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PHYSICS

CHARGINO-SNEUTRINO AND NEUTRALINO-SMUON
CONTRIBUTIONS TO THE ANOMALOUS MUON
MAGNETIC MOMENT!

© 2002 E.N. Akhmetzyanova, M.V. Dolgopolov? M.N. Dubinin?®

The leading order contribution to the anomalous muon magnetic moment in
the minimal supersymmetry is calculated. Symbolic results in the basis of physical
fields with arbitrary masses are derived. In the limiting case of large tan( and
large degenerate sparticle masses in the loop diagrams the obtained results coincide
with the results known from previous publications. However, for different sparticle
masses in the loop large deviations from the case of degenerate sparticle masses are
obtained. Restrictions for sparticle masses are obtained using the BNL experimental
result for the anomalous muon magnetic moment.

1.Introduction

The anomalous magnetic moment of the muon (AMM) a, = (g9, — 2)/2, has been
measured with extremely high accuracy (Table 1). The Standard Model electromagnetic,

Table 1
The deviation da, of the anomalous magnetic moment aiM calculated in the Standard Model,
from the experimental result a$® (in units of 107'%)
‘ Quantity Value x 1010 ‘ Reference ‘ Comment
a; P 11 659 203(15) [3, 2] 1999 data, error 1.3 ppm
asM 11 659 176.7(6.7) | [2, 4] theory (SM), uncertainty 0.6 ppm
bay = af® —aM 26(16) (2, 4] average 1.60 deviation is observed
a,°%M range [ -6 ; 58 ] | [5] 20 region

weak and strong contributions to the AMM are believed to be under control at the sup-
ppm level [1] (Table 2). Precise comparison of the Standard Model prediction for AMM
with experimental results provides a sensitive critical test of contributions from the new
physics [1, 2].
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Table 2
The Standard Model contributions to the aiM (in units of 10719)

‘ Quantity ‘ Value x 1010 ‘ Reference ‘ Comment ‘
aQEP 11 658 470.6(0.3) | [14] O(a®) estimate
aHad

I
(vacuum polar.) 684.9(6.4) | [12] O(a3) estimate
aEW 15.1(0.4) | [15, 16] 2-loop,
[17, 18, 19] | My ~ 150 GeV
oHad 8.6(3.2) | [12, 11, 6] | O(a?)
(light-by-light) (average) [20, 9, 10] December, 2001

The deviation da, = aS*® — o has changed from 2.65 ([1], the E821 result, Febru-
ary 2001) to the average of 1.6 ([2, 4], March 2002), which is around 1.7 of the SM
electroweak contribution to the a, (Table 2).

The decrease of da, stems mainly from the change in sign ([6], November 2001) of the
most important pion pole part in the light-by-light scattering contribution [7, 8] (June
2001). This change of sign has been confirmed in [9, 10, 11] and [12, 13] (December 2001).

Main source of uncertainty in the comparison between theory and experiment is
the statistical error. The accuracy of P measurement in the BNL AGS experiment
E821 is already of the order of W*- and Z-boson loop diagram contributions. So the
experimental data is precise enough to measure the electroweak SM contribution to the
AMM. Furthermore, new experiments are expected to reduce the experimental error of
both the p~ and pt AMM to the level of 4 x 10710 (0.35 ppm) [3, 2] which is better
than the present error by a factor of about 4. Their expected error is less than one half
of the hadron light-by-light contribution. The major part of theoretical uncertainty in
the SM comes from hadronic contributions to the photon vacuum polarization diagram
[12, 13, 21] and also from the hadronic component in the light-by-light scattering diagram.
But in any case theoretical calculations of the AMM in the SM have the estimated error
of less than 1 ppm. At the same time the MSSM radiative corrections to the AMM could
be also of the order of 1 ppm in some regions of the MSSM parameter space, providing
possibilities to constrain the MSSM parameters using the AMM experimental data.

After the announcement of the E821 result [3] extensive analyses of the MSSM con-
tributions to the AMM were carried out [4]. These analyses showed that the MSSM
contribution to the muon anomalous magnetic moment can be large enough in wide re-
gions of the MSSM parameter space [22] defined by the higgsino u parameter, the gaugino
M, parameter, and tan 3 = v2/v1. The 20 level of consistensy with the experimental data
—6 < aySSM x 1010 < 58 is possible if u < 0 and superparticle masses are large [5]. Main
contributions of the MSSM are given by the chargino-sneutrino and neutralino-smuon
loop diagrams [1, 23, 24, 25]:

a5 M = a, () + a, (X°)- (1)

Symbolic expressions for these contributions in the MSSM can be found in [26]. The
a,*%M is enhanced when tan 3 is large [23]. The result of [26] has been obtained neglecting

the gaugino-higgsino mixing, in the limit tan 3 >> 1 and large sparticle masses. If mfh =

= mZ, = M7 =m* and the U(1)y contribution is neglected [26, 24], the anomalous
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magnetic moment is given by
5g2 m? |
aySSM R~ 192;2 ﬁ&gn(Mg/j) tan 3, (2)

MSSM
"

m 1s the muon mass. The a could be further enhanced by the yield of lighter chargino
and lighter left-handed slepton, but these contributions are rather small. Dominant con-
tribution to the aiUSY comes from the chargino-sneutrino loop diagram.

In the physical basis of the chargino and neutralino fields the MSSM contribution to
the AMM for the cases p >> Ms, p << M and p &~ M> was calculated in [27, 28]. It was
shown that the light chargino mixing leads to the increase of the MSSM contribution. The
limiting cases for very large and small tan 3 have been considered in [29], the dependence
on p and M, has been analysed in [24].

In this paper we calculate symbolically the AMM in the MSSM with the physical
chargino and neutralino fields (chargino and neutralino mass eigenstates) and for arbi-
trary values of sparticle masses and tan . In Section 2 analytical formulae are presented.
In Sections 3 and 4 the limit of large sparticle masses and tan 3 is discussed. Some useful

expressions for the loop integrals can be found in the Appendix.

2.Symbolic expressions for a, in the MSSM

We begin with normalizing conventions. The amplitude of muon interaction with the
background field reads as

0

iM@2m)i(p" - p°) = —ieAS (p' — p)a(p’)T* (v, p)u(p), (3)

where figl(q) is the Fourler transform of the background 4-potential AS’(:B) and T# is
the one-loop vertex operator

1wt q,
T = Fi(¢*)v" + F2(q%) 2mq : (4)

The one-loop correction due to interaction of the muon with the supersymmetric
chargino and muon sneutrino (left and right) has the following form:

) =3 [

L Prt iLp;Pr)ilp) — k +mg,)iv"ilp — k +mg,])(iLr; Py + iLg; Pr) .
(0 = k)2 —m3, +iel(k? — M7, +iel(p — k)* — m}, +ie]

(iRz; PR)ilp’ — k + mg,]in™i[p — k + my,](iRp,; Pr) } )
. .

7 2 : 7
[ — B2 — 2, + iel(F® — M2, + ielllp — h)2 — m?, +7e]
The Lagrangian of chargino )2;" (7 = 1,2), muon p and muon (left or right) sneutrino

UuL, Uur, written for chargino mass eigenstates in the basis {P,r, Uur} is obtained as

30, 31, 32):

2
Lo i+ = Z {m(Lr;Pr+ LR]'PL))Z}I—CI;NL + ﬂ(RLjPR)X}l_CﬂﬂR—I-
j=1
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=+C ~ % =+C ~ %
+X7 C(Le; Py + Ly Pr)uvs + X7 € (R Pu)piin (6)
where Lz, Ry (Lgr, Rg) ave the left (right) chiral amplitudes
LL]' = —ngl, LR]' EYNU]'Z, RL]' EY,,”sz, RR]' =0 (7)

with the Yukawa muon Y, and muon neutrino Y, coupling constants

o am _ gmy,, oV Ao
Yu - 9 Yuu — . ’ 9=
ﬁmw cos B \/imW sin 3

(8)

sin Oy’

(g is the SU(2)L gauge coupling, Py, = %(i —v5) and Pgp = %(i + v5) are the helicity
projectors). U and V are the chargino mixing matrices (see e.g. [32])

0 M3 — p2 — 2m%; cos?2
U12:U21:71§\/1+ L ay 9)
0 M3 — 2 — 2m2, cos 2
Uzz:—U11:72§ Rt R W L ﬁ7 (10)
0 M3 — p2 + 2m%; cos?2
V21:—V12:% 142 F W W ﬁ’ (11)
) M3 — 2+ 2m?, cos?2
sz:vllzj% - 22 H T ay (12)
wherein
W = /(M3 4 22 4 2m3 )2 — 4(Maps — miy sin26)? (13)
{01,02,03,04} = {1,63,6A, 1} for tanﬁ > 1, (14)
ea =sign(Mazsin B+ pcos B), ep = sign(Ma cos B+ psin ). (15)
The chargino masses:
1 3 .
My, = 3 ‘\/(Mg—/j)2—|—2m12,v(1+sm2ﬁ) —\/(M2+ﬂ)2+2m%,V(1—81n2ﬁ) . (16)
1 3 .
My = 5 {\/(Mz — )% +2m¥, (1 +sin283) + \/(Mg + p)? 4+ 2m3, (1 — sin 2ﬁ)} . (17

The MSSM input parameters are tan 3, u, M». In the following discussion we consider
the case M,;Z”R RS M,;Z”L = M; + %mZZ cos 20 = M,;ZH, where My is the second generation
slepton mass parameter, and require the light chagino )21" is heavier than 100 GeV [15].

The vector part of the expression in (5) can be rewritten in the following form:

N L[ Ak
i ~ .
Avector(X ) =1 Z/ WX
j=1
« Elj[};l —k + m)Zj]’Y”[ﬁ_ ke + m)Zj] + EZj[};l - m)Zj]’Y”[ﬁ_ ke — m)Zj]
W~ R — 2, i@l — M2+ ielllp — B — w2, & ]

s (18)
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where constants F; and Ej; are

Le: 4+ Lr:\2 Rr:\2 Le: —Lr:\2 Rr:\2
Elj:<i7RJ;— Lf) +<i—2Lf> : Ezj:<i7RJ2 LJ) +<i—2LJ> , (19)

or by using equations (7) and (8),
T m ? m ?
Eij = —— Upp—Vi1) + | —=——2—U; , 20
1y sin Gy l(ﬁmw cos 3 iz ]1> <\/§mW sin 3 ]2> ] (20)

2 2
T m My
Ey = — — Uiz +V; + | —=—U;
2j sin By l(ﬁmw cos 3 7 ]1> <\/§mW sin 3 ]2>

Separating terms in the numerator of A in equation (18), which determine the
contribution to AMM

a(p) [0 — k£ mg, ]y — k£ mg,]ulp) =

(21)

1
vector

= u(p) (l::fy”l:: — mfy”l:: — l::fy”m F mijfy”l:: F l::fy”mij) u(p) =
= 2a(p) (k" — k*m F k'mg,) u(p), (22)

the expression

2
AP (X:I:) - _9 2/ d4k y
vector = (27[')4

~

(Elj —|— Egj)kk” — (E1] —|— Egj)k”m — (E1] — Egj)k”mij
(0 — k)2 —mZ, +ie][k? — M +iel[(p— k)2 — mZ, +ie]

(23)

is obtained.

By the aid of Feynman parametrization after the integration over & the magnetic
moment operator in the leading order can be found. The factor in front of (p + p'),./(—
—2m) determines the chargino-sneutrino contribution to the AMM:

2
ot
= X
4u(X) = 162

S (B Byl — [(Ba+ Bl 4 (B 52,5 a0

j=1
2 M; s
x <1——0‘1n#>, (24)
T m
where
m? —m%, M,;2
b]':a—kw, a:2m2. (25)

The expression (24) takes account for the leading logarithmic suppression factor
(26)

which was obtained in [18, 16]. It comes from the leading 2-loop electroweak diagrams.
The non-dimensional factors A1, Az and Aj, Ao (in the following they will appear in
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the neutralino contribution) are defined by integrals contributing to the AMM (see the
Appendix). The expression (24) can be rewritten in a different form by substituting there
(19):
T |
au(X*) = Tonz <
2
<3 {(LR;? + L2+ Ry (M by, a) — Na(bj, ) + 2LRJ»LLJ»%/\1(Z>]», a)} x

j=1
2 M; s
x <1—70‘1n#>. (27)

m
The interaction Lagrangian of neutralino, muon and smuon for the neutralino mass
elgenstates )2? (7 =1,2,3,4) in the basis {jir, fir} is [30, 33]:
4

Luaxe Z{/‘ LL]PR‘FLRJPL)XJ/‘L+/‘(RLJPR+RRJPL)XJNR+
]:

+>:< (LL] PL + LR]PR)/'L/'LL + X] (RL]PL + RR] PR)/'L/'LR} (28)
. L4 sin? oy m
LY. =—gV?2 az'.—ziz’. L% =R} =—g———Z
Lj g\/_ (3111 W41 cos Oy ]2) ) Rj Lj g\/EMW cos 3 739
(29)
. in?@
RORj =gv2 <sm Ow Z;, + S;:l(I)lsT;VVZh) . (30)
2 [ e
y { (iL%].PR + iLOR].PL)u[k + MX?]Z(ZL%jPL + ZLR].PR)(p +p' — 2k)H]
2 ; 2 ; 2 ;

[0 —R)? = m, + el — M2 +ie][(p — k) =, +ic]

. (iR ; Pr + iR Pr)iilk + Mys)i(iRY P + iR%  Pr)(p+p' — 2k)] } 1)
2 ; 2 ; 2 ;
[0 = B)2 =2, + ie][k2 — M2, + ie][(p — k)* =} +ie]

By taking into consideration the GUT relation M; = gtan2 6w M> [30] one can con-
clude that the four-dimensional neutralino mass matrix depends on the same parameters
tanf, p and M,. The mass matrix can be diagonalized analytically [34] by means of a
rotation defined by real matrix. The analytical expressions can be found in [34, 35, 36].
For the neutralino-smuon contribution to the AMM we find
1

(%) = 5,77

»[/\o(bo,a]) —2X;(b°, ])]} X

9 M.omy
x(l——o‘ln XJZ”), (32)

T m
where )
m? —m?2 M,
0 _ i 0 X
b =a+ o j 2 (33)



Chargino-sneutrino and neutralino-smuon contributions to the AMM 91

3.Large degenerate sparticle masses and tan (3

For variety of new physics scenarios the leading contribution to the anomalous mag-
netic moment of a lepton is proportional to (m;/my)?, where my is the mass of a lepton
and my is the mass scale of new physics. The anomalous magnetic moment of the muon
in the MSSM scenario, see (2), has been obtained in [26] for the case of large degenerate
sparticle masses and large tan 3. Dominant contribution comes from the light chargino-
sneutrino loop diagram. This result has been discussed in reviews [1, 13, 37]:

2 ~
MSSM -+ @ m dac
a N ————— — tan l——In— |~ 34
# o) 87 sin’ By M2 A < o m> (34)

1 2
~ (signp) x 140 x 107 <00TG6V> tan 3. (35)

Rather small and negative contribution of the neutralino can be accounted by replacing
the factor 140 in the last expression by the factor 130 [1].

The result (34) can be reproduced if we keep only the term proportional to
Lr;Ly; % in the exact expression (27) omitting there at the same time the logarithmic
suppression factor *

2
1 My,
MSSM/ ~+ § : X3
a (X ) LRjLLj—m Al(bj,a) (36)

N —_—
H 82 <
j=1

Only the terms linear in my, in the numerator of (5) contribute to the approximate
formula (36). If for A1 we use the approximation (52) of large unequal masses in the loop
diagram (see the Appendix), then our result coincides with the corresponding expression
in [26].

For the case of degenerate sparticle masses we substitute (55) instead of A1 and use
the approximation Lg1Lp1 ~ LroLps = LrLy

1 4o 7
AMgty o = gy <1 - 70‘111 @> , (37)

" 1272 m m

easily reproducing (using (7) and (8)) the formula (34). °

4.Large unequal sparticle masses and tanf3

For the comparison of one-loop integrals in the case of large unequal superparticle
masses with the case of large equal masses it is convenient to introduce the functions
lo(2), l1(2) and I3(z) (see the Appendix for details),

lo(z)E/\O(z,Z) :Zil_ (2_21)2 Inz, ZE%, (38)
_ (v, 2) . 1 1 1
ha) == _3<2(z—1) BRCES RPN E 1“) ’ (39)
_ Aa(v,2)) 1 1 1 1
l(z) = — =4 <3(z— D 12t Go1p o1 1“) - 0

4The product LpjLy; is denoted by CLCR in [26]. These factors are contained in the terms which
have a helicity flip of the internal fermion line.
5In the expression (2) the logarithmic suppression factor is omitted.
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The lo(2), l1(2), I2(#) functions are plotted in Fig. 1 and 2, see also Tables 3 and 4.

0.6 0.7 0.8 0.9 0.2 0.3 0.4 0.5 0.6
2

Fig. 1. Integrals for the chargino type contribution. The left plot of I;(z = %) for

0.6 < m{“ < 1.1, the right plot of 1;(z) for 0.1 < ][mj:(l < 0.6 o
Table 3
Comparison between A;(v,z) and X;(v) for the first chargino case
| mi/M=mg /My, || 1/20 | 1/5 [ 174 ] 1/3 [ 1/2 [ 1]
lo(2) 7.38 | 4.90 | 4.18 | 3.31 | 2.26 | 1
I1(2) 9.66 | 6.10 | 5.08 | 3.90 | 2.52 | 1
l2(2) 11.67 | 7.08 | 5.80 | 4.35 | 2.71 | 1
. li
I neutralino {;:
1.2 l 0.023
1 0.02
08 0.015
0.6
0.01
0.4
0.0053
0.2
5 10 15 20 35 30 15 ﬁ

Fig. 2. Integrals for the neutralino (z:m% /M;q) or heavy chargino type contribution
J
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Table 4

Comparison between A;(v,z) and X;(v) for the neutralino case

‘mﬂ/Mﬁ‘2‘3‘4‘5‘10‘20‘
lo(2) 0.36 | 0.18 | 0.11 | 0.07 | 0.02 | 0.005

I1(2) 0.32 | 0.15 | 0.09 | 0.06 | 0.01 | 0.004
l2(2) 0.30 | 0.14 | 0.08 | 0.05 | 0.01 | 0.003

In the important case of large unequal sparticle masses the AMM contains different
contributions of the two charginos

! ! 1 ’
aySSM(if’gg)Nw.(sign#)x14><10_10 <00TG6V> tan . (41)

For the 1.60 deviation of the da, = 26 £16 (see Table 1) the sneutrino mass variation
range 1s approximated by

min,max ll(zl) + ll(Zz) < 100 GeV >
M —> . Vb . 42
o 2 Jioxii) Ve (42)

5. Conclusion

The leading order contribution (41) to the anomalous muon magnetic moment in the
basis of physical chargino and neutralino fields with arbitrary masses has been calculated.
The dependence of the AMM limits on the masses of light chargino and muon sneutrino
is shown in Fig. 3a, 3b for tan =25 and tan =40. For the case under consideration
the parameters p and My are large (of the order of TeV), so the contribution of heavy
chargino is very small and can be neglected. In the narrow area between the thin shaded
lines the MSSM contribution to the AMM provided by the light chargino is equal to
the electroweak contribution of the Standard Model (15.140.4)x 1071 In the region of
my,, My, plane marked by the thick dashed lines the deviation of the AMM from the
Standard Model value is less than 1.60. Thus at a given large enough tan g the existing
experimental data on the AMM favor the values of the light chargino mass in the ranges
around 100 GeV or around 500 GeV at the m,, ~500 GeV and then decreasing when the
muon sneutrino mass increases, which is different from the approximation of degenerate
masses shown in Fig. 3 by the solid line. If the sparticle mass difference is sufficiently
large (more than 100 GeV), the MSSM contribution to the AMM is substantially different
from the approximation of degenerate sparticle masses.

The similar situation is observed if we plot the AMM limits in the variables my, , my,
and p, M5 of the MSSM parameter space. The dependence of the AMM limits on the
masses of two charginos my,, my, is shown in Fig. 4a, 4b for tan 3 =25 and tan 8 =40.
The muon sneutrino mass is fixed at the value ME” = M} + m%cos23/2 (My is the
slepton mass). In the narrow area between the thin dashed lines the MSSM contribution
to the AMM coming from the light chargino and neutralino is equal to the electroweak
contribution of the Standard Model. The area marked by the thick dashed lines is the
region of the my,, my, plane where the deviation of the AMM from the Standard Model
value is less than 1.60. The same denominations are used in Fig. 5a, 5b for the AMM
limits in the p, M5 parameter plane.
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My , GeV
rraot 1
S fan 8 =25
rooat ll"'L 1 s
Wy /
200 | Wy y,
ooy /
200 | W /
ooy
7ot 1'|"|II \‘ f‘f
Wy
600 | LR 1 z/
Wy
. . - / . . . my . Falr
200 400 o0 200 Iaa0

Fig. 3a. The dependence of AMM au()ﬁt) on the masses of light chargino and muon sneutrino,
tanf = 25. In the area between the thin dashed lines aﬁUSY(Xf:) = (15.140.4) x 107'%. In the
region of the my,,mp, plane to the left from the thick dashed line aiUsY (xE) = (26 & 16) x
% 107!, Solid line corresponds to the degenerate chargino-sneutrino masses

My , Gev
10 W\
r fan g =40
1000 | i\ \ p
W 7
oo | A \ //
: W\ ;
7o0f A W\ ’
£00 \ W \
\ I\ - - — mp,, Gev
200 400 500 200 to00

Fig. 3b. The dependence of AMM au()ﬁ:) on the masses of light chargino and muon sneutrino,
tanf = 40. In the area between the thin dashed lines aﬁUSY(Xf:) = (15.14£0.4) x 107'°. In the
region of the my,,mp, plane between the thick dashed lines aﬁUSY(Xf:) = (26 £16) x 10717,
Solid line corresponds to the degenerate chargino-sneutrino masses
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Fig. 4a. The au()ﬁ:,)@t) dependence on chargino masses for tan 8 = 25
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Fig. 5a. The au()ﬁ:,)@t) dependence on the p, My parameters, tan 8 = 25

Mz, &=V [farm 8 = 0]
rToaoal , -
' |
|
\ \
200 | ﬂ A
A
I|II v
oo | Ll L
\ L
H‘Hx - _
L0 - -
h ::‘: =
=29t T
| e
: £t
=00 F=yry sl =N N S0 Iaaa
Fig. 5b. The

au()ﬁt,)@t) dependence on the u, M> parameters, tan 8 = 40

=T

=T



Chargino-sneutrino and neutralino-smuon contributions to the AMM 97

Acknowledgements

We would like to thank very much A.A. Biryukov and A.P. Martynenko for helpful
discussions.

This work was carried out partially under financial support of the Russian Min-
istry of Education (Grant EQQO-3.3-45) and the Program ”Universities of Russia” (Grant
UR.0102.016).

Appendix. One-loop integrals contributing to the
AMM

One-loop contribution to the anomalous magnetic moment of the charged lepton «a;,
may be presented as following decomposition

7

a; = 16? ' Z C{O;l;i;Z} ' A{O;l;i;z}(mz/m%7m2/Mz)‘ (43)

Scalar dimensionless quantities /\{0;1;1;2} depending on relations between loop and
external masses are determined by oneloop integrals of four types:

= (44)

/ d*k_a(p) {m(p+ )" mk* s (p+ )k kR Y u(p)

@2m)* [(p" = k)* = mi +ie][k* — M? +ie][(p — k)* — m] + ie]
1672

where symbol ”=—>" means we consider contributions to the anomalous magnetic moment

only.
The integration in (44) leads to the following analytical results for common case:

Nos1i1say (m? fmd M) - [u(p/) <igﬂuqu> u(p)]’

2m

{2t:42; 282,43 }

1
A{0;1;1;2}(T'/Lz/rn’%vTnz/Mz) = /dt

2 — 2bt + 2a — ie’ (43)
0
then
Ao(bya) =1n(z) + 2bL(b, a), (46)
AM(bya) = 14+ bln(2) +2(0* — a)L(b,a), A = 2y, (47)
Na(b,a) = % + 2+ (262 — a) In (=) + 2(25° — 3ab)L(b, ), (48)

where L(b, a) is the continuous function (a > 0)

1 —b+2a + K (b, a) R
1 b 2 K(b — b2_2
2K (b, a) n\_Hza_K(b,a) . P>2,  K(ba)= /P~ 2],
1
L(b,a) = e b = 2,
1 ; 1-— n : b <o
K(b, ) arc anK(b, ) arctan K(b,a) 5 a,
(49)
_l—z+4+w 1 _ m2 m%
b=E——( — a=5, VEms FE 5 (50)
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A.1. Large (m;, M > m) unequal masses in the loop

2 2
Ao(v,2) = <z— 1~ (z—1)21n2> v =
2m? -1
_22mt o =l 1
TERN (1—z+1nz), (51)
1 1 1
A = — 1 =
0= (g - o o)
3m? -1 4 1, 2
=2 (1-Zz4 22400 52
IE (1—z)3< 3Z+3Z+3nz>’ (52)
\ B 1 1,1 1 B
0 =T T T o o) U
11m? -1 18 9, 2., 6
= (1o L 28 Y.
602 (1—2)* <1 ettt Tt (53)

A.2. Large equal m; = M (z = 1) masses in the loop

Sl\)

Ao(v) =v = U (54)
M) = 5 = 2o (55)
Aafv) = 7= 12 (56)
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