECs in the mesonic sector are rather
well known, one has I3(m) = 1.4-1072 and I4(m) = 3.7-1073. From the values of /3 and [, one can determine F
and M. In the baryon sector the LECs are less known. From an analysis of elastic and inelastic pion-nucleon
scattering [36] we take set 1 (which is based on the standard power counting my ~ Ay) ¢ = 3.51 GeV 1,
c3 = —6.63GeV!, ¢4 = 4.01GeV~t dy +dy = 437GeV~2 djg = —0.8GeV~2, dy; = —15.6GeV~2,
dis = 5.9GeV=2, di3 = 13.6GeV 2, dyy = —7.43GeV~2, and dig = 0.4GeV~2, and as set 2 (which
is based on the power counting used in nucleon-nucleon scattering my ~ Ai /M), ca = 4.89GeV~1,

3 = —7.26 Gevfl, cy = 4.74 Gevfl di + dy = 3.39,GeV~2, dyg = 10.9GeV~2, dj; = —30.9GeV~2,
dis = —10.9GeV~2, di3 = 27.7,GeV~2, diy = —7.36 GeV’2, and dig = —3.0GeV~—2. Note that we only
have information on di4 — di5 and we have assumed here di5 = 0. Further, the d; are the d} (u) defined at
= M, see, e.g., Ref. [37]. These central values have been obtained in heavy baryon chiral perturbation
theory from a combined fit to the reactions tN — 7N and 7N — w7 N. As we have done an expansion in
M /m of the IR and EOMS expressions our results should in fact correspond to the one in the heavy baryon
approach. Finally, d18 = —0.8 GeV~2 can be related to the Goldberger-Treiman discrepancy [37, 38]. For

the LEC Cp = ), C’O g we assume it to be of natural size, typically of the order of 1/ A4 with Ay, = 0.6 GeV
an estimate of the breakdown scale of the chiral expansion (which is a more conservatlve estlmate than given
above and was used in Refs. [18, 36]). In Fig. 3 (left panel) we show the chiral expansion of g4 at second,
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Figure 3: ga as a function of M for set 1 (left panel) and set 2 (right panel) of the LECs given in the text. The blue
dash-dotted, the black dashed and the red solid lines represent the results up to M2, M3 and M*, respectively. The upper M*
curve corresponds to Co(m) = 15GeV ™%, whereas the lower M? curve represents the case Co(m) = —15GeV~%. The pink
circle denotes the physical value of g4.

third and fourth order for set 1 of the LECs and similarly for set 2 in the right panel of Fig. 3. The upper
fourth order curve corresponds to Cy(m) = 15 GeV—*, whereas the lower fourth order curve represents the
case Co(m) = —15GeV~% While the third order correction is large, as the coefficient a3 in Eq. (1) is
proportional to the large factor 2c4 — c3, we see that the fourth order corrections are rather small for pion
masses below 300 MeV, even though some of the dimension-three LECs are rather large. Also, we find that
go( ): 1.0 for set 1 and gy = 1.3 for set 2, in order. Furthermore, at the physical pion mass one has for
Co”(m) =0

set1 : A® =15%, A®) =288% , AW =26% ,
set 2 A® =_267%, A® =445%, AW =_174% , (35)

which shows the same pattern as discussed above, namely large corrections at order ¢ for both sets of the
LECs, but small/moderate ones at leading two-loop order ¢* for set 1 and set 2, respectively. We note that
the quantity A is rather sensitive to the actual value of dig. Furthermore, we point out that in the recent
lattice QCD fits in Ref. [9], go comes out in the range 1.26 — 1.30.

5. Summary and outlook

In this paper, we have calculated and analyzed the leading two-loop corrections to the nucleon axial-
vector coupling g4, that is of fundamental importance in low-energy QCD. We used two covariant versions
of baryon chiral perturbation theory, namely we applied the EOMS and the IR renormalization schemes.
The pertinent expression for the fourth order corrections ~ M*, denoted as ay, v4 and B4, as defined in
Eq. (1), are explicitly given in Eq. (30), Eq. (32) and Eq. (34), respectively. We have used two sets of
the dimension-two and dimension-three LECs from a combined study of the 7N — 7N and 7N — 7w N
processes in the EOMS scheme and calculated the fourth order corrections as shown in Fig. 3. For set 1 of
the LECs, the corrections turned out to be rather small, signaling a good convergence of the chiral expansion
of ga, whereas for set 2 they are larger but still moderate. However, to finally draw conclusions, the M?®
corrections need to be worked out and a more detailed uncertainty analysis has to be performed. Such work
is in progress.

Acknowledgements

This work was supported in part by the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement No. 101018170). The work of UGM

9



was also supported in part by the CAS President’s International Fellowship Initiative (PIFI) (Grant No.
2025PD0022), by the MKW NRW under the funding code NW21-024-A and by by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) as part of the CRC 1639 NuMeriQS — project no.
511713970. JG acknowledges support by the Georgian Shota Rustaveli National Science Foundation (Grant
No. FR-23-856).

Appendix A. Mixed terms in the wave function renormalization factor at two loops

We give the expression of Z(Q,loop)|mix, the contribution from the mixed terms Fy + F3 of the loop
functions,

3M4 9\ 9 m 9. M 71 m({9, M 71
Z(2-100p) lmix = {93 (2 + M < —log— — —log — + > + log " (8 log — — >

3271190 32 16 %L T 16 % T 192 © 96
9 L,m 9 LM T. M 1 ,
T0g? ™ 4 o2 B L (113418
6% L T 168 960gu+384( +187%)

+33 —&—i-)\ 310 E—|—310 M _ 3T +log 2 3—7—310 M
Jo\"gg ™M & & 64 & \32 16 %,

5 .m 5 oM 31 M 5 ,
gy g’ —— = og—+§10g——384(36+7r)
(=22 (Baog ™y Zrog™ 5 ) yrog™ (BB M
64 " t\32 % T327%% T T 138 u\64 7 16 %,
3, ) 5 M ,
202 2102 D log (332 Al
32 32 +64Ogu+256( ) (A1)

One has, see remark after Eq. (29),

Z(2—loop) ‘EOMS = Z(2—100p)|IR + Z(2—100p)|mix + (Z(Q—loop)|reg) ; (AZ)

where we put the regular piece in brackets as it is anyway absorbed by the LECs.
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