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1 Introduction

Chiral perturbation theory (ChPT) [1, 2] is a low energy effective field theory of QCD. It is
built using the approximate chiral symmetry SU(Ny)r, x SU(Ny)g of QCD, where Ny is the
number of quark flavours, which is spontaneously broken to SU(Ny)y by a non-vanishing
quark condensate (gq) # 0. The N? — 1 broken generators yield as many pseudo-Goldstone
bosons. These are identified with the lightest pseudoscalar mesons living in the coset space
SU(N¢)r x SU(N¢)r/SU(Ny)y. For Ny = 2 or SU(2) only pions appear, whereas for
Ny =3 or SU(3) there are the pions, kaons and the eta.

The masses and decay constants of these composite particles can be calculated within
ChPT to a given order in the chiral expansion, i.e., to order (pQ)n where the integer
n > 1. These were known at next-to-next-to-leading order (NNLO) for the pions in both
SU(2) [3-5] and SU(3) [6]. In this paper we extend the two-flavour or SU(2) case to the
next order, p® or NNNLO. All relevant three-loop integrals are known [7, 8]. As a con-
sistency check, we also calculate the mass at three-loop order in O(N) ¢* theory. The



general method to NNLO is described in detail in [5]. We extend it to one order higher in
the expansion.

The motivation behind this work is twofold. The expressions themselves are of intrinsic
interest but in so-called hard-pion ChPT it was argued that mass logarithms could be
calculated also for pions with hard momenta. This was checked at two-loop order in
ChPT [9]. At three-loop order it was found that the chiral mass logarithm does not agree
with the prediction of [9] in [10]. This work is a first step towards checking the results of [10]
and possibly being able to correct and extend the arguments of [9] towards a full proof.

2 Mass in the O(N) ¢* model
The Lagrangian for the O(N) ¢* model is given by
L= (14U X +di\?) %aﬂwaﬂ(ﬁ — (14 oA+ c2A” + d2A?) %ngﬁTqb
— (14 A + e3A% + d3)?) % (670)" — o f. (2.1)

¢ is a vector of N real fields ¢, and f is the external current. We have indicated here the
higher order terms with [;, ¢; and d; as well and have used the equations of motion (or field
redefinitions) to discard the higher order terms in the coupling to the external current f.
Up to two-loop order the counterterms are given by!
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We use dimensional regularization with d = 4—2¢ and modified minimal subtraction (M.S).
The choice of ¢ determines which version of MS is used. In this manuscript we use the
usual ChPT [2] version with

c= —% [log(4m) +T"(1) + 1] . (2.3)

The mass is defined as the pole of the two point function, see e.g. the discussion in [6], as

i

P M=)

(2.4)

!These are slightly different from [5] since we have chosen not to put 17 = 0.



where Y is the sum of one-particle irreducible diagrams. The relevant diagrams are shown
in figure 1 when neglecting those involving vertices with more than four legs. p? corresponds
to terms with 1, p* with [;, p% with ¢; and p® with d; in (2.1).

The physical mass My is given by the solution of

MZ—M?-%(MZ)=0. (2.5)

We write the mass as
M7 = M? (1+ M7 + Mg + Mg) (2.6)

and the self-energy as
S(p?) = 2a(p?) + 6 (p?) + Zs(p?) (2.7)

Where we used the subscript 4,6,8 for NLO, NNLO and NNNLO respectively. With this
expansion we can solve for the mass perturbatively. We evaluate diagrams at p? = Mi as
a perturbative expansion away from M?. This is why derivatives of the self-energy show
up. Taking into account that here 92%,/(9p?)? = 0 we get

M?My = %, (M?),

0%,
M?Mg = S6(M?) + M>M3? — 57
) )
M2Mg = Sg(M?) + M2 M2 = T MM = S (M?). (2.8)

All nonlocal divergences cancel as they should and we get a finite result by setting

3
dy —dy = (cu)—ﬁa{dg o % (—60 — 52N — 13N? — N?)
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2
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%6 r r T 21 T
% (1005 + 615 + 5N + NI — 211] — <-NIj
— TS 2¢y — 265 + Ac) — 20515 — N — N+ 2N¢§ — Nibly + 41515 + AL 13

— 6172 + 2N + 2N T, — 3Nz{2)} : (2.9)

Here we introduced the shorthand g = 1/(167m2). We express the result for the mass in
terms of the logarithm

M2



The full result for the mass at three-loop order is

M /A= (N+2)mLa+15 17,
MZ /N = b —cf — 15 +-172 6 (205 — 20 + N1 — NI7)
416 Lar (205 +215 — 615+ NI+ N5 —3NI1}) +736(3/243/4N)
+736 Ly (—6—N+N?)+73 L3, (10+7TN+N?),
MZ /N3 =dby—d — 15 — 15 b+ 205 ¢+ 1520 —17°
+716(N +2) (ch— &} +I1515+(1/2) 152 =15 15— Al5 15 +(7/2)17)
716 Lar (N +2)(ch+ch—3¢; 1515 — 31515 — 31515 +615%)
+126(315—(9/2)15— (3/2)I7+(3/2) Nl — (1/4) N1y — (11 /4) N5 + N1 — N2I%)
736 Lo (—1205+1415 4100 —2NI54+13N 15 —9INI; +2N215+3N215 — TN?1Y)
+716 L3, (2005 + 1005 — 5005 + 14N 15+ 7N — 35 NI +2N15+ N?15 —5N?17)
+736(124/3464C3+(239/6) N +40N (34 (115/12) N2 +4N?(3)
+ 136 Lar(2174+131N +(53/4) N* + N?)
+ 76 LA (—128— 64N +5N2+(5/2) N*) + 735 L3, (60+52N +13N? +N?).  (2.11)
This result can be checked in a number of ways. The nonlocal divergences cancelled as
they should. The terms leading in NV can be derived using a gap equation similar to what
was done for the nonlinear sigma model in [11, 12]. The renormalization group equations

are known to five loop order [13], these can be used to check the 1/e terms in (2.9). All
checks are satisfied.

3 Chiral perturbation theory

The effective Lagrangian in ChPT is expanded in powers of p? as
L=Lo+Ly+Ls+Ls+.... (3.1)

The relevant degrees of freedom are the Goldstone Bosons from the spontaneous breakdown
of SU(Nf)r, x SU(Ny) to SU(Ny)y. These can be described by a special unitary Ny x Ny

matrix u. For two flavours the lowest order Lagrangian is

2

F
Lo = " (i + x4) (3.2)

with w, = i (uf (9, —irp)u — w(dy — il )ul), x4+ = ulxu’ + uxTu, x = B(s +ip). The
fields [,,7,,s and p are the usual Ny x N; external fields of ChPT. F' and B are the
two low-energy-constants (LECs) at leading order for the two-flavour case. The next-
order Lagrangian was classified in [2]. The NNLO Lagrangian can be found in [14]. The
NNNLO Lagrangian Lg is at present not known, but there will be one combination of
p® LECs contributing to the mass and another to the decay constant, we will call these
combinations ;g and rgg, respectively.

The NLO and NNLO low-energy-constants (LECs) are conventionally denoted as [; and
¢i, respectively. The divergent parts needed to one- [2] and two-loop order [15] are known
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Figure 1. The 34 diagrams contributing to X. The first one is LO, the next two NLO, the next 6
NNLO, all in the first line. The remaining diagrams are those needed at NNNLO.

in general and the equivalent formulas to (2.2) can be found there. For later convenience
we introduce the lowest order pion mass

M? = 2B (3.3)

where 2m = m, + mq. In the remainder we will work in the isospin limit with m, = mq.

4 The calculation and checks

The diagrams contributing are shown in figure 1. The Feynman diagrams are programmed
in FORM [16]. The derivatives w.r.t. p> needed are obtained by taking the derivative
diagram by diagram at this stage. Then the expressions are rewritten in integrals. These
are reduced to a set of master integrals. This is done using integration-by-parts and Lorentz
invariance identities through a Laporta algorithm. We have used the program REDUZE [17]
for this. The resulting master integrals are all known to the order in € required and we
quote them in appendix A.

A three-loop calculation needs a large number of checks. We have checked that the
nonlocal divergences cancel, that we reproduce the known two-loop and leading logarithm
results. As a final check we use two different parametrizations for u in terms of a traceless
Hermitian 2 x 2 matrix ®, namely the exponential, © = exp ﬁfb, and a square root,

u=,/1-— #@2 + ﬁ@, parametrization. The diagrams are quite different in these two
parametrizations but the final result must of course be the same. All checks are satisfied
by our results. Since essentially the same programs were used for ¢* the checks discussed
in section 2 are another partial check on our main results.



5 The pion mass and decay constant

The physical mass is defined as the pole of the two-point function (2.4) with ¥(p?) the
self-energy. The physical pion mass M2 is then found as the solution of

M2 — M?* —%(M?) =0. (5.1)
The decay constant is defined through the relation
(01 4,,(0)|(p)) = iv/2p, P (5.2)

and is calculated using diagrams of the same topology as those in ¥ (the only difference is
that one of the external legs corresponds to the axial current). For the decay constant one
also needs to calculate the wave function renormalization factor Z defined as the residue

of the propagator in (2.4), i.e.
1

Op?
at p? = M2,
The physical pion mass and decay constant can be written in expanded form
M2 =M (14 Mj+ Mg+ M§3),
Fr=F(1+Fy+ Fs+ Fg) . (5.4)
5.1 Mass
We can solve (5.1) perturbatively and obtain
M?*M3 = %y (M?),
2772 2 2072084 4 0o
M M6 :EG(M )+M M487p2(M ),
0% 1)
M2MZ = Sg(M?) + MQMga—;(MQ) + M2M428—§(M2) , (5.5)
p P

here we used the fact that 92%,/(9p?)? = 0.
In order to obtain a finite result we need the subtraction
6 Wi)’a 7%6 W%@‘
ras = (cp) 25 g — —3(125/72) — —2(71/24) — —>(28223/12960)
€ € €

2
™

- ?26(—(7/2)& +(263/18)l5 — (7/3)15 + (49/3)11)
2

- %((302/27)15 + (433/60)15 + (3/20)17)

— %(4160?8 + 208071“7 -+ 326{6 — 966{4 — 8071'3 + 48071'2 + 384021 + 192650 — 8005

— 160c; — 80¢h — 96¢f + 8¢k + 56¢;, — 16¢ — 32¢h + 96¢; — 14151} + 1615
— (16/3)l515 — (8/3)1%)} : (5.6)

ras is the combination of p® LECs that contributes to the mass.



This is a single scale problem and only logarithms of the mass scale show up, the
expression is thus fairly compact. We use the abbreviations

M? M?
= W, M = log ?, l;l = ]_67['2[:, C = (167'(' ) A TMS = (167'(' ) 'I"M8 . (57)

z 9
The results can be written in the form
Mi =z (a% + a{\/{LM)
Mg =z (a20 +a21LM JrCL22LM)

The coeflicients are
a% = 2l§,
Mt =1/2,

a% = 64cfg+32c1,+96¢], +48c1, — 16¢] — 32¢d — 16¢1 — 32k +14+218+19+(163/96)
adl = —315 — 819 — 141¢ — (49/12),
a/22 = 17/8

adl = e — 3lacd — 641dcd — 3213ct — 12814 cd + 32¢ + 161, — 4cfy + 24¢], + 48],

+ 24¢f, — 809 —16¢f — 8cl — 40c¢ + 12¢! + 4¢] — 8 — 7 (lg)2 — 220718 — 41313
157 8651 3823 4869659 13
— i+ 1 1 - —
T8 1200 T 1200 T TrTe00 T 6
adl = —416¢ly — 208t — 32cd s +96¢T, + 8¢, — 48cl, — 384cd, — 192¢d, + 72cd + 144c]

88
+ 7262+ 64c] — 8L — 561 + 16¢4 + 32¢4 — 96¢1 — 8 (12)° — 481414 — 841911 — =12

3
231, 69, 74971

1072 51 8640 °

23 91
a3y = Sl — 13 =381 — o7,
103

where (j, is the Riemann-Zeta function. The leading log coefficient a}} agrees with [11, 12].

The LECs [ are well known but the ¢ less well. In [5, 15] combinations of the
p® LECs appearing at pb in mr-scattering, the mass and decay constant were defined,
T1,...,76,7M,TF, and numerical estimates using resonance saturation were done in [5].
The expressions in terms of the ¢} are given in appendix B. We can check whether the ¢
dependence can be rewritten in terms of those. This can be done for a% by definition and
also for aé\/{. However not completely for a% which in any case contains the free p® LEC

combination 7 ,q. Defining r? = 167r27“{ fori=1,...,6,M,F, we obtain
7 1 1
agh = 1 — Agrh — 1280cf — rf + 3l + oo+ o ey - 709" - 2201 — 41514
N 157 . 8651 N 3823 , N 4869659 13 c
48 12002 " 12001 " 777600 6 %’
5 88
ayf = —6rg — 14rd — 110 — 5r§ — 2r§ — g~ =8 (19)? — 481414 — 841914 — —lq
231 69 , 74971
— g — 5.10
10 51 8640 (5.10)



5.2 Decay constant

For the decay constant everything is analogous except that we need to evaluate the dia-
grams with one leg replaced by the axial current and take into account the wave function
renormalization factor Z. Denoting the sum of one-particle-irreducible diagrams of the
axial current as A(p? = M2) = Ay(p?) + As(p?) + Ag(p?) the expression for the decay
constant is (normalized to 1 at lowest order)

Fr = F\/Z(M2)A(M?). (5.11)

Putting in the expanded expressions for ¥ and A and using 9%%,/(0p*)? = 0A4/0p? = 0,
we obtain

F4=§Z§§+A4,

Fﬁ—;gif :(Z?;)Z 222§A4+A6,

et (5) 3 o () 55
[8523146 gE§A4+E4(ZQ§)6 +88§28} (5.12)

with all right hand sides evaluated at p? = M?2.

In order to obtain a finite result we need the subtraction

3 3 3
rrg = (cp) ¢ {rF8+ 0(185/72) + 126 (2117/432) — %(20183/12960)

- L%f ((659/72)1) — 215 — (1/6)15 — (34/3)1])

2
16 (13/108)1; — (53/12)15 + (27/40)15 + (61/15)17)
- %(16050 + 64cg + 32¢]; — 8clg + 24c], + 2¢]5 — 12¢]5 + 96¢]; + 48¢]y + 8cg
+ 16¢5 + 8¢ — 48¢k — 4ck — 28¢} + 4ch + 8ch — 24¢] — (7/2)15% + 31515 — (28/3) 151,

— 161515 — (44/3)5T — zsmg)} . (5.13)

The results can be written in the form

Fy==x (afo + aflLM) ,
Fy = 22 (a§0 +ab Lo + ag;L?w) ,
Fy = 2? (afy + a Lo + aly LY, + afsL3) . (5.14)



The full results for the coefficients are, with rfg = (1672)3r7,

aly =14,
F
aj; = —1,
aby = 8¢t 4+ 16¢% + 8¢ — 214 — 19 — (1/2)19 — (13/192),
aby = —(1/2)1 — 213 + 41§ + 71 + (23/12),
(152 = _(5/4)7

aky = rhe — 8l5ch — 1613cd — 81t — 321§cd — 64cg — 32¢], + ¢y — 6¢1y — 96¢]; — 48¢5,
1
o 166§ + 32c§ + 166 + 40 — 6] — 2] + 2] — 1919 — 2 (19)° + 1905 + 41319 + 11§
313 241 1469 2359 , 383293667 8

12199 + 2229 4 220 1 _ °
TS T 100 T g T 5002 T 600 T 1555200 953’

at] = —16¢3, — 64clg — 32¢. + 8cds — 24cd, — 2¢%5 + 12¢%, — 96¢7, — 48¢d, + 80cd + 4cf

13 17
<+%ﬁ—4§—sg+2&€—@q—yyﬁ+wg@—nﬁi+%ﬁ@—;ﬂ?+§@
_'_@lq UQ_@

60 2 10' 2160’
3 27 1037
F
83
a%:_ﬂ. (5.15)

Also here the leading log coefficient, al;, agrees with [12].

We can similarly to the previous subsection rewrite the results in terms of the combi-

nations r? 1=1,...,6, M, F. The rewriting is not fully possible here.

ago = T%S - lZT% - 32lch + (1/2)7’% — (3/2)7"% — (3/2)7“2 — (1/4)7“% — r%/[ + 40’{2 - 20% - Cg
313 241 1469 2359
ZZ_%‘Zélg‘% 800lg+ 600

192

1
— 1§01 — 2.(1)" + 131 + 41815 + 1] + 120015 + =
383203667 8
— rean T oG
1555200 9

a3Fl = —(17/6)rd + (33/2)rd + (33/2)r] + 3rd — (1/8)rd — v, — (3/2)r]. — 16¢], — 20c5,

i

1
—9&g+1@%—4&g+@W&%—@H—4@Z+w@@—ﬂﬁj+%ﬁ@—é%

17, 569 , 77, 7499

By T 5.16
T T 60T 101 T 2160 (210

6 Numerical study: mass dependence

Now that the analytic forms of the mass and decay constant have been obtained, we can do
a first numerical analysis of the mass dependence. We present only results for one choice
of input parameters to give an impression of the size of the NNNLO correction.



The expansions given in the previous section correspond to an expansion expressed in
terms of the lowest order mass M and decay constant F' in the form

M2 = M2{1 + 2 (adh + oM Lay) + 2® (b + adl Las + addL2))
+a% (ag + a3i Lar + ags Ly + ag3 L) }
F, = F{l + 2 (aly+ a Lor) + 22 (aly + af Ly + alpL3;)
+ 3 (agFO + ali Lo + aly L3, + a3F3L§’W) } (6.1)

with x = M?/(1672F?) and Ly = log(M?/u?).
There are many ways to rewrite this expansion but the second most standard version
is the inverse, namely

M? M2{1+§(b10+b{{L)+§2(bgo+b L+ b}12)
+ &8 () + b Ly + DM L2 +0M L )},
F = Fe{1+ ¢ (ofo + 0 L) + €2 (b5 + b5, L + 5, L2)

+ €3 (b 4+ b5 Ly +b32L2+b33L3)} (6.2)

where &€ = M2/(167?F2) and L, = log(M2/u?). The analytic expressions of the ale are

in the previous section and the bZ’M can be found in appendix C. These are often referred
to as the z- and -expansion, see e.g. [18].

As input we use p = 0.77GeV, [} = —0.4,1y = 4.3 from [19], I3 = 3.41,14 = 4.51 from
the Ny = 2 estimates of [18]. The numerical values for the 7] are taken from [5]

10%] = —0.6, 10%5 = 1.3, 1044 = —1.7, 1044 = —1.0,
104Tg = 117 1047‘g e 037 /ryw — 0, TF — 0 . (63)

The remaining ¢ and 7}, g have been set to zero. The resulting numerical values of the
af;M and bF can be found in table 1. Note that the numerical values of a?l?o and b3F0 are
rather 1arge This is due to the very large numerical coefficient 383293667 /1555200 ~ 246.5
appearing there, the remaining coefficients are of more natural size.

The quantities in (6.1)—(6.2) are plotted in figure 2(a)—(d), with the same inputs as
above. For the &-expansion we kept F; = 92.2MeV constant while varying M, and for
the z-expansion we kept F' = 92.2/1.073 MeV constant while varying M. The convergence
around the physical value M2 a 0.02 GeV? is excellent. For the mass, the &-expansion
converges much better, for the decay constant it is somewhat better. The effect of the very

large constants a{,i) and bgo is clearly visible in the results for the decay constant.

7 Conclusions

In this paper we presented the calculation of the NNNLO contributions to the pion mass
and decay constant in the isospin limit of two-flavour ChPT. We also calculated the mass
in the O(N) ¢* case to show the principle. This required the evaluation of 2 x 34 diagrams

~10 -



i af.\]/-[ bf\f af; bf;

10 | 0.0028 | —0.0028 1.0944 —1.0944
11 0.5 —0.5 —1.0 1.0
20 | 1.6530 | —1.6577 | —0.0473 —1.1500
21 | 2.4573 | —3.2904 | —1.9058 4.1388
22 | 2.125 —0.625 —1.25 —0.25
30 | 0.4133 | —6.8035 | —244.5350 | 242.2724
31 | —3.7044 | 4.2718 —15.4989 | 28.5703
32 | 17.1476 | 0.6204 —9.3946 —6.7751
33 | 4.2917 5.1458 —3.4583 —0.4167

Table 1. Numerical values of the a%’F and b?f’F for the input parameters given in the text.

and their derivatives w.r.t. the momentum. The master integrals needed for the calculation
were known. The tree level contributions from the NNNLO Lagrangian are unknown, but
were here parameterized as free renormalized parameters. We reproduced the known NNLO
results and the known leading logarithms.

A small numerical study of the two quantities was performed, and there was continuing

good convergence at the physical pion mass.
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A Master integrals

Below, the master integrals needed for the calculation? are listed. To simplify the expres-
sions of the master integrals below, we define

C (e, M?) = (4n)T(1 +e)M 2. (A1)

Also, we denote the external momentum as p with p> = M?2, as is relevant for the quantities
considered here.

A.1 One loop

We only need one one-loop integral, the well-known tadpole:

1/ dek 1 C(e, M?)
(2m)d k2 — M2 1672

(A.2)

1

1
M? <€+1+6+52>.

2In this section, everything has been truncated so as to only include terms relevant for this particular
calculation.

- 11 -
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Figure 2. (a) The z-expansion for the mass, (b) the xz-expansion for the decay constant, (c) the
¢-expansion for the mass, (d) the £-expansion for the decay constant at NLO, NNLO and NNNLO.
LO is constant at 1 for all four plots.

A.2 Two loops

All needed two-loop integrals can be reduced to the equal mass on-shell sunset or products

of tadpoles. The sunset result is, see e.g. [20]

1 [ d% d% 1 B
2 / (2m)d (2m)* (k2 — M?)(1> = M?)((p — k — 1)> = M?)

2
C (e, M?) 2 [31 171 59 (65
(w) M [252+45+8+<16+8@>5] (A-3)

~12 -



A.3 Three loops

We only need two more master integrals at three-loop order. The other combinations are
products of the one- and two-loop integrals. The first one is a vacuum integral:

(2n) (2r)? 2r)? (2 = 17) ((k+ 07 = 32 ((+ @7 = M) (= D7)

3
C (e, M?
(GaUJWP1+%1+%Lﬁ% (A4)

1 [ d% a9 diq 1
i3

1672 332 22" 12|

The second needed three-loop integral has external momentum running through it

1 [ d% di diq 1 B

z3/ (2m)? (2m) (2m) (k2= M?2) ((k+1)2—M?) (p—1)2—M?) ((I+q)? —M?) (¢>—M?)
g 2 ’

(C(lﬁ’;‘f )> M? [;+1;€12+16i+202(3+1642 : (A.5)

These two are denoted as I12 and Ig, respectively, in [8].

B The expressions for the r]
These are reproduced from [15].

rp = 8¢y + 16¢g + 8¢y ,
Ty = —32c — 16¢7 — 32cg — 16¢y + 48¢7y + 96¢]; + 32¢]; + 64c]g,
r] = 64c] — 64ch + 32¢) — 32¢k + 32¢; — 64c; — 128¢g — 64cq + 96¢], + 192¢]; — 64,
+ 64c’g + 96¢77 + 192¢7g
ry = —96¢] + 96¢5 + 32¢5 — 32¢) + 32¢ — 64c; + 32¢; + 64cg + 32¢q — 32¢]5 + 32¢],

— 64cig
ry = 48¢] — 48¢h — 40ch + 8¢} — 4ck + 8ci — 8¢ty + 20c] 5,
ry = —8cz + 4cg — 8cg + 8cly — 4ci3,
ry = —8c| + 10ch, + 14cy,
rg = 6¢h + 2c5 . (B.1)

C Analytic expressions for bff’F

Below, the analytic forms of the coefficients bf\;[F are given. The notation is the same as
in section 5. We only give here the result in terms of the r].

~13 -



The mass coefficients are

big = —2l3,

ol =3,

b3h = —% —rd, — A4 + 8 (19)" — 23 — 1,

b = ?—lﬁ+11l§+8l§+14l‘{,

=2,

by = _% + 7"2 - 37’2 - ;7‘3 - %ré’ + %Cg - %lz — 4ZZT(]IM + %lg + 10lgré\/l
+ 12812¢% — 1014 (19)* 4 40 (19)* 19 — 40 (19)° — %zg — 81919 + 121414 — %z‘f

— 4119 + 61{14,

134551 5 11 52 5 56
M _ 6 5 4 3 2 1 M q 7\2 q
b3) = T 67y + 147, + 1lry + 5y + 2 + Jfat5Td + 514 —5 3" - glg
291 34
+ 541319 — 84 (19) + Tolg + 32141 — 481311 + gl‘{ + 561713 — 84112,
71 1 161
M
big = =% — 514 — 14 — 4514 — 60lf
247
Wi = . C.1
%= (C1)
The coefficients for the decay constant are
bio = 14,
bfl = 17
13 5 1
b2 = To5 —Ta — ()" + 2+ + I,
29
by = —== + 31 — 41§ — 7],
12
1
ng — _Z 5
380653067 1 3 3 1 8 65
Fo_ 6 5 4 3 M
30 — m — irq iT‘q -+ §rq + Z"f’q — §C3 — 40(]1_2 + QCg + Cg + @lz + lgrq
3 35 2 2 3069
— 31kl + 3215l —2(1])° - STL R Al 4+ 813 (19)" — 8 (13)7 1] — %lg + 51314
2959 5
oo 1 TRl
58121 17 33 33 1 13

80 145 9 5 389
63
+ 1—0111 — 351111,
859 25 29
F q q q
=~ 94+ D19 1161
327 144 44+22+6 ’
5
bl = — — . C.2
33 12 ( )
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