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1. Introduction

The results from the last days of the running of LEP, which suggest that the mass
of the Higgs scalar is around 115 GeV, has further enhanced the expectation that
supersymmetry is realized in nature [I, 2]. A supersymmetric extension of the Stan-
dard Model is the only known scenario which can stabilise the effective potential
whilst maintaining the experimental limits on the gauge-boson masses [3], as well as
providing the possibility for a scenario of Grand Unification with a natural heirachy.

Nevertheless, a confirmation of supersymmetry can only result from the exper-
imental identification of supersymmetric partners. The cleanest signal comes from
the fermionic superpartners of the gauge bosons and Higgs bosons, the charginos



and neutralinos. Regrettably LEP produced no evidence whatsoever for the exis-
tence of such particles and their existence is expected to be confirmed or negated
by the next generation of hadron colliders. Notwithstanding this, the cleanest signal
is still expected from electron-positron colliders and as such a possible future linear
collider has an important role to play in the identification and study of fermionic
superpartners.

The production cross-section for these superpartners is sensitive to the param-
eters of the supersymmetry extension. Conversely, a study of the production cross-
section can be used to deduce information about the supersymmetry parameters.
As has been shown by Choi. et al. [4], even more information can be gleaned from
the study of cross-sections in which both the initial electron and positron beams are
polarized and the spin polarization of the final state fermion is also measured.

The polarized cross-section was studied in detail at the tree-level in [£]. It is
known, however, [B, §] that at least for certain regions of parameter space, the higher
order corrections to the production cross-section can be substantial and they are also
sensitive to supersymmetry breaking parameters such as the squark masses, which
do not enter into the tree-level calculation.

Recently Blank and Hollick [7] have reported on a complete calculation of the
higher order corrections to the forward-backward asymmetry in the case of polarized
electron and positron beams, but did not consider the polarization of the final state
fermions.

Reports of numerical calculations for higher order corrections are undoubtedly
very useful, but in the case of supersymmetric theories they inevitably refer to a
particular set of parameters and need to be entirely repeated should one wish to
calculate the effect of higher order corrections in a different part of parameter space.

For this reason we present in this paper the contributions to the polarized scat-
tering amplitudes from all the one-loop prototype diagrams that can occur in a
supersymmetric extension of the Standard Model. A prototype diagram is defined
by the spins of the internal particles of the loop and we present the results in terms
of the Veltman-Passarino functions [§] for completely general values of the couplings
and masses of the internal particles. The formulae presented in this paper can be
applied to polarized chargino or neutralino production in electron-positron annihila-
tion, or indeed to any process in which a pair of massive fermions is produced and
their polarization measured.

Although the total correction to the cross-section is inevitably gauge invariant,
the contribution from individual graphs is not, and we work consistently in the ‘t
Hooft-Feynman gauge, in which a gauge boson with momentum % and mass M has
the propagator

— g

Some of the Veltman-Passarino functions are ultraviolet divergent. It is assumed



that these divergences have been regulated using dimensional regularization. On the
other hand the renormalization scheme is, in general, unspecified and is reflected in
the precise value assigned to the finite parts of the ultraviolet divergent Passarino-
Veltman functions. Mass renormalizations of self-energy insertions are physical (i.e.
the renormalization has been affected on mass-shell) and physical wavefunction renor-
malization has been carried out for the external particles.

The mass of the electron is neglected throughout.

The paper is organized as follows: in section 2 we discuss the general formalism
for the calculation of the polarized scattering amplitudes in terms of a set of coefficient

functions Qp gy ;, which are a generalization of the coefficient functions used in []

»E
for the tree-level calculation. These coefficient functions multiply matrix elements of
various Dirac-matrix structures, some of which have been relegated to appendix A
In section B, we discuss the contribution to these coefficient functions from self-energy
and vertex-correction graphs in terms of the more familiar language of form-factors.
The relations between the form-factors and the coefficient functions is given. The
detailed contributions from the various prototype graphs to the self-energies are given
in appendix B, to the vertex corrections in appendix {J, and to the box-diagrams,
which must be expressed directly in terms of the coefficient functions, in appendix D.

In section 4 we present our conclusions.

2. Generalized polarized scattering amplitudes

In this section we restrict our discussion to charginos, although it can be equally
applied to neutralino production.

We write the scattering amplitude for an electron with helicity a« = R, L and
momentum pi, and a positron of opposite helicity and momentum p, into a (positively
charged) chargino of mass m,, with momentum k, and helicity A, and a (negatively
charged) anti-chargino of mass m,,, momentum k; and helicity A\; as

Mo = %L@.ﬁ Q' o (2, Ao Tl fer, Ar) - (2.1)
These amplitudes are normalized as in [4], such that the differential cross-section is
given by
do(o, Aoy N1)  AYV2(s,m2  m2)
dcos® 128 7 s A, (2.2)
where

Mz, y,2) = 2° +y* + 2% — 22y — 222 — 2y2.
The contribution from any Feynman graph to such an amplitude can always be

expressed in this form by making a suitable Fierz transformation where necessary.
Here Lé( L) is the leptonic matrix element

L(1£7°)

9 u(p1) -

Llf{(L) = U(p2)7y



Since the leptons are considered to be massless these two are the only possible struc-
tures for the lepton factor. On the other hand the chargino factor is the sum of

matrix elements of five possible y—matrix structures I';, ¢ = 1,...,5 are given by
Fl — (1 + ,)/5)
2
F2 — (1 B ,)/5)
2
F3 — AV (]' + ’75)
2
1-7°%)
F4 — 1/(
T
[° = —iog”. (2.3)

The coefficients @), , are tensors which can be reduced to the following structures, in
terms of scalar quantities Qp(ryi;, J = 1,2, as follows

i(Rn = Qrrp k-

Z(R)2 = Qurp k-

Trys = Qumrsa 9"+ Qurys2 kL p¥
Tma = Qumran 9" + Qrryaz K p¥
‘i’(2>5 = Qrri51 9D — 1 QLwys2 € pr, (2.4)

where £ = (k' — kY) and p* = (p}' — py). Any other structure can be expressed
in terms of the above quantities, by exploiting the fact that the leptonic current is
conserved and that the matrix elements of I'"* are taken between on-shell chargino
states. We note here that at the tree level, only Q)31 and Qpr)s,1 are non-zero.
Furthermore Qr(ry32, Qr(r)ja2, Pr(r)s,1 and Qr(rys2 do not occur in self-energy or
vertex correction graphs, but only arise when boxes are taken into consideration.

We express the contributions to the scattering amplitude multiplying the scalar
quantities Qr(ryi,;, using the following notation: £ is the 3-momentum of the x in the
C.M. frame and 0 is the scattering angle in the C.M. frame, i.e. the angle between
the incident electron and the final-state y~. We define further:

fi = \/(s—mia—mib)—l—Qk\/g
f_:\/(s—mXa—mib)—2k\/§. (2.5)

The scattering amplitude contributions from each of the Qpg); ; are given by:

2v/2k sin6
_QL(R)l {% (f—5>\2+5>\1+ + f+5>\2—5>\1—)} ) (26)



24/2k sin @
OL(r)2 {% (f+0r+ 00+ + f5A25/\1)} ) (2.7)

2k sinf
—QR,g,l{ = <a1<R,A2,A1>—a2<R,A2,A1)>—2a4<<R,A2,A1>}, (2.8)

NG

2k sinf
_QL,B,I { \/g (al(R7 )\27>\1) - a2(R7 )\27)‘1)) + 2@4((R, )‘27)\1) ) (29)
4k sin0 _
—QR(1),3,2 { 7 as(R, Az, )\1)} : (2.10)
2k sinf
—QR,4,1 { \/g (al(L; )\2, )\1) - az(L, )\27 )\1)) - 204((L7 )\27 )\1)} , (2-11)
2k sind
—Qra1 { NG (a1(L, A2, A1) — aa(L, Ao, A1) + 2aqa((L, Mg, )\1)} ; (2.12)
4k sinf _
—QR(L),4,2 { \/g a3(L, A2, )\1)} ) (2-13)

QR75’1{\/§(f+ - f) {sin95,\2,\1 + M (cosfsgn(A;) + 1) 5,\2’_>\1] },

(2.14)
—QL,5,1{¢§ (fr — f) {sin05,\2,\1 + % (cosOsgn(Xy) — 1)5&,_&] }
(2.15)
—QR,5,2{2 V2 (fi+f) lsinacsmlsgnul) - (mx—;}mxb)
x (cosf + sgn(Al))(sAQ,h] }
(2.16)

(mXa + mXb )

\/E
% (cos — sgn(Al))ah,_h] } (2.17)

The amplitudes, a;(a, Ay, A1), (i = 1,...,4) and as(«, Ay, A1) are given in ap-

QL,E),Q{Q \/5 (f+ + f*) |:Sin9 5)\2)\18gn(>‘1) -

pendix A.

3. Self-energy and vertex corrections

The coefficient functions, Qr gy ;, which acquire contributions from self-energy in-

INE
sertions and triangle graphs are best treated in terms of form-factors, which replace
point-like vertices in the tree-level contributions that arise either from a graph in-
volving an exchange in the s—channel of a vector boson, or the t—channel exchange
of a scalar particle (a sneutrino in the case of chargino pair production from electron-

positron annihilation).



We write the general vertex for a vector boson coupling to an anti-fermion mo-
mentum fermion with (on-shell) momenta k; and ks respectively, as

(1+9°)

1_5
5 +Fk‘k‘17( 7).

1+ 5 1— 5
FO”L'y“i( 7)+F0—7“7( 7)+F,jk*i 5

2 2

Note that the form-factors F}', F} are absent at tree-level.

The Yukawa coupling of fermions to a scalar particle is given by

P (1£+°)
v 2

for right-(left-) handed incoming fermions respectively.

Thus the contributions to the coefficient functions from the exchange of a vector
boson of mass My, in the s—channel are:

S

AQr(rz1 = 9L(R>WF 0w)
AQr(rysy = gL(R)r%Fo(V)
AQrr = gL(R)mF;(V)
AQr(ry2 = gL(R)#Fi (3:1)

(s = 23) +)

where gr,(r) is the coupling of the left-(right-)handed electrons to the vector boson.
Upon performing a Fierz transformation, the contributions to the coefficient
functions from the exchange of a scalar particle of mass m; in the t—channel, is

given by
1 S
A =—— _F (F;) 3.2
QL4,1 2(t_ml%) 1/( l/) ) ( )
for a scalar particle that couples to left-handed incoming electrons and
AQnsys = —+ — 5 _pr(ph) (3.3)
’ 2(t—m2) v v

for a scalar particle that couples to right-handed incoming electrons.

Note that F;E are the form-factors for an incoming electron and outgoing anti-
chargino or anti-neutralino with helicities 4, whereas (F5) are the form-factors for
an incoming positron and outgoing chargino or neutralino with helicities =+.

3.1 Self-energy insertions

The contribution to the form-factors Ff from the self-energy ¥;(¢) of the scalar
particle exchanged in the t—channel is given by

AFE — (3s(t) — Ef/(m%)) FE

o) (3.4)



For the exchange of a gauge-boson in the s-channel, we need to account for
possible mixing at the one-loop level between a gauge-boson V' and a gauge-boson
V’. The transverse part of the self-energy can be written in general as Yy v/(s), and
the contribution to the form-factors FOJI(V) is given by

L Bvv(s) = By (M) s
AFg) = (s — M2) Eoq -

(3.5)

The contribution to the form-factors from the self-energy of the charginos (or
neutralinos) is more complicated owing to different one-loop contributions to left-
and right-handed components and to the mixing between the different species of
charginos (neutralinos). The was discussed in detail in [§]. Here we reproduce the
main results.

The general self-energy of a chargino or neutralino of momentum p can be written
as

(1+7%) ) (1-7%)
2 2

(3.6)

where the suffix ab refers to an outgoing chargino (neutralino) of type a and an

Sa(p) = (AL (P*) + B (0°) v - p) + (AL (0") + B, (0*)v-p

’

incoming chargino (neutralino) of type b.

We denote F*® to mean the form-factor involving a chargino or neutralino of
type a (with mass m,).

The correction to the form-factors due to the self-energies of the external fermion
is given by

+a 1 (A;a - A;a) + +1 —1 +1 — +a
AFEe — 3 i72 + By, + mq (Al + Ay 4+ ma(BJ] + Baa)) F*re 4
My,

N Z maA;tb + mp AT, + miBfﬁ) + memy B,
(mg —mj)

F*P (3.7)

b#a

for the self-energy correction to a chargino (neutralino), and

+a 1 (A;a _A:a) + +1 —1 4+ — +a
AREe = e Sl 4 B my (AL + A+ ma(By + BL)) FFE+
X Z {maA;'; + mbAg; + sz;:l + mambB;';} Fib

(mg —my)

(3.8)
b#a

for the self-energy correction to an anti-chargino (anti-neutralino). The / refers to
the derivative w.r.t. p* and all the functions are taken at the point p? = m2.

The contributions from the various prototype diagrams to the self energies, ¥;,
Yyvr, Yap are given in appendix B.



3.2 Triangle graphs

The contributions to the form-factors, Fy", F, ki, FZ from the different possible triangle
graphs are given in appendix O.

We note here that for a complete one-loop calculation, we also need to account
for the form-factor of the vertex between the intermediate gauge bosons and the
incoming electron-positron pair. Since we neglect the masses of the leptons only the
form-factors, Fy are non-zero. The contributions to these are obtained form the
vertex protoypes 5 - 8 by setting m,,, m,, = 0.

4. Box graphs

The contibutions to the coefficient functions Qpg); from all the prototype box
graphs are given in appendix D. All box graphs contributing to the process under
consideration can be expressed in terms of these prototypes or prototypes which can
be obtained from them by the simple crossing relations ¢ <> u, m,, < m,,.

5. Conclusions

In this paper we have presented explicit expressions for the contributions from all
prototypes of one-loop corrections in terms of the Veltman-Passarino functions. The
results are given in terms of general couplings and internal masses, so that they can
be used in any model for the determination of the scattering amplitudes of polarized
fermion pair production.

The results are presented in two stages. Firstly, the helicity amplitudes are given

in terms of a small number of coefficient functions, Qp(ry;;, of various effective inter-

1,99
action structures. Secondly the contributions from all prototype Feynman diagrams
to these coefficient functions are given.

There exist [8] relations between the Veltman-Passarino functions used in this
paper, such that they can all be reduced to “scalar” types functions, A0, B0, C0 and
D0. We have chosen not to implement these relations in the expressions presented
here. With the exception of cases in which some of the internal particles masses
vanish, the expressions tend be be considerably longer when only this minimal set
of functions is used. Instead, it is probably more efficient to implement these rela-
tions at the point of numerical calculations. A FORTRAN library exists [10] for the
numerical calculation of the Veltman-Passarino functions, but unfortunately these
only calculate such functions with up to one power of the loop momentum in the
numerator. We have written a set of FORTRAN subroutines which are to be used
in conjunction with this library and can be used to calculate the Veltman-Passarino
functions with up to three powers of loop momenta in the numerator (for the calcu-
lation addressed in this paper only two powers of loop momenta are required). These



routines are available upon request as well as a set of subroutines that calculate the
contributions to the coefficient functions, Qp gy, from all the prototype diagrams
considered in this paper.
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A. Vector and axial helicity amplitudes
The quantities a;(c, A2, A1) used in eqgs. (2:8)—(2:13) are given by

ai(a,)\g,)\l) = Rz &j(&,)\g,)\l) . (Al)

The 4 x 4 matrix, R, can be written in terms of the is the the matrix 3 x 3
matrix, T" as

1 T
R= o ( —k? sin20) ! (4.2)
where —m?2 —k?cos?f Ls__ —Kk%cos?h  Eesbs
Xb 297~ 2/s °—F
T = %s,; 9k:2 cos® 0 —miak ];32 cos? —k;\c}sgeer, : (A.3)
;\O/S— Sy ;&S— Sy —k2
with s = s — mia mib, S = s+mi —mi ,and s_, = s—mi —I—m . The
quantities a;(«, Ao, A1) are given (in four vector notation, i = 1,...,4) by
. 1
CL(R, +, +) = E (mXaf+7 mxbffa (mxaf+ + mbe*) COSQ, O)
. 1 :
CL(R, +, _) = ﬁ (O? 07 \/ngr Slnea _\/§f+)
1
d(R7_>+) 7 (0 0, \/_f— Slne \/_f )
. 1
G(R, ) _) = % (mXaf—7mbe+a - (mXaf_ + mxz,f-f—) COSQ, O)
. 1
CL(L, -+, +) = E (—mXaf,, _mxbf+7 (mxaf* + mbe+) cos 07 0)
1
a(L,+,—) = 7(ooff sinf, —/sf-)
. 1
G(L, a+) % (0 0, \/_f-‘r Slne \/_f+)
. 1
a(L,—,—) = 7 (=M, firy =My, oy — (Mo [+ + My, fo) c0os6,0).  (A4)



Note that the quantities ag(R(L)(A, A1) of egs. (2.10), (2.13) are the third compo-

nents of these vectors.

B. Prototype self-energy graphs.

The self-energy corrections in a general supersymmetric theory have been considered
in detail in [9]. For completeness, and to conform with the notation used in this
paper, we repeat the results for the various self-energy prototype diagrams in this
appendix, in terms of the Veltman-Passarino functions, A0, B0, Bl, B21, B22,
defined as

) d*l 1
i / @) - m)( r o —m])

. dl 1P  hier
-/ Gy = md)((+ o —nd)

dl 12
| e~ A0+ o
. d*l 1°le Y -
- (27T)4 (l2 — m%)((l 4 ,U)z — m%) = ¢"" B22 + B21v"v?. (B,l)

B.1 Scalar self-energy

Self-energy prototype 1.

t
7777777 aMy, Wy
1
167 AY,(t) = 4ab My, [BO — 5} (B.2)
Self-energy prototype 2.
ma
7t 777777777777777777777
a I b
\\ mq ///
167> AS;(t) = —ab [(t + m}) BO — 2t Bl + A0 (B.3)

10



Self-energy prototype 3.

s /m2 ~ N
t / o
aMw‘\ ,I bMyy
\ /
~oomp L7
167% AY;(t) = ab Mg, BO (B.4)
Self-energy prototype 4.
7t 77777777777777777777777
cPr+dPp, aPgr + bP;,

167> AS;(t) = —2(ad + bc) [A0 + miBy + ¢t Bl] —2(ac+ bd)mymeB0  (B.5)
B.2 Vector self-energy
Self-energy prototype 5.

at?® and b,,, are the usual triple gauge boson vertices with gauge couplings a and
b respectively. The contribution from Faddeev-Popov ghosts has been added to this
graph.

2
167> ASyy,(s) = —ab |8 B22+2A0 + (55 +2mj) BO+2331+§S (B.6)

Self-energy prototype 6.

/ mo N
S ,/ \\
CLMW bMW
my
167% ASyv,(s) = abM;, B0 (B.7)

11



Self-energy prototype 7.

167 AYyy/(s) = —4abB22

Self-energy prototype 8.

PR+ dy P

167> ASyy,(s) = 2 (ad + bc)mymeBO — 2 (ac+ bd) [A0 + miB0 + s Bl — 2 B22]

B.3 Fermion self-energy

Self-energy prototype 9.

M
cy! Pr + dy* P, \A/CWMPR + byH P,
my

1
16m2 AAT = —4bemy {BO — 5}

1
1672 AA™ = —dadmy {BO — 5}

1
1672 ABT = —2ac [Bl + 5]

1
1672 AB™ = —2bd [Bl + 5}

(B.9)

(B.10)



Self-energy prototype 10.

1672 AAT = acmy B0

167> AA™ = bdm, B0

167> ABT = —bcB1

167> AB~ = —adB1 (B.11)

C. Prototype triangle graphs

In this appendix we give the expressions for the prototype triangle diagrams, with
couplings indicated in the diagrams, in terms of the Veltman-Passarino functions,
C0, C11, C12, C21, C23, C24, These functions, with arguments v?, v3, (v + vs)?,
m?2, m2, m? are defined as

- / (d4l ! — 0 (C.1)

2m)4 (12 — m3) (1 4 v1)?2 — m3) (I + v1 + v2)%2 — m3)

. d*l 1P
_z/ A (12— m2) (1 + v1)2 — m2) (1 + v1 + v2)2 — m2) = Cl11v) + C125,
_i/ = - — B0 +m?C0
2m)4 (12 —m2)((I+v1)2 —m2) (I + vy +v9)2 —m3) 1

d*l v e
—t — g7 024 + C210/?
| G e e e ¢ O OBl +

+C22v5v3 +
+C23 (vivg + vhvy).
The arguments of the function B0 are (v3, m3, m3).
For the form-factor of the scalar particles, exchanged in the t—channel, one
2.5 (orm? ), t, for v, v3, (v1 + va)* respectively, whereas for the
2 2 2

vector-boson form factors one substitutes m; , mj,, s for v}, v3, (vy + v)? respec-

substitutes, 0, m

tively.

The contributions to the form-factors from each prototype vertex diagram are
given below. Diagrams involving internal gauge-bosons are calculated in Feynman
gauge.

13



C.1 Scalar form-factor diagrams

Vertex prototype 1.
ay"Pr + by* Pp,

b1

_kl

cy! P + dyP Py,

167°AF; = bde [2 —4B0+ 2 (m2, —t) (C11 4 C12) — 4m2 C12] + 2bcemzm,, C12
(C.2)

Vertex prototype 2.

- Ky
cy!Pr + dy* P,

16m*AF, = ade [B0O + miC0 — tC12] + acemam,, [CO — C12] (C.3)

Vertex prototype 3.
P yp cy!Pr + dy* Pr,

b1

N —ky

167°AF; = ade [BO + miC0 + 2m}_C12+ (t —mZ ) (C12 4 2C11 — 2C0)]
(C.4)

14



Vertex prototype 4.

€PL
B b1
T my
,,,,,,,,,,,,,,, :/ meo
CLMW \\\\ ms
. Lk
CPR + dPL
16m°AF; = 2ade My moC0 — 2ace Mym,,, C12 (C.5)

For all the above prototype graphs, we obtain similar expressions for A(F; )T
with m,, — m,,.

C.2 Vector form-factor diagrams

Vertex prototype 5.

, ko

ay"Pr + by Pp,

16m°AF, = acem,,m3C12 + bdfm,,m3C11 +
1
+acf {2024 — 5 +m2, (C11-C12+ 021 - C23) +
+m2, (C22—C23) +5(C12+ C23)| +

+bdem,,m,, [C11 — C12] — befmymsCO —
—adfmym,, [CO0+ C11] — becemym,, [C0 + C12] (C.6)
167r2AF0_ = acem,,mzC11 + bdfm,, m3C12 +

+bde [2024 — % +m?, (C11 - C124 C21 — C23) +
+m?, (022 - C23) + s (C12+ 023)} +

+acfm,,m,, [C11 — C12] — ademym3C0 —

—bcemym,, [CO + C11] — adfmym,, [CO + C12] (C.7)
16m°AF = acfm,, [C22 — C23] + bdem,, [C11 — C12 + C21 — C23] +

+acem3C12 — beemy [CO + C11] (C.8)
16m°AF, = bdem,, [C22 — C23] + acfm,, [C11 — C12+ C21 — C23] +

+bdfm3C12 — adfm, [CO + C11] (C.9)

15



Vertex prototype 6.
ey’ Pr+ fv"PL §
> 2

ay"Pr + by P

—ky

v Pr + dv, Pr,

16m°AF," = 2ace [2024 — 1 +m} (C21—C23) +
+m? (C12 — C11+ C22 — 023) 4 s (C11 4 C23)] —
—2bdfm,,m,, [C11 — C12] — 2bcem;m3C0 (C.10)
16m°AF, = 2bdf 2024 — 1+ m? (C21 — C23)+
+m? (C12 — C11+ C22 — C23) 4+ s (C11 4+ C23)] —

—2acem,,my, [C11 — C12] — 2adfmymsCO (C.11)
16m°AF, = 2bdfm,, [C21 — C23] + 2acem,, [C12 — C11 + C22 — C23] +
+2bcfmy [C11 — C12] + 2acfms [C11 — C12] (C.12)

167°AF, = 2acem,, [C21 — C23] + 2bdfm,,
+2adem; [C11 — C12] 4 2bdem

[C12 — C11+ C22 — C23] +
[C11 — C12) (C.13)

Vertex prototype 7.
ey’ Pr+ fv"PL

2

- —ky
cy? Pr + dy* Py,

ay,, is the usual triple gauge-boson vertex, multiplied by a gauge coupling, a.

16m°AF)" = ace [4C24 4 2B0 — 1+ 2m}C0 4+ m2_ (200 +4C11 — 3C12) +
+m?, (C0+ C11 —2C12) + s (3C12 — C11 — C0)| +
+3adfm,,m,, [C0+ C11 — C12] —
—3acfmom,,C0O — 3ademym,, CO (C.14)
167°AF; = adf [4C24 + 2B0 — 1+ 2miC0 +m? (2C0+ 4C11 —3C12) +
+m?, (CO+ C11 —2C12) + s (3C12 — C11 — CO)] +
+3acem,,m,, [CO+ C11 — C12] —

—3ademaom,, CO — 3acfmom,, CO (C.15)
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16m°AF = acem,, [2C0 + 2C11 — C12 — 2C22 + 2C23] +

+ad fm,, [CO — C11 — 2C21 + 2C23] —

—3acfms [CO — C11 + C12] (C.16)
16m°AF, = adfm,, [2C0 + 2C11 — C12 — 2022 + 2023] +

+acem,, [CO — C11 —2C21 + 2023] —

—3ademy [CO — C11 + C12] (C.17)
Vert totype 8.
ertex prototype ePp+ fPp
e - > k2
7 /7;l3
AVAVAYAVAVAVAVAVAVAVAVAYS m2
a(2l — ky — ko)t >~
. . h
CPR + dPL
16m*AF, = —2acfC24
1672 AF, = —2adeC24 (C.18)
167°AF, = acfm,, [022 — C23] + adem,, [C11 — C12 + C21 — C23] +
+acemy [C11 — C12] (C.19)
16m°AF, = adem,, [C22 — C23] + acfm,, [C11 — C12 + C21 — C23] +
+adfmy [C11 — C12] (C.20)

D. Prototype box graphs

In this appendix we give the expressions for the prototype box diagrams, with cou-
plings indicated in the diagrams, in terms of the Veltman-Passarino functions, DO,
D1(i),i=1,...,3, D20 and D2(i,j), i,7 = 1,...,3. These are defined as

[ dY 1 _
i =)+ 00— md) U+ vn 02l — ) — o) —md)

_Z- / 'l v _
w2 (12 =mi)((1 4 v1)? = m3) (L + 01+ v2)? = m3)((1 — va)* — m])

=Y Dt

=1

[ dY 12 B

- / 72 (2 =md)((+v1)? —m3) (I + 01 +02)> —m3)((l —va)? —m3)
= C0(1) + mi DO

o i _

w2 (12 = m3)((L+ v1)? = m3)(1 + o1 + v2)? = mE)((I — v4)? — m)

17



3
= g™ D20+ Y D2(i,j)vfv  (D.1)

ij=1

For the uncrossed box prototypes 1, 2, 3a, 3b, 4a the vectors v; are

b
vy =D
b
Vy = Do
b "
vy = —ky
b "

The arguments of the D-functions are
DZ(O‘/) = Di(Oé)(S, t? 07 07 mib’ miaa my, Mo, Mms, m4)

and C0(1) means
CO(O, mib’ t; m%a m%? mi)7

whereas for the crossed box prototypes 4b, 5a and 5b

b
U1 =D
B p
vy = —ky
T
V3 = Do
B b
vy = —ky

The arguments of the D-functions are

DZ(Oé) = DZ(O_/) (U, t; 07 miba 07 mia7 my, Ma, M3, m4)

and C0(1) means

2 2 2 9
C0(m3,,0,t,m5, m3, my) .

The contributions, AQ,; ; to the coefficient function Q,;; from each prototype

box diagram are given below. Diagrams involving internal gauge-bosons are calcu-

lated in Feynman gauge.

Box prototype 1.
—p2 Y (fPr+hPr) ~ (aPr+bPL) ko

ms3
‘mg my
mi
D1 Y (fPr+hPr) ~°(cPr+dPp) —k1

18



1672

1672

1672

1672

167r

1672

167r

167T

167r

1672

1672

1672

167r

= m,,maadf? [DO + D1(1) + D1(2)] —
)

bdf? [DO + D1(1) + D1(2) + D1(3) + D2(3,1) + D2(3,2)] —

—mybef? (DO + D1(1) + D1(2)] (D.2)
—m,,bdf* [DO + D1(1) + D1(2) — D1(3)+

+D2(3,1) + D2(3,2) — 2D2(3,3)] +

+myadf? [DO + D1(1) + D1(2) — 2D1(3)] (D.3)

—2m?_acf®[D0 + D1(1) + D1(2) + D1(3)] — (D.4)
—my,mybef? [DO + D1(1) + D1(2) — 2D1(3)] — 4miacf*D0 +
+acf? (2t (DO + D1(1)) — 4C0(1) — 2(s — u)(D1(2) — D1(3))]

=0 (D.5)
—my,msbcf? [DO+ D1(1) + D1(2)] +

+my,maadf? [(DO + D1(1) + D1(2) — 2D1(3)] —
—4bdf* D20 (D.6)

= —bdf*[D0 + D1(1) — D1(2) + D1(3) + D2(3,1) — D2(3,2)] (D.7)

_%m (ad — be) f2[DO + D1(1) — D1(2) (D.8)

—im4 (ad + be) f2[DO + D1(1) — D1(2)] (D.9)

m,,ach®| DO + D1(1) + D1(2) — D1(3) +

+ D2(3,1) 4+ D2(3,2) — 2D2(3,3)| +

+mybch? [DO + D1(1) + D1(2) — 2D1(3)] (D.10)
= m,,ach® [DO + D1(1) + D1(2) + D1(3) + D2(3,1) + D2(3,2)] —
—myadh? [DO + D1(1) + D1(2)] (D.11)
= —m,,myadh® [D0 + D1(1) + D1(2)] +
+my,mabch? [(DO + D1(1) + D1(2) — 2D1(3)] — 4ach®D20 (D.12)
= —ach? [D0 + D1(1) — D1(2) + D1(3) + D2(3,1) — D2(3,2)](D.13)
= m,,mabch® | DO + D1(1) + D1(2)| —
—2m2 _bdh?[D0 4+ D1(1) + D1(2) + D1(3)] —
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—m,,myadh® [DO + D1(1) + D1(2) — 2D1(3)] —
—4m2bdh* D0 + (D.14)
+bdh? [2t (DO + D1(1)) — 4C0(1) — 2(s — u)(D1(2) — D1(3))]

1672
8” AQp s =0 (D.15)
1672 1 9
1672 1 9
Box prototype 2.
—p2 hPr + fPr, aPr + bPy, ko
- S .
A 1109 my
R R mo__
p1 fPr+hPp cPr + dPy, —k1
1672 1 )
AQpy = Jmy,adf [2D1(3) + D2(3,1) + D2(3,2)] + (D.18)
1 1
+me,)bcf2 [2D2(3,3) — D2(3,1) — D2(3,2)] + 5m4acf?D1(3)
1672 1 9
AQpa = Jmy,bef [2D1(3) + D2(3,1) + D2(3,2)] + (D.19)
1 1
+imxbadf2 [2D2(3,3) — D2(3,1) — D2(3,2)] + 5m4bdf2D1(3)
1 2
6: AQps1 = —bef2D20 (D.20)
1672 1
6: AQpys = Jbef? [D2(3,2) — D2(3,1)] (D.21)
1 2
6: AQpai = —adf*>D20 (D.22)
1672 1
68” AQraz = 7adf? [D2(3,2) - D2(3,1)] (D.23)
1672
s AQR75,1 - 0 (D24)
1672
s AQR75,2 - 0 (D25)
1672 1 9
AQp1 = Jmy,adh [2D1(3) + D2(3,1) + D2(3,2)] + (D.26)

1 1
+imXbbch2 [2D2(3,3) — D2(3,1) — D2(3,2)] + §m4ach2D1(3)
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1672 1
T NQL, = Jabeh? (2D1(3) + D2(3,1) + D2(3,2)] + (D.27)
1 1
+ZmXbadh2 [2D2(3,3) — D2(3,1) — D2(3,2)] + §m4bdh2D1(3)
1 2
T NQy 41 = —beh?D20 (D.28)
s
1672 1
: AQras = Jbeh®[D2(3,2) — D2(3,1) (D.29)
1 2
T NQy 11 = —adh?D20 (D.30)
s
1672 1
; AQuaz = jadh’ [D2(3,2) — D2(3,1) (D.31)
167>
S AQrs1=0 (D.32)
167>
5 AQrs2 =10 (D.33)
Box prototype 3a.
—p2  hPr+ fPpL 77 (aPg + bPL) ko
| s
M2 my
b1 fPr+ hPr, ~v?(cPr + dPp) —k
1672 1 , ,
AQn1 = —5my, bdf* [2D1(3) + D2(3, 1) + D2(3,2)] + msadfD1(3)
(D.34)
167> 1 9 9
- AQpa = Fmybdf? [D2(3,1) + D2(3,2) — 2D2(3,3)] + mubef* D1(3)
(D.35)
1672 2 2
. AQp31 = —my,my, bdf*D1(3) + mymsacf<DO (D.36)
167>
s AQR’372 - 0 (D37)
167 Loy o 2 2 102
. AQpr41 = ébdf (m3, —m?% ) D1(3) — mibdf* DO +
1
+ 5 bdf? [4D20 —200(1) — (s — t +u)D1(1) —
—(s+t—u)D1(2) + (s —t — u)D1(3) (D.38)
167> 1.5
—AQraz = 5bdf* [D1(1) — D1(2) + D2(3,1) — D2(3,2)] (D.39)
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1672 1.,
- AQpsa = $bdf? (my, —my,) [DL(1) — D1(2) (D.40)
1672 1 ..,
- AQpso = 2bdf? (my, +my,) [DL(1) — D1(2) (D.41)
1672 1 2 2
—AQy1 = Smy,ach® [D2(3,1) + D2(3,2) — 2D2(3,3)] + myadh®D1(3)
(D.42)
1672 1 ) )
AQro = —amXQach [2D1(3) + D2(3,1) + D2(3,2)] + msbch“D1(3)
(D.43)
1672 1
. AQr 31 = §ach2 (m2, —m2 ) D1(3) — mjach?D0 +
1
+5ach’ [4D20 —200(1) — (s — t +u)D1(1) —
—(s+t—u)D1(2)+ (s —t— u)m(g)] (D.44)
1672 1,
—AQy5> = ach?[D1(1) — D1(2) + D2(3, 1) — D2(3,2) (D.45)
1672 9 9
. AQp 41 = —my,my,ach”D1(3) + mymsbdh”DO0 (D.46)
1672
S AQr42=0 (D.47)
1672 1
, AQrs1 = ZachZ (my, —my,)[D1(1) — D1(2)] (D.48)
1672 1,
“AQsp = —gach’ (my, +my,) [DI(1) - D1(2)] (D.49)
Box prototype 3b.
—p2 Y (fPr+hPL) aPr+bPp ko
. — .
mo i my
X mo
p1 Yo(fPr+hPy)  c¢Pgr+dPy —k
1672 1
T AQpy = —5mybef?[D2(3,1) + D2(3,2)] -
1
—§m3a0f2 [D1(1) + D1(2)] (D.50)
1672 1 9
AQpy = gmy,bef? [2D1(3) + D2(3,1) + D2(3,2) — 2D2(3,3)] +
1
+§m1bdf2 [2D0 + D1(1) + D1(2) — 2D1(3)] (D.51)
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1672

1672

s
1672

S

AQRso

AQpa,

1672

s
1672

S

1672
. AQRs.2

1672

AQRap

AQRr51

AQra

1672

AQp o

1672
s

AQr 34

1672

s
1672

S

AQr 39

AQr 41

AQr31 = my,my,bef?D1(3) + mymaadf*D0 +

1
+=m,,mybdf? 2D0 + D1(1) + D1(2)] +

+szbm3acf2 2D1(3) — D1(1) — D1(2)] (D.52)
0 (D.53)
_ %mxbmlbdﬁ 2D0 + D1(1) + D1(2) — 2D1(3)] —
_%mxamgac £2[D1(1) + D1(2)] — m2bef2DO +
+%bcf2 [4D20 —2C0(1) — (s 4+t —u)D1(1) —
— (s —t 4+ u)D1(2) + 2m3, D1(3) (D.54)
—%bcfQ [D1(1) — D1(2) — D2(3,1) + D2(3,2)] (D.55)
% 2 ((my, —my,) be — mabd + maac) [D1(1) — D1(2)]  (D.56)

—éfQ ((my, +my,) be + mibd + msac) [D1(1) — D1(2)]  (D.57)

1
§mxbadh2 [2D1(3) + D2(3,1) + D2(3,2) — 2D2(3,3)] +

+%m1ach2 [2D0 + D1(1) + D1(2) — 2D1(3)] (D.58)

—%mXaath [D2(3,1) + D2(3,2)] — %mgbth [D1(1) + D1(2)]
(D.59)

%mx6m1a0h2 [2D0 + D1(1) + D1(2) — 2D1(3)] —

—%mxamgbth [D1(1) + D1(2)] — m2adh*D0 +

+%adh2 [4D20 —2C0(1) — (s +t —u)D1(1) —

— (s —t+u)D1(2) + 2m2 D1(3) (D.60)

—%ath [D1(1) — D1(2) — D2(3,1) + D2(3,2)] (D.61)

M., My, adh?D1(3) + mymszbch® D0 +
1
4—§7nXaTn1ach?[21)0-+—l)1(1)4—l)1(2)]4—

+gmy,msbdh? [2D1(3) — D1(1) — D1(2)] (D.62)
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1672

S

24

AQLA,Z - 0 (D63)
167> 1,
. AQp 51 = Zh ((my, —my,) ad — myac + mgbd) [D1(1) — D1(2)] (D.64)
167> 1,
. AQp 50 = gh ((my, +my,) ad + myac +msbd) [D1(1) — D1(2)] (D.65)
Box prototype 4a.
—p2 hPr + fPr, aPr + bPy, ko
) | ms I )
| Mo i myq
L m
p1 fPg+ hPp, cPr +dPL, —k1
167> 1 9
AQp; = mebadf [2D1(3) + D2(3,1) + D2(3,2) — 2D2(3,3)] +
1
+im1acf2 [2D0 + D1(1) + D1(2) — 2D1(3)] (D.66)
1672 1 9 1 9
AQpo = —ZmXaadf [D2(3,1) + D2(3,2)] — Zm?’bdf [D1(1) + D1(2)]
(D.67)
1672 1 9
. AQprs1 = mebmlacf [2D0 + D1(1) + D1(2) — 2D1(3)] —
1 1
—ZmXamgbde [D1(1) + D1(2)] — 5nﬁaalfﬂ)o +
1
+Zadf2 4D20 — 200(1) — (s +t —u)D1(1) —
— (s —t+u)D1(2) + 2mibD1(3)] (D.68)
167> 1 5
. AQRso = —Zadf [D1(1) — D1(2) — D2(3,1) + D2(3,2)] (D.69)
1672 1 1
S7T AQRA,l = imXamxbadeDl(S) + §m1m3b0f2D0 +
1
+ZmXam1acf2 [2D0 + D1(1) + D1(2)] +
1
+mebm3bdf2 [2D1(3) — D1(1) — D1(2)] (D.70)
1672
: AQpraz =0 (D.71)
167> 1,
. AQps1 = gf ((my, —my,) ad — myac + mgbd) [D1(1) — D1(2)] (D.72)
167> 1 5
AQpso = 1_6f ((my, +my,) ad + myac +msbd) [D1(1) — D1(2)] (D.73)



1672 1 1
T N0y, = — g bel? [D2(3,1) + D2(3,2)] — gmaach? [D1(1) + D1(2)
o 1 (D.74)
;T AQyy = Jmy,beh® [2D1(3) + D2(3,1) + D2(3,2) — 2D2(3,3)] +
1
+Zm1bdh2 [2D0 + D1(1) + D1(2) — 2D1(3)] (D.75)
1672 1 1
6: AQr 31 = imXamXbbcthl(?)) + amlmgathDO +
1
+ZmXam1bdh2 [2D0 + D1(1) + D1(2)] +
1
+imxbm3ach2 [2D1(3) — D1(1) — D1(2)] (D.76)
1672
: AQpss =0 (D.77)
1672 1 )
1 1
—meam3a0h2 [D1(1) + D1(2)] — §m§b0h2DO +
1
+beh” [4D20 —200(1) — (s +t —u)D1(1) —
— (s —t+u)D1(2) + 2m2 D1(3) (D.78)
1672 1 .,
-AQpa = —beh? [D1(1) — D1(2) - D2(3,1) + D2(3,2)] (D.79)
1672 1.,
. AQrs51 = gh ((my, — my,) bc —mybd + mgac) [D1(1) — D1(2)] (D.80)
1672 1,
AQp 52 = ——h" ((m,, +my,) bc + mibd + msac) [D1(1) — D1(2)] (D.81)

S

1672

16

Box prototype 4b.

—p2 hPr + fPr, aPr + bPy, —ks
\\\ ms ///
my \)’\/ my
e mq AN
p1 fPr+hPL cPr + dPy, k1

1

AQp; = ZmXbaazf? [D1(2) — D2(3,1) + 2D2(3,2) — D2(3,3)] +
+im1acf2 [DO — D1(1) +2D1(2) — D1(3)] (D.82)

1672
S

AQns = ymy,adf? [DI(1) + D1(3) + D2(3,1) + D2(3,3)] -
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—%mgbd]& [D1(1) + D1(3)] (D.83)

1672
s

AQr3z1 = %ade (m2, —m?2,) [D1(1) — D1(2) + D1(3)] + %mfadeDo +
+imxbm1acf2 [DO — D1(1) 4+ 2D1(2) — D1(3)] —

_%mXngbde [D1(1) + D1(3)] —

—%ade 8D20 — 4C0(1) + (s +t — 3u)D1(1) —
— (s+t+u)(D1(2) + D1(3)) (D.84)

1672
s

1672 1 1
- AQpas = gy, myadf* [D1(L) = D1(2) + DL(3)] + Smymsbef* DO -

_lmxamlacf2 [DO + Dl(l) + D1(3)] -

AQp3zo = —%ade [D1(1) + D2(3,1) — D2(3, 3)] (D.85)

4
—%mx,m?,bdf2 [D1(1) — 2D1(2) + D1(3)] (D.86)
16:2AQR7472 =0 (D.87)
1672 1., 1,
. AQps1 = —gadf my, [D1(1) — D1(2)] + gadf my, D1(3) + (D.88)
+%m3bdf2 [D1(1) — D1(3)] + %mlacﬁ [DO + D1(1) — D1(3)]
1672 1 1
, AQrs2 = 1—6adf2mxb [D1(1) — D1(2)] + 1—6adf2mXaD1(3) + (D.89)
+1—16m3bdf2 [D1(1) — D1(3)] — %mlacfZ [DO + D1(1) — D1(3)]
1672

T AQs = imXabchz (DI(1) + D1(3) + D2(3,1) + D2(3,3)] —
—%m3a0h2 [D1(1) + D1(3)] (D.90)

1672
s

AQp o = imXbbchQ [D1(2) — D2(3,1) +2D2(3,2) — D2(3,3)] +
+im1bdh2 [DO — D1(1) + 2D1(2) — D1(3)] (D.91)

1672

1 1
AQp3, = ZmXamXbbchQ [D1(1) — D1(2) + D1(3)] + 5mlm?,ouihmo —
S

1
—ZmXamlbdlf (DO + D1(1) + D1(3)] —

—imxbm;»,achQ [D1(1) — 2D1(2) + D1(3)] (D.92)
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1672

AQL73,2 — O (D93)

1672
s

1 1
AQpuq = gbch2 (m2, —m2)) [D1(1) — D1(2) + D1(3)] + 5mfbcm)o +
1
—I—ZmXbmlbdfﬂ [DO — D1(1) +2D1(2) — D1(3)] —
1
—meﬂngach2 [D1(1) + D1(3)] —

—%bchQ [8D20 —4C0(1) + (s +t — 3u)D1(1) —

— (s +t+u)(D1(2) +D1(3))] (D.94)
1672 1.,
1672 1, 5 1. 5
. AQrs1 = —ébch my, [D1(1) — D1(2)] + ébch My, D1(3) + (D.96)
+%m3ach2 [D1(1) — D1(3)] + %mlbth [DO + D1(1) — D1(3)]
167 1, 1.,
. AQps50 = —1—660h my, [D1(1) — D1(2)] — 1—6bch my, D1(3) — (D.97)

—1—16m3ach2 [D1(1) — D1(3)] + 1—16m1bdh2 [DO + D1(1) — D1(3)]

Box prototype 5a.
-p2 Yo(fPr+hPL) aPgr+bPp )

b1 }PR+hPL ~v?(cPr + dPp) k1
1672 1 )
AQry = —gmybidf* [D1(2) + D2(3,1) + D2(3,3)] +
+msadf>D1(2) (D.98)
1672 1
68” AQra = —5my,bdf? [D1(2) — D2(3, 1) +2D2(3,2) - D2(3,3)] +
1
+§m1bcf2 [DO — D1(1) 4+ 2D1(2) — D1(3)] (D.99)
1672 1 9 9
. AQpsy = —amXamlbcf (D0 + D1(1) + D1(3)] + mymsacf“D0 (D.100)
1672
: AQpsz =0 (D.101)
1672

1
AQr41 = imXbmlbcfz [DO — D1(1) + 2D1(2) — D1(3)] + 2bdf*D20
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(D.102)

1672 1
- AQpan = 5bdf*[D1(2) + D2(3,1) — D2(3,3) (D.103)
1672 1 9
1672 1 9
1672 1 9
AQpq = —imXbach [D1(2) — D2(3,1) +2D2(3,2) — D2(3,3)] +
1
+§m1adh2 [DO — D1(1) 4+ 2D1(2) — D1(3)] (D.106)
1672 1 9 .
. AQLT:—am%aﬁ,MH@)+D%&1}+D%&3H+n%Mh[H@)
(D.107)
1672 1 9 )
. AQp 31 = §mXbm1adh [DO — D1(1) + 2D1(2) — D1(3)] + 2ach*D20
(D.108)
167> 1
. AQszzgmh[DM@%aDﬂaly—D%&3ﬂ (D.109)
1672 1 9 )
. AQr a1 = —imXamladh (DO + D1(1) + D1(3)] + mymgbdh D0 (D.110)
167>
: AQr42=0 (D.111)
1672 1 9
1672 1 9
Box prototype 5b.
—p2  hPr+ fPL Yo (aPr + bPL) —k2
p1 i}/U(fPRﬂ-hPL) CPR+dPL " k1
1672 1 9
AQpr1 = —émXabcf [D1(1) + D1(3) + D2(3,1) + D2(3,3)] —
1
—§m3acf2 [D1(1) + D1(3)] (D.114)

1672
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+D2(3,1) — 2D2(3,2) 4+ D2(3,3)| —

—mybdf? [DO + D1(2)] (D.115)

1672 1
, AQp3, —imxbmgacﬂ [D1(1) — 2D1(2) + D1(3)] + mymzadf*D0(D.116)
1 2
om AQpsz =0 (D.117)
S
1672 1 , ,
. AQpra1 —imXamgacf [D1(1) + D1(3)] + 2bcf=D20 (D.118)
1672 1,
- AQpas = bef*[DI(1) — DL(3) + D2(3,1) — D2(3,3) (D.119)
1672 1
6: AQpsy = ymyacs? [D1(1) ~ D1(3) (D.120)
1672 1
- AQpsa = —gmyacs? [D1(1) - DL(3)] (D.121)
1672 1 9
AQui = my,adh [D1(1) —2D1(2) + D1(3) + D2(3,1) — 2D2(3,2) +
+ D2(3, 3)] — myach? [DO + D1(2)] (D.122)
1672 1 ,
——AQpp = —5my,adh? [D1(1) + D1(3) + D2(3,1) + D2(3,3)] -
1
—§m3bdh2 [D1(1) + D1(3)] (D.123)
1672 1 9 9
1672 1 .5
—AQpas = adh? [D1(1) — DI(3) + D2(3, 1) — D2(3,3)] (D.125)
1672 1 , ,
1672
: AQp s =0 (D.127)
1672 1
6: AQus1 = ;mabdh? [DL(1) - D1(3)] (D.128)
1672 1
6: AQys2 = gmabdh? [D1(1) — D1(3)] (D.129)

All other box diagram prototypes that give contributions to these amplitudes

can be obtained from the above box prototypes by means of crossing relations (e.g.
u <> t, and m,, <> m,,).
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