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We consider the electroweak oblique corrections from quark-lepton substructure through its form
factor. We derive general formulas for the oblique correction parameters T, U, and S for a general
class of the form factors. Then we precisely calculate them for the case of the single-pole form factor.
It turns out that the effects on 7" become sizable when the new physics scales break global isospin
symmetry at the order of the weak interaction scale.
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I. INTRODUCTION

Recent precision experiments at high energies have
confirmed the standard-model predictions of the strong
and electroweak interactions [1]. This seems to suggest
that the field theory based on the gauge principle pre-
cisely holds, at least in the presently accessible energy
region. Many theorists, however, do not take that the
standard model is the ultimate theory of the nature, be-
cause it involves too many semiempirical parameters, it
requires unnatural fine-tuning of the bare parameters,
etc.

They expect that there exists some new physics such
as compositeness [2], supersymmetry [3], technicolor [4],
etc., and that the standard model is an effective theory
which holds in the far less energy region than the new
physics scale. Within the presently accessible energy re-
gion, the effects of new physics are expected to be re-
vealed through small deviations from the standard model
in precision experiments. Recently many people have
studied the contributions to the electroweak oblique cor-
rections from the new physics models [5], but only a few
from the composite-model viewpoint [6]. In this paper,
we investigate the contribution to the electroweak oblique
corrections from quark-lepton substructure through its
form factor at the vertices with the weak bosons. At low
energies, the effects of the form factor through the tree
diagrams [7] are very small, but they can become sizable
in the loop-diagram effects because the momentum of the
internal lines can be very large.

In the composite models of quarks, leptons, gauge
bosons, and/or Higgs scalars, the interactions among the
composite particles may lose their meaning at the energy
scale of subconstituent physics. Naively, we can describe
this situation by multiplying the interaction vertices by
form factors which suppress the vertex above the com-
positeness scale A. In general, the form factor F(q?) is
a function of the relevant four-momentum squared ¢2,
such that F(0) = 1, and F(g?) = 0 for ¢ > A%, Un-
fortunately, there exists no such function F(g2?) which is
analytic in the whole complex g2 plane. In this sense, it is
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merely an approximation which is useful much below A2,
and only the gross features make sense around A2 and be-
yond. We assume that the form factor F(q?) is analytic
except for a number of points in the g2 plane. Then it is
written as a sum of functions which is analytic except for
a point and vanishes at ¢> = co. Each function can be
expanded with positive power terms in A2/(A% —q?%) with
its singular point A%2. Thus the most general form factor
is a finite or infinite linear combination of the terms with
the form

A2 ™
(7A2 — q2) (n = positive integer). (1)

The plan of this paper is as follows. In Sec.II, we con-
sider the general functional form of the form factors, and
derive general formulas of the oblique correction param-
eters T, U, and S. In Sec. III, we perform the calcula-
tion of them for the case of the single-pole form factor
(see Appendix for the detailed derivation), and investi-
gate their dependence on the compositeness scale A. In
Sec. IV, we show the S-T and the S-U plane trajecto-
ries of the form factor effects and compare them with the
phenomenological bounds.

II. GENERAL FORM FACTOR

Now we incorporate the form factor F(q?) to the
electroweak-interaction Lagrangian of the isodoublet
fermion 1 (quark or lepton) in the form

£ =GP —m)p - 599F(~D)n W F(-Dw, (2)

where D¥ = 8* + ieQA* is the covariant derivative with
respect to the electromagnetic gauge symmetry U(1)em,
A* and W} (I=1,2,3) are the photon and the weak boson
fields (to be diagonalized), respectively, e and g are the
electromagnetic and the weak coupling constants, respec-
tively, m, Q, and 7 are the mass, the electric charge, and
the Pauli matrices, respectively, and vz = (1 —5)/2. In
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(2), m and Q should be taken as matrices operating on
the (global) isodoublet space of the fermion %: i.e.,

_ ’d’u _ QuO _ m, 0
o= () o (% a) (76 )

The subscripts v and d denote the up-type and the down-
type fermions, respectively. We have no reason to ex-
clude the possibility that A violates isospin symmetry
at the order of weak interaction scale Aw. Then A
and accordingly F(—D?2) are also matrices in the isodou-
blet space of the fermion, i.e., A = (AO“ OAd ) with
Ay — Ay = O(Aw). In the low energy region where
g* < A% ie., F(—D?) ~ 1, the Lagrangian (2) is re-
duced to the Hung-Sakurai form [8] which is equivalent
to the standard model as far as the non-Higgs sector is
concerned.

In (2), we consider only the form factor operating
on the fermion field %, but not that operating on the
weak boson W/, because the latter does not contribute
to the oblique corrections where the invariant mass of
the weak boson is much smaller than the compositeness
scale. The Lagrangian (2) preserves the electromagnetic
gauge symmetry, but not the full electroweak symmetry
SU(2),®U(1)y. There is no nontrivial way to incorpo-
rate a form factor operating on the matter field so that
it preserves the full gauge symmetry. Such a violation
of the gauge symmetry can be taken as a physical conse-
quence of compositeness of the fermions and/or the weak
bosons.

To derive the Feynman rule for the Lagrangian (2),
we expand the form factor F(—D?) in terms of the field
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A¥. The term of the zeroth order in A* contributes the
factor F(—0?) to the vertex. The term linear in A* gives
a vertex attached with an additional photon line with the
following factor in the momentum space:

Vilk,q) = =27 (k*)k, — (k) [a%, + (k - 9)q,]
—SF ) k- @)%, + O() ®)

where the primes denote the derivatives of F (k%) with
respect to k2, and k, and g, are the momenta of the
photon and the initial fermion, respectively. Equation (3)
is derived as follows. Since the most general form factor
is a finite or an infinite linear combination of (1), it is
sufficient to prove (3) for the form factor of the form (1).
Then

) A2 n n AZ J
f(—D)=<A2+32) _Z<A2+32)
j=1

ieQ(8, A" + Ak8,) ( A2\
X Az TR . (4)

Therefore,

Vu(k,q) = — g (ﬁq‘ﬁ)j

i=1

eQ(2ky +qu) [ A2\
X 1{‘2 * - . (5)

Then the first two coefficients in the expansion of V,(k, q) in g are calculated to be

2n AZ nl 112
Vu(k;q)lg=0 = —FGQ Az _i2 ky = —2F(k%)ky, (6)
8 0 n(n + 1)eQ A2 2
Ea—q)‘vu(k» q)|g=0 = — ( Ad ) ( 2 _ kz) (29pxku + Gupka + gurky)
P

3A6

AZ

sn(n+1)(n+2)eQ [ Az \"
o kokxk,

8
= —F"(k*)(29p2ku + Gupkx + gurk,) — §fm(k2)kpk>\kp- (7

This completes the proof of (3).

The self-energy parts IT};” of the W/ (I = 1, 2, 3) and the mixing amplitude 115 between W}" and A” arise from

the diagrams in Fig. 1, and are given by

2 -d4k 2 k 2 ]:2 kz
Iy = —9—4— (1271-)4Tr I:TI'Y“'YL}-—]?E: q,iz))l )Tt’YVWL*—k,_( m)] , (8)
v id*k F((k 2 , F (k2 V¥ (k,
HgQ = ezg ./ (2’”)4 r |:T37“7L ]yg-f- q/+_q111,) Q7 Ig’f. 772, + 2737"7L Qk/__( mq) ’ (9)

where the second term in the trace in Eq. (9) arises from the second term in the A, expansion of F(—D?) [Eq. (3)]. It
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is necessary to guarantee the electromagnetic gauge invariance. Owing to the fact that the form factors are suppressed
at high momenta, (8) and (9) are convergent integrals. The self-energy parts H;;" (¢, 7=1, 2, 3, Q) are represented
by the form

ngu = —g""I1L;;(¢%) + (¢*g” terms). (10)

To extract the oblique correction parameters S, T, and U defined in Ref. [9], we perform Wick rotation in the
complex ko plane, and integrate them over three angular variables in the four-dimensional Euclidian k space. After
a lengthy calculation, we obtain the vacuum polarization amplitude II;;(0):

L1 [ FH=s)FH-s)
3271'2/0 ¢ (1+m2/s)(1+m?/s)’ (1)

H33(0)=-64tr2 /;mds[(l}f'(r;;/)s> + (1?:3823) ] ’ (12)

I1,,(0) =

by 1 [ s dFi(=s)\ [ d Fi(=s)
nu(o)_—487r2/0 ds s (£s+mg)<ds sim§> , (13)
Coon L2 S[(d R\ (4 Fis))
H33(0)——@/0 ds s K?W) + (ds simg) ] ’ (14)
10(0) = _3217r2 /Ooo ds{qu [s fmi (%ff(_s)> - T(’;uf;gg;) 4 32(51(;%} —Qu [u o d:| } (15)

In Egs. (11)-(15), we have assumed the following behaviors of the form factors for s — oo:
Fi(s) < 0(sY), %fi(s) <O(s™h . (16)

Then the oblique correction parameters are given by the general expressions involving the arbitrary form factors:

N, oo 20 2(__ 2
— — / ds fu( .5‘) _ fd( 23) , (17)
16msin®fw cos20w M% Jo 1+m2/s 14+ m3/s
oo 2(_ 2(_ 612
U:& ds s® d Fai(=s) 4 74( 32) , (18)
67 Jo ds s+m2 ds s+mj

S = NeQu /oo ds [sz(mﬁ —s) (i]:U(—S)>2 - }-3(—8)] - {u < d} ’ (19)

2 _ 2 _
6T ds m2 —s m2 —s

where @, = 2/3, Q4 = —1/3 for quarks, Q, = 0, Qq = —1 for leptons, w and Mz are the Weinberg angle and
the Z boson mass, respectively, and N, is the color factors (N, = 3 for quarks and N, = 1 for leptons). From
Eqgs. (17) and (18), we can conclude that T' > 0, U > 0 for the arbitrary form factors while S can be either positive
or negative. Equations (17), (18), and (19), however, involve the contributions from the corresponding part of the
ordinary radiative corrections in the standard model. After subtraction of them, 7" and U can be slightly negative.

III. SINGLE-POLE FORM FACTOR

As a simple example, let us see how the oblique correction parameters T', U, and S depend on the new physics scale
A for the case of the following covariant single-pole form factor

A2

F(-D*) = 555 -

(20)

We expand F(—D?) in terms of the electromagnetic coupling constant e:
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A2 "1
2 z " "o 2
f( -D ) 82 > [e (1,8 A“ + ZA o eA ) “——“‘—82 2]

AZ A? 1

= — ' (OF 13
5 L A2 632+A22(8 A, + A0 )32+A2
A? 1 1 2
2 2 — H M n >
e 62+A2{A,,82+A2 (04, + 4,0%) =5 }+O(e )(n>3). (21)

In Fig. 2, we illustrate the Feynman rules for each term in the form factor (21). Then the self-energy parts II}}”
and H“ are given by the diagrams in Fig. 3. It is laborious but straightforward to calculate the oblique correction
parameters T, U, and S. We derive them in the Appendix. The analytic results are very complicated, as are given
by (A11)-(A13) with (A14)-(A22).

To see the behavior of T', U, and S for large cutoff, we expand them in inverse powers of A; (¢ = u,d). Equation (A11)
is expanded in terms of A; as

N,
T~ c [T To+ Tz +O(A™ 22
87rsm20wc0520WM2 2470+ T2+ O( )] (22)

where T3, To, and 7_, are the O(A2), O(A®), and O(A~2) contributions, respectively:

2A2A4 A2 (AZ + AZ)(A2 — BAZAZ + AY)
2= _(AZ 1\3)31 (F) * 6(A2 — A3)? ’ (23)
A8m?2 — 3ALAZm2 — 3A2ALmZ + ASm? A2
7o = tn (3)
(Aﬁ A3)?® AZ
5A% — 22A2A2 4+ 5A%)(m2 + m?2 ma —m? +2m m?2 In(m?2 m
+ u u'td d u d + d d d (24)
6(AZ — AZ)? 2(m3 —m3) ’
A8 + A8 2(AS —2A2A%)
_ 4 2 2 4 u d d u‘rd 2
T2 = (m, + mZm3 + m3) [ZAiAi(AZ ~ A% AZ(AZ — AZ)3 In(AZ)
méIn(m2) — m8In(m3) 17m: 6m? A2
o e S T AR v, ln( 3)+{qu}. (25)

The third term in 7o corresponds to the standard-model contribution, and should be subtracted to get the pure new-
physics contribution. The higher order terms of O(A™") (n > 4) are negligiblly small because the masses of ordinary
fermions are very small compared with the new physics scales. If A, # Ag4, T2 diverges quadratically with increasing
A;, while if A,, = A4, T3 vanishes. This realizes the general statement that the oblique correction parameter T' vanishes
when the global isospin symmetry (custodial symmetry) holds [10]. The breaking of this symmetry is parametrized
by the difference A = A, — A4 of the scales. We naturally expect that the symmetry is broken at the order of A ~ Aw
(Aw is the weak interaction scale). If it is the case, its effects on T are well observable. Since the top quark mass m;
is large, we cannot ignore the higher order terms 7¢ and 7_» of the top-bottom quark generation.
Equation (A12) is expanded in terms of A; as

N, »
U~ ‘6;[“0+U_2+0(A )} , (26)

where Uy and U_» are the O(A®) and O(A~2) contributions, respectively:

Uo — A% —5ASAZ + 28AA] + 28A5A5 — 5AZAG + AY In (A?,) - 48A%AS 19

(i~ 23 A) T Rz-A i

mé — 3mim?2 — 3mZms + m$ m; 22m2m?2 — 5(m? + m3)

+ (m2 —m3)3 In (m?i) + 3(m2 — m2)2 ’ (27)
U, = 2m? 2A% (A2 —5A2A% + 16A%) In A2 _ AY(31A7 — 8AZAZ + A))
- (A% —AD)® AZ(AZ — A2

2 | mi(m?% — 3m2) m?2 2m2 mﬁ 41 4

— | — = 2 d} . 28
+Ai (m2 — m2)3 In m3 * (m2 — m32)? + 30A2 A2 +2mg{u & d} (28)
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FIG. 1. (a) The self-energy diagram of W}* (I = 1, 2,3), and
(b),(c) the mixing diagrams between W}' and A*. The blobs
indicate the general form factors. The solid, the dashed, and
the wavy lines indicate the fermion, the weak boson, and the
photon propagators, respectively. The diagram (c) guarantees
the electromagnetic gauge invariance.

The fourth and fifth terms in U, are the contributions
from the standard model, and should be subtracted to
get the pure new-physics contribution. If we send one of
A, and A4 to infinity, Uy diverges logarithmically. On
the other hand if A, = A4, Up vanishes. Even though
the global isospin symmetry is broken, i.e., A, # Aq, U
is not so large, because U does not involve the terms of
O(A2).

We also expand Eq. (A13) in terms of A; as

N, —4
S 2t [so +8_,+0(A )] , (29)
where Sy and S_, are the O(A°) and O(A~2) contribu-
tions, respectively:

16 A2 m2
m2 m2 m3 m2
= S 7 u dp | 4
S_2=2(1 Y)Aa ln( u)+2(1+Y)A§ 2 Ay
(64 +45Y)m2 (64 — 45Y)m3

15A2

where Y (= Q. + Qu) is the weak hypercharge of the
lefthanded component of the fermion. The third and
fourth terms in Sy correspond to the standard-model
contribution, and should be subtracted to get the pure
new-physics contribution. Even though the global isospin

i, it

FIG. 2. The Feynman diagrams for each term in the covari-
ant single-pole form factor in Eq. (20). The thick solid lines
indicate the single-pole form factors. The thin solid and the
wavy lines indicate the fermion and the photon propagators,
respectively.

Cm————— 4
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FIG. 3. (a) The self-energy diagram of W/* (I = 1,2,3),
and (b),(c) the mixing diagrams between Wj}' and A* for the
case of the covariant single-pole form factor. The thick solid
lines indicate the single-pole form factors. The thin solid, the
dashed, and the wavy lines indicate the fermion, the weak
boson, and the photon propagators, respectively.

symmetry is broken, i.e., A, # A4, S is not so large, be-
cause S does not involve the terms of O(A?) as is the
case of U. Even if the global isospin symmetry of the
new physics scales holds, i.e., A, = Aq4, the value of S
does not vanish but becomes —8N,/457 which is inde-
pendent of the new physics scales, the fermion masses,
and the weak hypercharge.

IV. S-T AND S-U PLANE TRAJECTORIES

In Figs. 4 and 5, we plot the S-T and the S-U plane
trajectories of the form factor effects for various values
of A = (Ay + Ag)/2 and A = A, — Ag. The solid lines
denote the trajectories with A fixed, and the dashed lines
denote the trajectories with A fixed. In Figs. 4 and 5,
(a), (b), and (c) show those for a lepton doublet (v.-e,
Vy-p, or v.-7), a light quark doublet (u-d or c-s), and
the top-bottom quark doublet, respectively. In this cal-
culation, we used the value m;=174 GeV for the mass of
the top quark [11]. From these diagrams, we can see that
T increases rapidly with increasing |A|, while S weakly
depends on A if A is small. For the top-bottom dou-
blet, the higher order terms 7y, 7_2, U_3, and S_» in
Egs. (22), (26), and (29) also have sizable contributions.
Furthermore, T and U becomes asymmetric as a func-
tion of A, and can be slightly negative, because the top
quark and the bottom quark have a large mass differ-
ence [Fig. 4(c) and Fig. 5(c)]. On the other hand, for the
light-fermion doublets, T and U are almost symmetric in
A and positive definite [Figs. 4(a) and 4(b), Figs. 5(a)
and 5(b)]. Hence we can see that the effects of the
form factors to the oblique correction parameters become
sizable only when the new physics scales break global
isospin symmetry, i.e., A, # Ag. When A = A, — A4
is the order of weak interaction scale Ay, the effects of
form factor to T can be observed by experiment because
T = O(A%/M2%) = O(A%,/M%). Notice that T does not
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strongly depend on A as far as A is fixed. On the other
hand, it is difficult to detect the effects of form factor
on U and S unless A is as small as the weak interaction
scale.

Now we consider the total contributions from all the
fermion doublets. In Fig. 6, we show its S-T' plane trajec-
tories with varying A together with the phenomenologi-
cal bound on S and T given in Ref. [9] for the top quark
mass m;=150 GeV and the Higgs scalar mass myg=1
TeV. The phenomenological bound is insensitive to my.
The reason why we adopt m; =150 GeV in drawing the
phenomenological bound is that it is about the safest

(a)
o Vee, Yy, [t or YV T, doublet
2
E..4
T 1r = 1
A=03TeV 1< =03
2
L
o~ " _
< A=0
07 ~C008 —006 004 0.2
s
T T T T T T T
ud or cs doublet (b)
2— .
T 1f 1
0~ —
1 1 1 1 i 1 1
02 -0.18 -0.16 -0.14
s
e
A=-03TeV b doublet‘C
2_ 4
T 1k 1
0—- |
| 1 1 1 1 1 1
02  -0.18 -0.16 =0.14
s

FIG. 4. The S-T plane trajectories of the form factor effects
for various values of A = (Au+Agq)/2and A = A,—A, for each
fermion doublet: (a) a lepton doublet (ve-e, v,-p, or v, -T),
(b) a light quark doublet (u-d or c-s), and (c) the top-bottom
quark doublet. The solid lines denote the trajectories with A
fixed, and the dashed lines denote those with A fixed.
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TABLE 1. The phenomenological constraint on
A (= Au — Ag).
A 68% C.L. 90% C.L.
1 TeV —55GeV< A <76 GeV —T77 GeV< A < 98 GeV

10 TeV —33 GeV< A <36 GeV —66 GeV< A < 69 GeV

value within the experimental error of m; determined
from the Collider Detector at Fermilab (CDF) experi-
ment [11]. Figures 6(a) and 6(b) represent the cases of
A =1TeVand A = 10 TeV, respectively. In Table I,
we show the phenomenological constraint on A read off
from the diagrams in Fig. 6.

In general, the contributions of the form factors to the
oblique correction parameters depend on the functional

_ (a)

A=10TeV

0.01- — b
o)

ne =)

<]O o |

U oF 0 -0.2 .

2 01 g o1

A=1TeV
-0.01 1
Ve, V, M or VT doublet
-0.1 -0.05 0
S
0.01
U Or
-0.01r
— T T T T T T
tb doublet (c)
0.01F 7
A=-0.3TeV
U O0r
-0.01 7

FIG. 5. The S-U plane trajectories of the form factor ef-
fects for various values of A = (A, + Ag)/2 and A = A, — Ay
for each fermion doublet: (a) a lepton doublet (ve-e, v,-pu,
or v,-7), (b) a light quark doublet (u-d or c-s), and (c) the
top-bottom quark doublet.
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FIG. 6. The S-T plane trajectories of the form factor effects
in total, and the phenomenological bound (the ellipses).

form of the form factors F(—D?). We have no way to
determine it except for that by high energy experiments
in the future. However the explicit form of F(—D?) it-
self is not important to determine the dependence of the
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oblique corrections on the compositeness scale, as far as
its scale is much larger than the weak interaction scale.

To summarize, we have considered the contributions of
the form factors to the oblique correction parameters T,
U, and S. The effects of the form factors to the oblique
correction parameter T' become sizable when the new
physics scales A; (¢ = u, d) break global isospin sym-
metry. The effects, if they exist, are so large that they
might affect the present day experiments. We found that
A = A, — A4 should be restricted in the region given in
Table I. We expect that the compositeness, if any, might
disclose itself through the electroweak oblique corrections
in more accurate experiments in the future.
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APPENDIX

In this appendix, we give the detailed derivation of the
oblique correction parameters for the case of the single-
pole form factor. The self-energy parts II};” and the mix-
ing amplitude II5) arise from the diagrams in Fig. 3,
and are given by

L g2 [ id% A2 2 1 . A2 \? 1
M= Wﬂ“”((kw)hm) o (60n) o) WY
. 2 idtk A2 2 A2 \? 1 ]
H§3 :_gZ/ (1277)4’1‘1‘[{7”7L((k+q);—1\u> ]f+q/—mu7V7L(k2—Au) k;_mu}+{U<—)d} . (A2)
o ge [id% [ 1 A2 ) AZ 1
Moo =5 /(Zw)‘*“[{Q””m g—mu((lwq)?—zxu)7 ”(kZ—Au)Jc—mu
1 A2 \? 1 ]
+Qu7“(2kn+‘h)(m)’yu’)’l'(k2 _uAu) ]c——mu}_{UHd} : (A3)

It is straightforward to obtain the following expressions for the oblique correction parameters per one isodoublet

fermion:
= o oWIZ;sz G T /0 "o [zcud(w) — Cuu() — cdd(a;)] , (A4)
U= % /0 iz [2Dua(z) ~ Duu(2) ~ Daalz)] , (A5)
5= N? /0 " [Iu(m) + Lu(2) — Qulu(z) + Qde(a:)] , (A6)

where
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o) — ALAS e+ miyyn | A2 £ T £ AZ)] (0 =m0 ) |
(%) = Gz mrpar —mzp | T | (B2 v A2y (mPe + m2y) A2 + AZy ’
Dij(z) = A{Ajzy (Afz + A2y)(miz + mly)
v (A? —m2)2(A} — m})? (Afz + mly)(miz + Aly)
PGS [ PO R SRS T (4
Az + AZy Az +mly miz + AZy Az + AJZ-y ’
ASzy AZm?
Li(z) = 75— In 2 3 N(2 2
(AZ —m3)* (Aiz + miy)(miz + Aly)
1 T Yy Yy
—(A%2 —m>) (= — — — (A2 —m2)2Z22 A9
Ji(z) = 2A%zy Adm?
(AR -md)? | (Afz +miy)?(miz + Afy)
Afzy  |m? m?(A? + m?)
t Az -2y A?(1+2y)_ A2z + m?y)(m3z + A2y t—1 (A10)
(3 T k2 ] T T T
with y = 1 —z and ¢, j = u, d. Performing the integration with respect to the Feynman parameter z in the
Eqgs. (A4)—(A6), we obtain the expressions
N,
= 87TSiD29WC0820WM% [Tl (Au’ Ada My, md) + Tl (Ady Aua md, mu) - TZ (Au7 Ad, My, md) - T2 (Ad, Auv mq, mu)] )
(A11)
N,
U= ﬁ [Ul(Auv Ad) - Ul(Au’md) - Ul(mua Ad) + Ul(mufmd) + U2(Au7Ad’mu’ md) + Uz(Ad, Au’ md’m“)
+U3(Au,Ad7mu,md) + U3(Ad7Au, mdymu) - U4(Au7 Ad’muy md) - US(Au’mu) - US(Ad’ md)] ) (A12)
N.
§ = 22 [S1(Au,mu) + 51 (Asyma) — QuSa(Au,ma) + QaSa(Aayma), (A13)
where
ASA% 2A2 A2 A2
T AivA'y or) i) = LA 1-— J 2 7 )1 Az
1o Ago o) = (R REEAT — ) (AT — ) [ (a2 A v s s s Rl
4 AfAImE In(m?)
(A = m?)2(A] — mE)2(m? — m3)’ (A14)
Af 1 4 2 2 4 AZm2(A? + m?) m?
To(Aiy Aj,my,my) = AT m3)i [E(Ai + 10A;m; + m7) + —Af—lTln (Al;) ) (A15)
A%A2 (322 — A2\ A2 22272
Ui(Xi, Aj) = v._d I T In () + s | A16
)= w—mprar—mpe | oe-ap (e e (A1)
AZAG A2 —m? 6A2A% A2
Us(Ai, Aj,mi,m;) = u_d i i | _ Al 272 - 3
2( 3s M, ™) (Aﬁ-mﬁ)z(Ai—mﬁ)z{(Af—A?):’{ A7 +5A7A; +2AJ+A2_2_A? ln(A?) » (A17)
AZAS A2 —m? 6AZm? m?
Us(Ai, Aj, mi,m;) = ulld i T A4 gaz4 g4 OO g (TG
s by mis ms) = (72 (A7 — ) { @& —m)p [A’ satmi —amf — e (1) | o (419)
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2A1A% 6AZAZ(AZ +A2) (A2
Us(As, Ajymi,m;) = i A% 4+ A% 4 10A2A2 4 103\ TG0 (_, : A19
4( iy g, T m]) (Af—A?)4(A3—mf)(A§—m§)|: 1+ _7+ 1 ]+ Af—A? Alz) ( )
A$ A8 — 3A%m?2 — 15A2m? 6 2 2(A —TA2m?2 — 2m? Tm?2 4 7
US(Ai,mi) — 3 1 5 3 1m12 2 ‘lmﬁ +m1' ln (T_;_) + ( 1 5 1m12 ml) + m; — m1.4 + I R
2(A7 —mj)* (A7 —mi)3 Aj (A} —m7)? 5A7 SA; 15
(A20)
A8 AS — 3A4m?2 — 15A2m$ + m$ m? 2(Af —TA2m2 —2m}) T™mZ mi 7
Sl(Al, mi) —_ K3 k3 k2 1 3 1 2 l ( K3 1 1 1 T + 1 — K2 + I R
(A7 = m2)s (AT —m2)® i) (A7 - m3)? 5A7 A T 15
(A21)
6A] A —3A m? — 12AZm} +2mf . mI\ (BAZ+mi)m?Z @ m? 5
A; ;) = 1 1 Rt i) ] (_z _ 1 1 % T b A22
S = =y [ 3(A7 — m?)" (&) @ tarte) )

Note that Egs. (A11)—(A13) involve the contributions, from the ordinary radiative corrections in the standard model.
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