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All the electromagnetic formfactors for the massive, Dirac neutrinos are calculated
in the frame of the GSW model. Their dependence on the Kobayashi-Maskawa mixing
and C, P, T properties are discussed. Three formfactors depend on gauge, the other ones are
gauge independent. In the static limit 4> — 0, in one loop approximation the Dirac neutrino
has two electromagnetic characteristics — the magnetic moment (which vanishes for massless
neutrino) and anapole (which is different from zero in thes massless limit). Present experimental
data do not give possibility to check these static properties of the neutrinos.

PACS numbers: 12.15.~y

1. Introduction

One of the characteristic properties of neutrinos is their electromagnetic structure.
Such electromagnetic structure was investigated [1, 2, 4, 5] in the frame of the Glashow-
-Salam-Weinberg (GSW) model [3]. In those papers usually unitary gauge was applied
[1], not all possible diagrams were taken into account [2, 4] or only massless neutrinos were
investigated [1, 5]. In spite of lack of the experimental verification (up to now) of the neutri-
no oscillation phenomena [6] the problem of massive neutrinos is still actual from experi-
mental [6] and theoretical [7] point of view. In the case of massive neutrinos there
is a problem what kind of mass they have, Dirac or Majorana? One of the features which
will distinguish both cases in future experiments is the electromagnetic structure of the
neutrinos. In this paper we would like to investigate in details the electromagnetic structure
of massive Dirac neutrinos in the frame of GSW model. In the lepton sector of the model
we use the Kobayashi-Maskawa mixing [8], like in the quark sector. In our calculations
we apply full on-mass shell renormalization scheme [9] similar to [10]. In this renormaliza-
tion scheme using linear 't Hooft-Feynman gauge we have obtained six different form-
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factors F(g?) i = 1,2, ... 6 for all neutrinos. We also obtain that the neutrino current
is not conserved

q%j, # 0. a.1

This unphysical result is caused by a gauge dependence. The current is calculated from the
Green function which depends on gauge. Only the static limit g — 0 for formfactors
is gauge independent and has physical interpretation. There were a few attempts [11] to give
physical validity to formfactors in the case of g2 # 0 so we will not consider this problem.
Not all formfactors depend on gauge. To find which one depends on gauge we perform
our calculations also in non-linear gauge [12, 13], where the Ward identities for the electro-
magnetic vertex remain the standard identities in quantum electrodynamics. It follows
from this property that the neutrino current is conserved
g/jNONLINEAR _ (1.2)
From this calculation we find that three formfactors F,, F,, Fs (see Chapter 3) depend on
gauge. The other ones are gauge independent (in our gauges). In the one loop approxima-
tion the massive neutrino has a magnetic moment and an anapole moment [2]. The electric
moment vanishes in this approximation. The magnetic moment is proportional to neutrino
mass and vanishes for massless neutrino. The anapole moment depends on the KM mixing
and is different from zero for massless neutrino.
In Chapter 2 we present the calculations of the neutrino current in the linear and the
non-linear gauges. In Chapter 3 the properties of the neutrino current are discussed. Its
static characteristics are presented in Chapter 4. In Chapter 5 we summarize our results.

2. Electromagnetic current of the neutrinos in the frame of the Glashow-Salam-Weinberg
model

We assume that all neutrinos have non zero masses and there exists a mixing in the
leptonic sector like one in the quark sector of GSW model with three generations of fer-
mions. Thus we introduce the lepton Kobayashi-Maskawa (KM) matrix 4., (c,n = 1,2, 3
are flavour indices) which mixes flavours in the leptonic sector.

To investigate the structure of matrix elements of electromagnetic (EM) current
between two onme-particle neutrino states in momentum space we calculate vvy vertex
within the GSW model to the one loop approximation. To check gauge dependence of the
various formfactors we perform our calculations in two different gauges. Namely, in the
linear ’t Hooft-Feynman gauge, where the gauge fixing Lagrangian has the form

Lor = —10,W" —iMyg'* ~ 3 (9,2" — Mz95)* — 3 (94", 21

and in the non-linear gauge with the gauge fixing term [12]

M 2 ,
< ggNLIN == (au —ie \/ M_——z = M2 Ai) W —iM w‘PT —%‘ (B“Z“—M z<P3)2 —% (auA")z-
z— Mw

2.2)
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In the last formula A denotes the third of the group components of SU(2) gauge field
before transformation to the physical fields, which is done by the formula

A =

3 % (VME=M3 A,—MyZ,). (2.3)

We know that the GSW theory is renormalizable in both of these gauges [14]. It is
worth to mention that we renormalize vvy vertex in a selfconsistent way. That means,
we are able to remove divergences of all Green functions to an arbitrary order of perturba-
tive calculations (see [10], [9]).

We found Feynman vertices in both gauges using our version of GSW Lagrangian
[9]. The vertices in the non linear gauge which differ from those in the linear one and are
used in this paper are listed in Appendix A. In the nonlinear gauge some three point
couplings vanish and as a result smaller number of diagrams contribute to three or four-
-point Green functions (see for example Fig. 2). Unfortunately there appear some additional
four-point vertices which make two-point Green functions a little bit more complicated
(see. Appendix B).

The Feynman diagrams which contribute to the vvy-vertex in linear and nonlinear
gauges are shown in Fig. 1 and Fig. 2.

1/ Vp =
m pz -4- n 'lg‘l gcl —-g;—
z
0 "0 3 'Pf

Fig. 1. Feynman diagram involved in vertex v,v,y in linear gauge
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Fig. 2. Feynman diagram involved in vertex v,vnYy in nonlinear gauge
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Let us briefly describe our renormalization scheme [9]. We perform on-mass shell
renormalization of GSW model up to the one loop approximation. In this case the counter-
term to the vvy vertex, following from our Lagrangian, equals [9].

Vn

Al ie M2

=7 M \734‘2— P (1 —y5)dz4, (2.9

pd
//y..
1

where we introduced matrix renormalization of fields in Z— 4 sector [10]
)
Z,, Zl/2 Zl/2 “
2.5
(AQ“) <Zl/z, 1/2 A,, ( )

Zl/z = 1-4z, 2,14{42 =1-4,, Z%f = —dz4 ZAZ = =4z

with

We use on mass shell (OS) renormalization conditions in the form given in the papers
[9, 10]. In our case it is enough to introduce only two conditions, for transverse part
of Z— A propagator

[Re IT%,(q*)— MZAZA+q2(AZA+AAZ)}q2 -0 =0,
[Re IT7 ,(q 2) ~M3Az4+q%(Az4+ 42)]p=m2, = 0. (2.6)

Thus, to determine the renormalization constants 4,, and 4,;, we must calculate Z—- 4
propagator both in linear and non-linear gauges to the one loop approximation. Diagrams
which contribute to these propagators and our final results for them are shown in
Appendix B.

Substituting (B.1) and (B.2) into (2.6) one obtains the following values of 4, and 4,

e? My
872 VMEZ—M

2 2 2
M M M2 M

Agp= g [cuv(—s- 22) —Z + (—4—}" +%)1nM3v
16n* /M2Z—M?Z 6M2)  9MZ, M3

~ 2 M%, 13 Mz 4 2 2 2
+Fy(My, My, M2) | 4 — +532+ —5 0/20(Mz—My)—T5;M7)

Az4 = (CUV'—In Mw),

M3 6M2)  ME,

X (% Cyy+Re F. 2(m;, my, M3)—Re F W(my, my, M %))] 2.7
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in the linear gauge, and

AZA = O,
2 2 2
e Mw MZ M? 281"Iw
A = | C -1 = +’8“ + - Z 1 M2
427 t6n? \/Mg_Mgv[ ”V< 3 6M%V> YYES a2 Ty M

. 5 [28M%, M3 4 ) 2
+Fo(My, My, M50 +5+ oz | = ) Q20(M3= M)~ TaM)

x (& Cyy+Re Fy(m;, m;, M2)~Re F (m;, m,, M%))} 2.8)

in the non-linear one.
Renormalized neutrino EM current has the same structure in both considered gauges:

—ie’M2
" e (p " z : 4
S, 9) ie i, (p)"u,(p,) = 6a (M2 — M%) | A

X T (p)[ AL W + Eq°)p" +iG(q*)q"
+7s(B@* W +iD(g*) " + Ci(q*)q") Ju.(py), (2.9)

where p = p;+p2, § = p2—p;, A, — KM matrix element in leptonic sector, and we
assumed that neutrino spinors wu,(p,), #,(p,) satisfy the Dirac equation.
Functions A4,(q?), B(q?), C(q?), Di(q?), Efg® and Gg?) are listed in Appendix C.

3. Neutrinp formfactors, current conservation

The Hamiltonian of the neutrino interaction with electromagnetic field may be written
in the form

Hy = j,A% 3.1

where j, is, by definition, electromagnetic current and 4* is the photon field. Matrix elements
of this current have the form

ju = - ieﬁ(sz lZ)Fuu(ply )Ll)a (3°2)

where py, 4,, (p;, 1,) are momentum and helicity of incoming (outgoing) particles (see
Fig. 3).

Physical requirements, e.g. hermiticity of the hamiltonian and the fact that spinors
v and # fulfil the Dirac equation, lead to the following form of the operator I',

I, = Fyy,+F,P,+iF3q,
+Fy5(q*y,+2mq,)+iFsysP* + Fgysy,, (3.3)
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Fig. 3. Diagram which may contribute to electric dipole moment of the neutrino

where F; (i = 1, ..., 6) are real scalars which depend only on g2, and m is the mass of
a particle. Our operator I',, which was obtained in straightforward calculations of neutrino
current (see Chapter 2), has the same form and we may write F, in terms of 4,, B;,, C,,

D, E;, G, (see (2.9)
2

F E A, AL A,
1 6471?2(MZ Mw) In‘ 21441

F eM; Ay ALE
2 64TE2(MZ Mw) In‘1nltals

F __eM; 4, A4G
3 647(2(Mz Mw) ln nl™~ s
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F _eMz A, ALD
5 647I (Mz Mw) In‘inltls

2
€Mz Cuy
F, = —— A A . .
" oan®(ni2 \/IW)E 4 . "’( ) G4

We have here six independent funciions, instead of four as for example in papers [2, 15]
because we do not require up tc now the current conservation

q,J" =0. (3.5)

If we define the electromagnetic current in terms of renormalizable gauge fields [11],
the current conservation will be a result of Ward-Takahashi identity

g"V,"" = e[SF '(p— )-S5 (P)], (3.6)

where V'™ — fermion-fermion-photon vertex, Sg(p) — fermion propagator.
It is fulfilled for QED [16]. In the frame of GSW model property (3.6) depends on gauge.
I is satisfied ¢.g. in unitary gauge and in nonlinear gauge [13]. In linear 't Hooft-Feynman
gauge (3.6) is not valid and we cannot expect the current conservation in the form (3.5).
Broken current conservation means that some parts of the operator depend on a choice
of the gauge and then they cannot be physical observables. However for g*> = 0 the current
conservation has still the form (3.5) and additionally we can interpret most of the form-
factors. It 15 easy to see that 2mF,(0)+F,(0) = charge Q,
Fy(0)

2m
(nonrelativistic interaction has the form — MgB),

—F5(0) = dipole electric moment D
(nonrelativistic interaction has the form — DEE),
and F4(0) = dipole anapole moment A
(nonrelativistic intcraction has the form Ao rot B).
F;(0) and F4(0) are not physical obscrvables and in nonrelativistic approximation we cannot
write their interactions in form of coupling with electromagnetic fields (or derivatives of the
fields).

It is interesting to sce what kinds of properties the formfactors have when we assume
that the theory has some discrete symetries, like C, P, T. All these properties which are
valid for any momentum transfer g2 are given in Table I. We can see that when CP is not
broken, Fs must be equal to zero. In GSW model CP is broken only due to phase factor in
the KM matrix, but in one loop approximation only absolute values of the elements of
KM matrix go to the electromagnetic current and then Fs must vanish in this approxima-
tion (what can be checked in straightforward calculations). At higher orders, where the

= dipole magnetic moment M
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TABLE I
The properties of formfactors at discrete symmetries. “—" denote that formfactors are equal to zero
when symmetry is conserved
N Formfactor l .
Symmetry N Fy F, Fs ! Fy | Fs } Fg
I !
c PR P
P + + + ] - | - -
T(CP) + + - : + | - +

phase of the KM matrix enters the diagram, the formfactor F; (and from this the electric
dipole moment) can be different from 0. An example of this diagram is given in Fig. 3.

Let us return to our results for electromagnetic current of neutrinos. After easy but
rather long calculations we can obtain

q,j* =0 3.7

for nonlinear gauge, and
_ —e*mMiq?
- 32 (Mz—M3) (¢F — M)

quju (ln MVZV_FO(MW’ MW’ qz)) (38)
for linear gauge.

To obtain the results (3.7) and (3.8) we use reduction formulae (D.3-D.6) from
Appendix D,

We sec that for our linear gauge the electromagnetic current is conserved only for
g% = 0, as expected.

4. Static properties of neutrinos

Let us see now what is the physical contents of electromagnetic current of neutrinos.

It is worth to mention that our results are exact, we took into account all diagrams in one
2

m
loop approXimation and calculated without any approxXimation like O (ﬁ) . Our results
W

are
G(g*) =0, Dfg") =0, 4.1

what is the consequence of the CP violation only by phase in the KM matrix. This means
that dipole electric moment of neutrino vanishes in one loop approximation as expected
(see Chapter 3).

(2mE;+4)(¢* =0) =0, 4.2)

where m is neutrino’s mass. This means of course that ncutrino’s charge is equal to zero,

2 1 mi m?*
E(g )g=0 = — -2 YR
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1 m? m}? m} m;
—In{—)](3- mi+ = —My+ —
T (M%V)K’ 2MZ, 2 A VE

+ —2_-1n'<\/z-m2+m’2+M%V L
V4 2mMy m’
4.3)
where
4 = m*=2m*(m? + M3)+(m} — M3, 4.4)

E, is proportional to the magnetic moment of neutrino but it is rather difficult to see its
behaviour using the above formula. When we left only first term in series in powers of

m . . .
—  we obtained for the magnetic moment of neutrino (see Chapter 3)
w

M~mﬂm<m) @.5)
- Bliev )

so we get the same result as e.g. in [2].
We have used here the following values of the masses and fine structure constant taken
from [17]

My = 80.8GeV, M, = 92.9GeV, m, = 0.5110034 MeV
m, = 105.65932 MeV, m, = 1.7842 GeV,

a = 1/137.03604, e = 1.6021892.10°'°C,

It is worth to mention that M does not depend on the KM mixing because 4; does not
depend on [ in this approximation.

1 m? m? m}
C* =0)=—|1— —~ 4+ — |In{—
a" =0 m[ g T ae |\

2 (\/Z+m;2-—m2+M§,)

—In
2mMy

m /4

2m} m* 3m? mi
x |[—i— T ) 2 - LMz —2 ). 4.
[( s 3M3,)m + oMz +( Y VES “.6)

-+
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Anapole moment is dependent on C; (see Chapter 3) but as for E it is difficult to see its
behavior using (4.6). In the same approximation as for E; the C; depends however on /

it == T (em ™ ) 4.7

g = MZ 3 M2, » :
and in consequence the anapole moment is dependent on the KM mixing and may vary
by 2 orders of magnitude when the KM matrix is changed:

i

A~ (1071 = 107y —— .
( Jiig LoV

(4.8)

Both values, magnetic and anapole moments are, however, experimentally unaccessible.
Antineutrino gives reactor experiments only upper bound for the magnetic moments of
electron and muon neutrinos {17]

M,, < 1.4-10 %y, M, <8.1- 107 g

what is 9 order of magnitude bigger than reasonable theoretical values (with small neutrino’s
masses). For the anapole moment of the neutrinos there is no experimental evidence up to
now.

5. Conclusions

The massive Dirac neutrino possesses the magnetic moment and the anapole moment.
The magnetic moment vanishes for the massless neutrino but the anapole moment is different
from zero in this limit. In the second loop approximation, the electric dipole moment also
appears. Unfortunately all these characteristics are few orders of magnitude out of experi-
mental power. The static (g — 0) properties of neutrino are well defined, gauge independent
values. But there still remains the question whether we can define formfactors as physical
observables. In the paper [11] Jegerlehner and Fleisher have tried to define formfactors
in a gauge independent manner in terms of ‘‘Abelian fields”. They have concluded that
formfactors in their definition are really gauge independent but they have bad behaviour
for ¢* - . Formfactors in terms of fields in renormalizable gauge have good behaviour
for big g2 but they may be gauge dependent. We have calculated matrix clements of electro-
magnetic current of neutrinos in two gauges, in t’Hooft-Feynman linear gauge and in
nonlinear gauge. It is worth to mention that electromagnetic current conservation is in fact
a consequence of Ward-Takahashi identities. Then in some gauges we may have nonconser-
vation of this current (for example in linear t’"Hooft-Feynman gauge). In spite of gauge
dependence of the current nonconservation, some of the formfactors may be gauge inde-
pendent. We have only results for two gauges and we cannot conclude whether the form-
factors are really independent. In our calculation three formfactors (F,, F,, and Fg) are
gauge dependent and we may expect that some of the formfactors are really gauge inde-
pendent,
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APPENDIX A

The Feynman vertices in the nonlinear gauge (2.2) which differ from vertices in the
linear gauge used in this paper.

w,!

- ,’\1“, v v v
= die = [(p, 4 p2)"g" +2p38" ~ 2932,
AY, Mz_l‘qw
(Fie),

[
\

P

TN 2, My ,

/ = Fe NTEYE (pi+pyY,

/32// (A,,) 7z iy
A (e),
[

s

hY

AN Zy
AN 2M
N :_ez»“_zw‘_g‘”
// \/Mz—Msv
/Cx Ap
APPENDIX B

We present here the results for Z— 4 propagator both in the linear and the nonlinear
gauge. The diagrams which contribute to them are shown in Fig. Bl and Fig. B2 respec-

tively.
. 1 M3, . KK M7
N = — 7__7._?{“; {(gu. - > K2 [Cuv <3 +L 2

M
+2g§ . M2 __lMi-—évaln vz (341 M} s MZ+3M%
K2 9 ME, 3 K2 Hw s ME 3 k*
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1

2 2
x de In (Dy(x, My))+4 Z Q; (2Q < ]]Zi 1> - Ty ]%/I‘zz—) ) (% Cuv
w w

o] i
1 1

+ de(xz —x) In (D,(x, m,-)))} k;}:" 2M3 [Cuv de In (D,(x, MW)):l} ,
0

0
252 v 2
M kK*k M
T12 (k)NONUIN AN SPCTERATAEE I 2 C 1741 4
ZA( ) 1 7!2 \/M——-——"-%_M%v g k2 vy 3 [ M%}
M2 —14M2, M2
+%-ﬁ€v— —%—%_g—lnMw IT'*'%W

2_ 2 . z
——32_ Mz k];‘ﬂv_/)jdx In (Dy(x, My))+4 Z 0 <2Q1 ( i\:w 1)

1

T M2\ Lc dx(x*
- 3iM_%v € Cuvt xX(x“ —x) In(Dy(x, my)) |1,

]
, w w w*
A
- g '\;ﬂm k m
w_ = L 5 l‘/r\,.ni_l. { +
k 2 \ s 2 N ’
fil'f' 73
> ~ LN "
C- 2 / ]
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+ A FaVAde ’2" ARG A+ = AN «Qﬂ
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Fig. B1. The diagrams which contribute the Z— 4 propagator in the linear gauge. (We should sum over
all indicated particles with proper combinatorial factors.)
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A

Fig. B2. The diagrams which contribute to the Z— A4 propagator in the nonlinear gauge. (We should sum
over all indicated particles with proper combinatorial factors.)
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where Q; — electrical charge of i-th fermion, T5; — 3-rd component of weak isospin of
2

i-th fermion and Cyy = — —yg+In (dnp?), (g — Euler’s constant), D,(x, m) = m*—k?
£

x x(1—x).

APPENDIX C

We present here the list of the coefficients 4,, B,, E;, Dy, F,, and C; which were defined
in Eq. (2.9) both in linear and nonlinear gauge.
a) The linear gauge:

1 1
AN = 2In M3 +1 K —-2-2 (j; dx | dyy{[—-2m; +% g(m; —m})

_ 1
+@2 +y@ml—g)+1 vVie(-mi+i aH) -1 ¥y kg’] —

Dy
1 -
+ o L=mi+y(—dmi+a)+ 2 =3 ) +3 %*y*q*]
3!
q2
—% K; In D3[+(2+% Kl) In 53“—' W [XUN(qz)'—RC XUN(M%)],
iz

1

1 2 2
[7 o(m; —m,)
Dy,

1 1
BI'™@g?) = 2In M +1 g,-2—2fdx fdyy {
V] (4]

+q2+y(mio—gd)+1 yio(—mi+1 aH) -1 % y’q%e)]

! 2
+ 5 [—mZ+yg>+vimi—L ¢H+1 3¢ ]-$aln Dy,
31

2

+(2+50)In 5311 ) 1 ) [XUN(‘IZ)— Re XUN(M;«)]’
,( q°—M;z

1 1

1 .
E“N(qz) = —2m, fdx J‘dyy {———D [2+y(-—4+—} o)+ yzxg_[
3
0 °

Dylmy “\77 "My ) TR

1 1

. 1 1
DY™(q% = im, jdxfd - g(-——_—),
1 (a9 0 yy ¥) b, ~ Db

4] [+
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1 1
1
Fi'™g%) = i2m, jdx J dyy’x [5— (=2+% e+ yx)
31
[\]

0

1 my L )]
+ _ - 5 K Py
D, \ " Mz T

1

ad 1 n
Ccr'™g?) = —2m, J dx J dyy {5— R+y(—2+%en—3%y*e]
31
0 Q

1 2m,
byt e,]} [x“’%q )= Re XN(M2)
Dy, q*—M;

2M2
—W“w%+—;§mnﬁﬂ,

where
2 2
M3

M2 6 M3 MZ s
XUR(kH = 2 Z ) I ME-2"Zin ML+ (3+L —=
) =3 M3 k? Wk v ° M2

1
M2+3M2, W
4 w " ] — —
+3 50 ) [axin D Mw =4 > 0:)20i{ e !
[

i

1

M2
— 731 ﬁzi] dex(x— 1) In DZ(x! 'ni))
w

0

1
2

M
i f dx In Dy(x, My).

0

b) The nonlinear gauge:
1 1

1 ) s
A}“L(qz) = % x,—zjdx dey {b—— [—2mf+é— Q,(m,z-m;)
31
(0] )

+@+y(dmE—g)+L (- mi+k gh) -+ %2y q’K))

1 .
+ — y(—4m§+qz)+% Ky In D3z"'12‘ Ky In D3l}
D3l

2

T [xM(g%)—Re X(M)],

qz—Mz




1 1

1
B'(¢*) =} ;-2 f dx f dyy {5— 3 a(mi —m2)+4*

3t
] 0o

+y(mie— ) +% y’o(—mi +% ¢ —% ¥*v*q%al]

1 _ q* ,
—y4°++oaInDy—% oIn D3l} -~ 3 5 [X™(¢%) —Re XM(M2)],
D, q —Mz

E"g%) = Ef™(4%),
DI™(g* = D™(g%),
Fi'%(q%) = FI™(q%),

1 1
1 -
Ci'(g*) = —2m, fdx fdyy {If R2+)(=2+% )1 %°ya]
3
0 0

1 2m,
+ = (2)’_% XZ.VZQI)} - 3 2 [XNL(QZ) —Re XNL(M%)]a
Dy, q°—M;

where

NL/7,2 2 % M%V 2
XM = 2 =2 —14 In M3

3

1
My M3, [ M ‘

0

1

M3 M2
-4 z .-[2Q,- (M—%Zv —1) —Ts; M—%Zv] f dxx(x—1) In D,(x, m;),
i 0

t

and in both gauges we introduced abbreviations
Dy = Dy(x, y) = (l—y)M%v+y[m,2—-q2x(1—x)]—y(l—y)f;z,
Dy = Dy, y) = (L~ yymi +y[ My~ a*x(1 —x)] - y(1 - )P,
P = (1—=X)p;+xp,,

X=2x-1,
2ME +mf +m?
K= T’

_ 2M3+mi—m]
9 = M%v .
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APPENDIX D

It is easy to see that these are connections between integrals over Feynman parameters
which appeared in Appendix C which are nccessary for obtaining for example the equalities
(3.7) and (3.8). The method of obtaining reduction formulae, which are listed below, is

described in [18]. We define first a few values

1 1
Clll = fdx j dyy ln D3,
¢ 0

where
Dy = (1—-p)M +y[m* —g*x(1—x)] - y(1 - y)p’,
and

P={U-x)p+xp;, q = p,—p;

pi» p, — fourvectors which have the following property p? = p2,
1
F‘k(ml, My, q°) = 1} dxx® In (¢*x*+x(mj —m} —q*)+ m? —ie)
0

€ — positive infinitesimal, and m,, M — masses.
The reduction formulae read

2C, = Cyy =2C) = —5—5—
R )

x [Fo(m, m, %)= Fo(M, m, p?)—(M? 4 p? —m*)C,, ]
Cy, = ’é‘ Fo(m, m, ‘12)+M2C01 _Clz(Pi_mz'*'Mz)_%

1 -
Cis = — —5-5—5— {Fo(m, m, ¢*) (P2 — q*/2)
i 42 -4 " ° !
+F,(M, m, p}) (—2p% +4») +2M?p}Cy,
+2C,,(p} —~m* + M?) (- pt — q*2) - p2},

Cos =2Cy3 = — —5——5—
o R Te P

+2M?Cyy —1—6(pi ~mi+M*)C,,}.

{_'ﬁo(m: m, ‘12)+2F1(M, m, P%)

(D.1)

(D.2)

(D.3)

(D.4)

(D.5)

(D.6)
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