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Abstract. The process 7y — ZH first arises at the one loop level, and as such it provides us with
remarkable tests of the structure of the electroweak Higgs sector. These tests are complementary to
those in the gauge sector involving vy — yvy,vZ, ZZ. We show that in the standard model (SM) where
H = Hsw, as well as in the supersymmetric case where H = h°, H® or A°, observables exist (like e.g. the
energy dependence, angular distribution, photon polarization dependence or final Z polarization) which
present rather spectacular properties. Such properties involve strong threshold effects with steps, bumps
or peaks, reflecting the type of Higgs and heavy quarks and chargino masses and couplings predicted by

the SM and supersymmetric models.

1 Introduction

Photon—photon collisions have been recognized as being
remarkable processes for testing the structure of the elec-
troweak interactions at high energy, both in the gauge
and in the Higgs sector [1]. These collisions should be ex-
perimentally feasible with the high intensity achievable
through the laser backscattering procedure at a linear
ete™ collider [2]. Many such studies [3] have been done
in connection with the eTe™ collider projects LC [4] and
CLIC [5].

The significance of the photon—photon processes stems
from the fact that they provide new tests of the fundamen-
tal interactions, which are often complementary to those
achievable in direct e*e™ collisions. These consist either in
precise measurements sensitive to high order effects among
standard and new particles, or in independent ways of pro-
ducing new particles.

Of particular importance is the experimental study of
the Higgs sector of the electroweak interactions, for which
the standard model (SM) and the various extended mod-
els, like e.g. the minimal supersymmetric standard model
(MSSM), give specific examples. In this respect, the basic
photon—photon process is vy — H, where H is a stan-
dard or a non-standard neutral Higgs boson. This process
arises at one loop and provides interesting tests of the
Higgs boson couplings to the particles running inside the
triangle loop; which could be the standard gauge bosons,
leptons and quarks, as well as any new charged particles
that might exist. New Higgs interactions could also be
searched this way [6].

* Partially supported by EU contract HPRN-CT-2000-00149

However, the information obtained from vy — H is
restricted by the kinetic constraint s = m?%. To go be-
yond this, it is natural to look at the associate production
vy — ZH in which several observables sensitive to the
dynamical contents, may be accessible. In SM or SUSY
models, such processes first arise at the one loop level, con-
trary to the complementary process ete™ — ZH which
is dominated by the tree level contribution involving the
Z Z H coupling. So vy — ZH, which has many similarities
with the previously studied processes vy — vv,v4,2Z22
[7—11], should be sensitive to the quantum effects of the
scalar sector and to the Higgs boson interactions with the
particles running inside the loops.

In this paper we consider therefore the process vy —
Z H where H is either the standard Higgs boson Hgyy, or
a supersymmetric h®, H° or A° state.

The dynamical contents at one loop is rather simple,
but physically important. The generic form of the Feyn-
man diagrams is depicted in Figs.1 and 2. It consists of
triangle diagrams related to either an intermediate Higgs
boson in the s-channel, or to a Z (plus Goldstone G°) ex-
change, and of box diagrams. These we classify as follows:

(a) The diagrams with an intermediate Higgs boson in the
s-channel only exist in the SUSY cases vy — A° —
Zh, ZH® and vy — H°, h® — ZA°; see Fig. 1a for an
A exchange and Figs. 2a respectively. The related tri-
angular loops describing vy — H? h° A° have been
studied before and involve standard and supersym-
metric bosonic and fermionic loops. These contribu-
tions are especially important in the yy — A% — ZhY
case for energies close to the A° pole.

The diagrams with a (Z,G%) exchange involve the
anomalous Z+vy and G°yy fermionic triangles, and
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Fig. la—g. Generic diagrams describing the various contri-
butions to vy — Zh®, ZH® in SUSY models. Solid lines cor-
respond to fermions, broken lines to scalars, while wavy lines
correspond to gauge bosons. Similar diagrams also describe the
standard model. The diagrams in d—-g for j # ¢ describe the
mixed chargino boxes

the final (Z,G®)ZHswm, (Z,G®)ZR° and (Z,G°)ZH°
couplings; see' Figs. la,b. This contribution vanishes
when the Z is on shell, forcing the whole term to be-
have like a contact interaction with vanishing total
angular momentum in the s-channel.

(¢) The box diagrams always involve fermionic loops; see
Figs. lc—g and Figs. 2b—{. No bosonic loop is allowed
because of the charge conjugation properties of the
boson couplings. In SM, the fermionic boxes only in-
volve the standard lepton and quark contributions.
The top quark contribution is predominant in this
case, because of the two fermion mass factors imposed
respectively on the amplitude by the Higgs couplings
and the chirality violating nature of the process. In
SUSY, for sufficient large tan 3, the importance of all
quarks and leptons of the third family may be compa-
rable, and we have in addition chargino boxes, involv-
ing either a single chargino running along the loop,

1 Notice that there is no such contribution for ZA° produc-
tion
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Fig. 2a—f. Generic diagrams describing the various contribu-
tions to the vy — ZA® in SUSY models. Solid lines correspond
to fermions, broken ones to scalars, while wavy lines correspond
to gauge bosons. The diagrams in c—f for j # i describe the
mixed chargino boxes

or both charginos (the latter we call mixed chargino
contribution).

The purpose of our study is to see how the various
parts of the above contents are reflected in the properties
of the process vy — ZH, and how this may be useful in
testing the SM and MSSM models.

The contents of the paper is the following. In Sect. 2,
we collect the elements of the SM and MSSM Lagrangian
needed to compute the amplitudes in the four cases H =
Hgn, b0, HO, A, The various couplings are collected in
Appendix A. The helicity amplitudes generated by the
various diagrams are explicitly given in analytic form in
Appendices B and C. In Sect.3 we discuss the properties
of the various observables of the process vy — ZH. We
consider the unpolarized and polarized 7y cross sections,
the ZH angular distributions and the final Z polariza-
tion. Several illustrations are given for SM and MSSM. A
summary of the results is made in Sect. 4.

2 Dynamical characteristics
of the process vv — ZH

The generic set of the contributing diagrams is depicted
in Figs. la-g for the cases of vy — Zh" and vy — ZH?,
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and in Figs. 2a-f for the case of yy — ZA%. The SM case
vy — ZHgy is obtained from Fig.1 by retaining only
diagrams 1c and 1b, together with the Goldstone involving
part of la.

Boson loop contributions can only appear in the tri-
angle diagram in Fig.2a, and involve W (plus Gold-
stone and ghost) and charged Higgs, charged sleptons and
squark lines. Their contributions have already been com-
puted previously [11] and of course affects only vy — Z AY.

In all other diagrams, only internal fermion lines oc-
cur. These are the triangle diagrams Figs.la,b and 2a,
and the box diagrams 1lc, 2b, involving internal standard
charged fermion lines (leptons and quarks), as well as sin-
gle chargino lines. Our conventions for the gauge boson
couplings and the Yukawa couplings of the Higgs bosons
(HSM, pO H° A% to leptons and quarks are given in Ap-
pendix A. Note that the Yukawa couplings depend on the
SUSY parameters o« and 3 of the Higgs sector, for which
our conventions are as in [11].

The contribution of the third family of quarks and lep-
tons, (essentially only the top quark in SM or low tan 3
SUSY models), is strongly dominating the one from the
lighter quarks and leptons. This is due to the presence of a
factor my in the Yukawa couplings on the one hand; and
due to the chirality flip along the fermionic lines of the
loop, which introduces an additional my factor.

The Z, G° exchange contribution corresponding to the
diagrams 1b,a has no Z pole factor, and behaves like a
contact interaction with the quantum numbers of a scalar
exchange in the s-channel. It turns out that it is quite
important in all SM or MSSM cases.

As already stated, the diagrams in Figs. la—c, 2a,b also
describe the contributions from a single chargino y* run-
ning along the loop. Since the Yukawa-type couplings of
the charginos involve no masses though, there is one power
of fermion masses less, compared to the (¢,b,7) case; see
(A.8) and (A.9).

In addition to them though, we have the box diagrams
Figs. 1d—g, Figs.2¢—f (j # i) involving mixed chargino
lines, due to the possibility of mixed Zx71x2 and Hx1X2
couplings. The various unmixed and mixed couplings are
defined in (A.3)—(A.5) and (A.8)—(A.10). They involve the
full set of parameters of the SUSY chargino sector [11].

We have computed the helicity amplitudes Fi, x,,x,
of the vy — ZH process (H = HSM h0 HO A°) gen-
erated by all these diagrams. They are explicitly given
in Appendix B for the Hgn, h°, H? production cases, and
in C for the A% case?. The expressions are in terms of
the Passarino—Veltman functions (Cp, Dy) functions. As
explained in AppendicesB and C, owing to the CP in-
variance and Bose symmetry, there are only four “basic”
amplitudes

(1)

compare (B.7) and (C.5), from which all the other ones
can be obtained. See also (B.8), (B.4) and (C.2), as well
as (B.9) and (C.6).

Firi, Fr— Fypo, Fio,

% For their definitions see (B.1) and (C.1)
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Before computing the various observables, we should
point out certain important properties of the one loop
contributions to the vy — ZH helicity amplitudes.

Because of the scalar or pseudoscalar nature of the in-
termediate state, the triangle diagrams connected either
to an intermediate Higgs boson or to an intermediate (vir-
tual) Z, G° exchange, contribute only to the F1q ampli-
tude; compare the diagrams in Figs. 1a,b, and 2a.

The (fermionic) box diagrams also favor the dominance
of the Fly 1o amplitude. This is due to the chirality violat-
ing Higgs—fermion coupling on the one hand, and the Bose
statistics for the two initial photons on the other. The chi-
rality argument goes as follows. When the intermediate
fermion—antifermion state is physical, chirality violation
means Ay = Ay for the fermion and antifermion helici-
ties, which then favors Az = 0; i.e. dominance of longitu-
dinal Z production. In addition to it, (B.10) and (C.6),
imposed by Bose symmetry, lead to the expectation that
|Ftt0| > |Fivol at large angles.

We expect therefore that the whole contribution to
the process vy — ZH should be dominated by the Fi_g
amplitude. In a photon—photon collider this dominance
of Z1,H production could be tested by looking at the de-
cay distribution Z — ff, especially if one could study
the charged lepton pairs. Moreover, the dominance of the
AN = 0 amplitudes should lead to a very simple form for
the polarized photon—photon cross section

We next turn to the numerical results which indeed
confirm the above expectations.

3 Results for the observables
of the process vv — ZH

In a ~7v collider generated through laser backscattering
and employing various polarizations of laser photons and
the e* beams, we can a priori measure various types of
“cross sections” through [8-10]

do . dl_/nw dog ;v dogg
drdcosy  dr {dcos79+<£2€2>dcosz9
do;
b cos2(p — @) + ... 2
) S o2 — )+ (2)

where the dots stand for the various “cross section” &;
which do not involve the large Fiio(yy — HZ) ampli-
tudes. In (2), 7 = 5/s¢c as usual, where s = s, is defined
in (B.2), while dL./dr describes the photon-photon lu-
minosity per unit e~e’ flux [1-3]. The Stokes parameters
(€2,85), (&3,€5) and (¢, ¢') describe respectively the aver-
age helicities, transverse polarizations and azimuthal an-
gles of the two backscattered photons [8-10]. In (2) there
appear the “cross section” quantities

dao(yy — ZH)
dcos?d

K
= Girs? > UFras P +1Fea, ], (3)
Az
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Fig. 3a,b. vy — ZH cross sections in SM. The cross sections dor, and &2z, refer to the production of longitudinal Z bosons

doos(yy = HZ)

dcos?
K
= Bans? > Fras 1 = [Froas?] (4)
Az
doss(vy — HZ)
dcos?
K *
= oo L RelFuan Fr ], ®)
Az

where £ is defined in (B.2) and is related to the common Z
and H momenta in their c.m. frame through (B.3); while
1 is the scattering angle in the same frame. Notice that
0o is the unpolarized vy — ZH cross section. If only the
Fy1o amplitude were retained in (3)—(5), we would have
gotten

dao dog dol, K ,
~ ~ F
dcosd — dcosd  'dcosd (6471'52) [Fytol”, (6)

with n = —1 for Hgy, h°, H® and 7 = +1 for A° [8]; com-
pare (B.4) and (C.2). These simple expressions imply very
clean tests of the absence of an unexpected contribution
(beyond SM or MSSM), to be performed using polarized
laser and e* beams. We now discuss separately the four
cases of neutral Higgs boson production.

The SM case

In Fig. 3a, we present the SM results for the 7y, Go2 “cross
sections” integrated in the region 7/3 < ¥ < 27/3, af-

ter summing over all Z polarizations. We use® mpg =

3 Here, as well as in [11], we use o = 1/137. This is to be
contrasted to the results in [8-10] where a = 1/128 was used
causing an increase of the overall magnitude of the various
cross sections due to their a? factor

130 GeV. In Fig.3b the corresponding differential cross
sections are given for the cases of Z production, either
with all possible Z polarizations summed, or with just
Az = 0 retained.

As can be seen in Figs. 3a,b, the differential and to-
tal “cross sections” for gy and G99 are almost identical,
and also equal to the corresponding cross sections for lon-
gitudinal Z production. In fact we find that (6) is very
accurately satisfied for all scattering angles, which just
confirms that F 1 very strongly dominates all other am-
plitudes in the SM case.

In Fig. 3a, a spectacular peak appears at the tf thresh-
old, which comes from the top quark contribution to the
box diagrams, as well as to the triangle ones inducing the
anomalous Z,G? contributions. It turns out that these
contributions have similar sizes and interfere destructively
at high energy, thus enforcing the fast decrease of the cross
section. The angular distribution (see Fig. 3b, please note
carefully the scale on the y-axis) is, as expected from the
relevant diagrams, rather flat. This may allow for a clean
detection of the ZH final state at large angles.

The MSSM cases

We next turn to the supersymmetric cases of h®, HY, A°
production, exploring various sets of SUSY parameters.
Two extreme typical sets with tan8 = 5 (set A) and
tan 0 = 50 (set B) are illustrated in Figs.4-6. The corre-
sponding parameters were calculated employing the unifi-
cation condition

5
M, = 3 tan? Ow Mo, (7)

and using the HDECAY code [12]. The results for the
physical masses and widths of the various Higgs bosons,
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Fig. 4a—d. vy — Zh° cross sections in SUSY. The complete list of the parameters used in sets A and B appear in Table 1. The
label (no X;) means that the chargino contribution has been suppressed in the computation of the cross section

the (t1,%2) squarks and the charginos, are presented® in
Table 1. In the calculations of the loops in all SUSY ex-
amples below, we just retain the quarks and leptons of
the third family, the charginos, the gauge bosons (together
with their associated Goldstone bosons and ghosts), and
the charged Higgs and t,, %, bosons.

As one sees from the differential cross sections in these
figures, the dominance of Zy, production is true in all cases
at the level of more than 98%. Also the equality of 5o with
22 (and also with 745, not shown in this figure) is effective
for h? and A° at more than 98%, and for H? at more than

4 We have checked that the parameters in Sets A and B sat-
isfy the requirements for the absence of charge or color breaking
[13]

95%. We have checked that these results remain true as we
go down in energy approaching the production threshold.

We now add specific comments for each of the super-
symmetric Higgs bosons.

h° production

As expected from the similarity of the basic h® and Hgy
couplings, this case is very close to the SM one. This is
confirmed by the comparison of Figs. 4 and 3. As is shown
in Figs. 4a,c, there is a strong dominance of the top quark
box contribution and a large contribution from the anoma-
lous Z, G° exchange diagrams, like in the SM case. For the
case of Set B in particular (Fig.4c), the large tan 8 value
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Fig. 5a—d. vy — ZH° cross sections in SUSY. The complete list of the parameters used appear in Table 1. Further the same

as in Figs. 3 and 4

implies also appreciable b quark and 7 lepton contribu-
tions, which somewhat enhance the magnitude of the cross
sections, compared to those of Set A. The chargino box
contributes at most 10% of the cross section, and produces
only small modifications around the two chargino thresh-
olds. The angular distribution is also similar to the SM
one.

HP production

The results for the parameter Sets A and B of Table1
are shown in Figs. 5a—d. In this case there is no important
top quark contribution to the box and to the anomalous
Z,G° diagrams, because the H'tt coupling is weaker than

the htt one, and decreasing as tan 3 increases [14]. This
reduces considerably the HC production cross sections, as
compared to the A" ones. But at the same time, it allows
for the appearance of very strong threshold effects due to
the chargino boxes.

The shape and the size of these effects depend directly
on the choice of the MSSM parameters controlling the size
of the Hy;X; couplings. The result is a rather complex
addition of unmixed and mixed chargino contributions.
Sets A and B illustrate how one can get steps or peaks
depending on the phase of the box amplitude (the relative
size of the real and imaginary parts around the threshold)
interfering with the real and imaginary parts of the ## box.
Steps are essentially due to the imaginary parts, while
peaks are due to the real parts. So one has here a very
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Fig. 6a—d. vy — ZA° cross sections in SUSY. The complete list of the parameters used appear in Table 1. Further the same

as in Figs.3 and 4

nice way of testing the choice of MSSM parameters. The
angular distribution is also rather flat but, depending on
the set of SUSY parameters, one can see small violations
of the g = G99 = %5 rule. So in this process the chargino
contribution is very important and leads to several kinds
of typical effects.

A9 production

This A° production case, illustrated in Figs. 6a—d, is some-
what different from the h° and the H° ones, because of
the absence of anomalous Z,G° contributions (there are
no ZZ A% and G°Z A° couplings), and because the size of
the A%t and A%yt x~ couplings is different from the h°
or H® ones. The contribution of the ¢ quark box is less
pronounced than for hY, but larger than for H°. Corre-
spondingly the chargino threshold effects have different

shapes, i.e. steps or large bumps instead of narrow peaks.
The sensitivity to the choice of MSSM parameters is still
very large; compare the set A and B results illustrated in
Figs. 6a—d. The angular distributions of the various cross
sections are always rather flat, but different curvatures
appear, depending on the set of SUSY parameters. The
overall magnitude of the &y, 7o cross section in the A°
case tend to be considerably larger than those of the H°
one.

4 Conclusions

In this paper we have discussed the properties of the pro-
cess vy — ZH, where H is either the SM Higgs boson
Hgng, or any one of the three neutral supersymmetric
Higgs bosons hY, H®, A°. These processes only arise at
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Table 1. SUSY examples. (Particle masses and widths at the
electroweak scale)

My =200 GeV, pu = 300GeV, Mf~ ~ 1000 GeV

Set A Set B
tan 3 5 50
A= Ay = A, (GeV) 2550 2500
mg, (GeV) 781 780
mz, (GeV) 1201 1201
mg, (GeV) 170 180
mz, (GeV) 337 333
mpo (GeV) 119 126
Iyo (GeV) 0.0089 0.049
Mo (GeV) 205 150
I'yo (GeV) 0.135 8.02
Mo (GeV) 200 150
[0 (GeV) 0.114 8.08
my+ (GeV) 215 168

the one loop level, involving triangle H—yy and Z,G%-
vy diagrams, as well as vyZ H box diagrams with inter-
nal charged fermionic lines (I, g, Xli) We have shown how
these contributions reflect in the vy — ZH observables.

It appears that for all four cases, the helicity properties
of the amplitudes are very simple. The final Z is almost
always in the longitudinal state; i.e. for more than 98%
of the cases. Moreover, all these processes occur for more
than 95% of the times for initial photon—photon helicities
in the A\ = 0 configuration. This implies that there is
essentially only one amplitude contributing; namely the
Fy ¢ leading to

00 = 093 = N0hs, (8)

with n = —1 for (Hgm, Y, HY), and n = +1 for A°.

The ZH angular distribution is always rather flat, so
that an important part of the events are produced at large
angles, facilitating the detection.

The most spectacular properties concern the energy
dependence of the cross section, which show strong thresh-
old effects, due mainly to the fermionic box amplitudes.
They are induced by the standard top quark and the su-
persymmetric x;t chargino contributions. Depending on
the type of the neutral Higgs boson produced and on the
domain of MSSM parameter space, one can observe well
pronounced threshold effects with steps, bumps or peaks.
We have given typical illustrations in Figs. 3—6 using two
rather extreme sets of SUSY parameters.

We conclude by emphasizing that the neutral Higgs
production processes considered here, provide remarkable
tests of the structure of the electroweak interactions,
which are complementary to those encountered in the
gauge sector through studies of the vy — ~vv,~vZ, ZZ tran-
sitions, and to the tests of the Higgs sector provided by
vy — H.

Although the cross sections seem rather small, several
effects appear to be very spectacular. It appears there-
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fore worthwhile that these processes are considered by
the working groups, in order to study their observability
at future high energy and high luminosity photon—photon
colliders.

Acknowledgements. We are pleased to thank Abdelhak
Djouadi for very informative discussions.

Appendix A: The needed couplings
in the standard and SUSY models

We generally give the couplings in SUSY models, specify-
ing also the limit at which the SM ones are recovered. We
use the same notation as in the appendix of [11], giving
here only the couplings needed in the present calculation.
These consist of the photon and Z fermion ones deter-
mined by

Lyysp=—eQrA* fruf — eZ" F(vug9Zs — vurs9is) ]
— eA"X X — eZ"X; (Y9l — 1uvs9) X
ezt [)21 (Vuguzlz - 7#’759512) X2 + h~C~] , (A1)

where f is an ordinary quark or lepton and x;(j = 1,2)
are the two positively charged charginos. From this we
have

g%, = tg_QQfS%v zZ _ tg
vf QSwCW

(A.2)

for the Zf f-couplings, while the Z charginos ones are
written

1 3 1
gUZ1 = y— (2 - 23%\/ + Z[COS 2¢1, + cos 2¢)R]> ,
gaZ1 = — [cos 2¢1, — cos 2¢R], (A.3)
8SWCW
1 3 1
gfz = — (2 — 28%\] - Z[COS 2¢1, + cos 2¢R]> ,
ng = Fy— [cos 2¢1, — cos 2¢R], (A.4)
Sign(Ms) ~ ~ . -
9t =90 = 7¥[BRA12 sin 2¢r + By, sin 2¢y ],
SWCW
Sign(Ms) . 5 ~ . -
9512 = 9521 = —%[BRA]_Q Sin 2¢R — BL Sin 2¢L]
SWCW

(A.5)

The sign quantities (Ays, By, Br) in (A.5) are related to
the definition of the chargino mixing angles, which is se-
lected to always obey 0 < ¢r,, ¢pr < 7/2. They are given
in (A.35) in the appendix of [11].

Also needed are the Yukawa couplings of the neutral
Higgs bosons to the ordinary fermions and charginos de-
termined by the effective Lagrangian

Lyukawa = (gropH® + gropth°) ff +1Ga0s 1 A° fys f
0 0 = . .~ A0 = ~
+ () B°+ g HOYRxG +13 A% X
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+ [(gflzho + g H + g2, A% XX

0 0 0
+ (gﬁuho + gwao + 9{7412140)

X X175X2 + h-C-},

(A.6)

which for the quarks and leptons of the third family (the
only ones needed to be retained) give

_gmy cosw _ gmy sina
gnott = 2mw sin 3’ gHOw = 2myy sin 3’
- gmy gmyp sina
gaor = cot B,  gropy = )
2myy 2myy cos 3
gmp cosa gmy
JHOb = — ——,  Jaopy = 5 — tanf3,
2my cos B 2myy
_ gm; sina _ gm; cosa
9horr = 2mw COSﬁ7 gHOrT = 2mw COS,B7
. m
GAOrr = 2977 tan (3. (A7)
mw

The parameters «, § are the usual SUSY Higgs sector
angles. In the SM case, the couplings of Hgy should be
identified with those of h® by putting a = 3 —7/2. Finally
the Higgs—chargino couplings in (A.6) are given by

he _ iAH(—

g1 __\/5

+ sin ¢R cos ¢, cos aéR),

COSs ¢ Sin ¢r, sin aBL

gffo = —ijl(cos éR sin ¢y, cos alBy,

V2

+ sin ¢g cos ¢r, sin aBR ),

~ A0 g ~ . . P
= ———A;(cos ¢r sin ¢y, sin 5B
g1 NG 1(cos ¢r sin ¢y, sin BBy,
+ sin ¢ cos ¢, cos BBr), (A.8)
gg" = —%ANQ(— COS ¢R sin ¢r, cos aBy,
+ sin ¢R cos ¢, sin al’;’R),
H° 9 i . L3
= —— As(cos ¢r sin ¢, sin a3
92 NG 2(cos ¢ sin ¢, L
+ sin ¢g cos ¢, cos aBR),
gg‘o \ng (cos ¢ sin ¢r, cos BB,
+ sin ¢ cos ¢, sin ﬁBR), (A.9)

for the lighter and heavier chargino denoted as x1 and x2
respectively. As in the case of (A.5), the sign quantities
Ah AQ, BL, Bg, are also related to the chargino mixing and
defined in (A.35) of the appendix of [11]. Finally the mixed
Higgs—chargino couplings are

KO o g . x X
Lo = gio; = ——=Sign(M>)(A1 cosa — As sin
9s12 = 9s21 92 gn(Mz)(Aq 2 )
X [Brr sin ¢r, sin ¢r — Ay2 cos ¢r, cos or],
0 0 . ~ ~ .
91'}12 = _9;};21 =9 Sign(Ms)(A; cos o + Ag sin «v)

2V2

x [Big sin ¢y, sin ¢r + Ay cos ¢, cos ¢r],
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HO

HY _
9s21 =

Jo10 = —_Sign(M>)(A; cosa + Ay sin a)

g
2V/2

X [~ cos ¢r, cos gr + A1 Brg sin ¢, sin orl,

HO HC 9 X A
=— = ——Sign(Msy)(A; cosa — Ay sina
Ip12 Ip21 2v/2 gn(M2) (A, 2 )
X [cos ¢, cos (bR + A12Bpg sin ¢r, sin OR],
9hs = —gih = Sign(Ms)(A; sin 8 — Aj cos §)

2f
X [cos ¢r, cos ¢r + A1 By g sin ¢, sin oR),
'%Sign(Mg)(Al sin 8 4+ Aj cos §)

X [cos ¢r, cos dr — A1oBrg sin ¢, sin OR]-

A0 A0
Ip12 = Gp21 = 1

(A.10)

Appendix B: The v+ — Zh°, ZH°, ZHg\
helicity amplitudes

The invariant helicity amplitudes for the process vy —
Zh® (or ZH® or ZHgy),

Y(k1, A1) v(k2, A2) = Z(q1, Az)h%(q2) (B.1)

are denoted as Fi,a,x,(K,t,u), where the momenta and
helicities of the incoming photons and outgoing Z’s are
indicated in parentheses, and

s=(k1+k2)? t=(k1—q)>

k= [s— (m—mz)?"/?[s

u= (k1 — Q2)2,
— (m+mg)4/2 (B.2)

Here m stands for the mass of the neutral Higgs boson in
the final state. In the present case this is the mass of h°
(or H°, Hgyp), but similar definitions will also be used for
the A° production case. Notice also that in the vy c.m.

frame
K

2/

The number of independent helicity amplitudes is re-
duced by various symmetries. Thus, if the only existing
C'P violation is the usual one related to the standard part

of the Yukawa forces, then at the one loop level the am-
plitudes should be C'P invariant, implying

lq1| = lg2| = (B.3)

F)\1,>\2,>\z (’ivta u) = 7F_>\17_)\27_)\Z (”atu)(*l))\zv (B'4)

while Bose statistics imposes

Fxixons (Kvtvu) = F/\2>\1)\z(’€vuvt)(_1))\zv (B'5)
and the standard properties of the Z polarization vectors
give [10]
F)\17/\2,>\Z (Hv 2 u) = _FAI;)\277)\Z (_H» t u)(_l)kz' (B'6>
Therefore, there are only four independent helicity am-
plitudes, which are taken as

Fopr, Fo o Frio, Fh o (B.7)
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and referred to below as “basic” amplitudes. The other
amplitudes are determined by

F++—(’%7 t u) = F+++(_K’ L, u)7
F+—+(K‘7t7u) = F+——(_K7tau)7 (BS)
and (B.4). On the basis of (B.4)—(B.6), we also note that
Fiio(k,t,u) = —Fypo(—k,t,u), (B.9)
F+*0("€a t,u) = _F+* (_57 t, ’LL)
= —F_o(k,t,u)
= —F; _o(k,u,t)
=F_o(k,u,t). (B.10)

At the one loop level, these amplitudes are expressed
in terms of the Cy and Dy Passarino—Veltman functions
[15], for which we follow the notation of [16] and the ab-
breviations®

Cabc( ) = Co(p1?p27maamb7mc)

= (0,0, s;mq, mp, M), (B.11)
Ci(u) = Co(pa, pr; Ma, Mp, M)

= Co(m?,0,u; Mg, mp, me), (B.12)
C%¢(u) = Co(ps, p2; Ma, mp, M)

= CO( Z?O u; maambymc) (B].S)
Oabc( ) = Co(p4,p2,ma,m(,,mc)

= Co(m?,0,t;mq, mp, m,), (B.14)
C%bc(t) = Oo(p37p17ma7mb>mc)

= CO( Z70 t; maamb7mc) (B15)
Ciy(s) = CO(P4,P3,ma,mb,mc)

= Co(m?,m%, s;ma, my,me).  (B.16)

Correspondingly for the Dy functions, we note that
D% (s, u) = Do(pa, p3, p2; Mas M, Me, Ma) (B.17)
= DO(mQ? mZZ’ 0) 07 S, U; Mg, My, M, md);
Dade( ) = D()(p47p37p1;mavmbamcumd) (B18)
= Do(m2, m2Za 0,0, s,t;mq, My, Me, md),

which for a common propagator mass simplify to

Dy ,(t,u) = Do(ps, pa, ps;my) (B.19)
o m2,0,m2Z,07t,u;mf7mf,mf,mf)

(
(
0(Pa; p1,p3imy)
(
(

0 m2707m2Z707u7t;mf7mfamf7mf)

0 ps,pQ,pz;;mf)
O(m2Z707m2707u7t;mf7mf,mf,mf).

Il
eIl eiw

In the same spirit, when e.g. m, = my = mg, the
Passarino—Veltman C functions are further abbreviated
like in C§%¢(s) = Cg(s).

® In (B.11)-(B.20), the momenta p; = k1, p2 = k2 denoting
the momenta of the photons, and p3 = —qi1, p2+ = —¢2 being
opposite to those of the final Z and h°, are always taken as
incoming; compare (B.1)
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Correspondingly, for the case of two different propaga-
tor masses in a D function we have

D“bb“( u) = Do(p4, D2, P3; Ma, My, Mp, M) (B.20)
= Do(pa, p1,D3; Mp; Ma, Ma, M)
= Do(p3, P2, Pa; Mas M, M, Mq)
= Do(p3; 1, P45 M, Ma, Ma, M)
= Do(m?,0,m%,0,t,u; ma, My, My, My)
= Dy(m?,0, mZ,O U, £ My, Mg, Mg, M)
= Do(m%,0,m?,0,u,t; ma, my, My, My)
= Do(m%,0,m?,0,t,u; my, Mq, Ma, Mp).

Notice that (B.20) imply that

Dabba(, ) Dbaab( u, ) (B.Ql)

For the chargino boxes below, instead of the notation
e.g. CF2X(s), we write C311(s).
As in [10,17,11], it is convenient to define

Y:tu—QOZZ, sp=s—m2% tp=t—m?
up =u—m?>, Sz=s5-—my, Uz=u—my,
ty =t—m%, (B.22)

= D;{Z(s,u) + D;’:z(s,t) + D;{Z(t,u),
Ef(s,u) = uhC,{(u) + uZC£(u) - SuD,]iZ(s,u),
Ef (t,u) = unCJ (u) + uzCL(u) + thC (t) + tzCL (1)
YD)
B¢ (s,u) = upC(u) + uzC% (u) — suD§% (s, u),
ESb(t,u) = upCh (u) + uzCF (u) + t,CPo(t)

+t7C%(t) — Y DI (t, u). (B.23)

Notice that Ff(s,t,u), EJ(t,u) and E(s,u), EY(s,u)
remain the same under interchanging m? <> m?%, while
E$b(t,u) remains the same under (m? <+ m% and t <> u).

The A° pole contribution

This contribution only exists in SUSY models and it is
described by the diagram in Fig. 1a, in which only A° ex-
change is considered. The fermion loop determining the
vy AY vertex of this diagram involves essentially only the
t and b quarks, the 7 leptons and the charginos. The only
non-vanishing contribution from each of these fermions to
the basic amplitudes appearing in (B.7), is for®

agQFN§  Gaosscos(a— f3)
2rmw s — milo + im g0l 4o

(B.24)

FAOf pole (’Y

140 v — Zh°) = —

xkmysC{(s),

6 Notice that o is used to describe both the fine structure
constant, as well as the usual Higgs sector mixing angle. The
discrimination of them in each case should be easy though from
the structure of the formulae



G.J. Gounaris, P.I. Porfyriadis, F.M. Renard:

where for quarks and leptons of the third family gaosf
is given in (A.7), while for the two charginos the corre-
sponding couplings are given by gf‘o and gé“o in (A.8) and
(A.9), respectively. In (B.24) N7 is the color factor, being
3 for quarks, and 1 for 7’s and the charginos. As usually
g =e/sw.

The corresponding contribution to the vy — ZH? pro-
cess is given from (B.24) by replacing

cos(ar — ) = —sin(f — «). (B.25)

The Z—G° exchange contribution

This is described by the diagram in Fig.1b for the Z
exchange part, together with the neutral Goldstone ex-
change indicated in Fig.la. In both cases the physical
contribution only arises from the spin = 0 part of the
propagator exchanged in the s-channel, and there is no
pole at m%. Notice that the diagram Fig. 1b would also
create a Z+vy anomaly, which of course is cancelled when
a complete family of quarks and leptons or both charginos
are included. The only non-vanishing contributions from
these diagrams to the basic amplitudes of (B.7) are

br ole
FYS Py = Z1°)

_ ka?sin(f — )
- s&ycdm?

2 2
< |2 Gy ()~ T Ch(s) — m2CE ()| (B.26)

due to the mass differences among the quarks and leptons
of the third family”, and

FERZ P (vy = Z20°)

2 s _
= W[cos&qﬁ) — cos(2¢R)]

X [m?(lC’g‘ (s) — m?{z CX2(s)] (B.27)
from the two charginos.

The corresponding contribution to the vy — ZH© pro-
cess is given from (B.26) and (B.27) by replacing

sin(f8 — a) = cos(8 — ). (B.28)

Single fermion box contribution

The generic single fermion f box diagram inducing this
contribution is shown in Fig. 1c, where only the axial part
of Z contributes. We write this contribution as

box hO(H® box
F{%, (vy = Zh°(HO)) = o} . Af b (H). (B.29)

" The contributions from the first two families is negligible
due to their small masses
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The relevant couplings are collected in the coefficients,
which for quarks or leptons are written as

RO 63

) 2 Z
rh = 7(47T)2N;Qfgafgh0ffa

3
H° € 2 7
’I’f = (477)2N;Qfgangoff (BSO)
(compare (A.2) and (A.7)). The same expression also ap-
plies to the standard Hgy production process. Cor-
respondingly, for a box with single chargino running along
its sides, we have

3
hO(HO) €

_ z hO(H®)
Ty

(47r)2 9aj9;

(B.31)

with the couplings given in (A.3), (A.4) and (A.8), (A.9).

The A{lg?f\z (H) terms in (B.29) are then given by

ALY (H)

- V2 {s(t —u)(ty + up, — £)CY(s)

kVYs
F2un[tn(t — k) + m2ug + YO} (u)
—2uzup(u— k) +m?ty + Y}Cé(u) + s(th +up — K)

Y
(Y +u? — m2m2Z)D£Z(s, u) — 5(15 —u)

X (tn +un — K)DL , (t,u) — (t & u)}, (B.32)

AlLP(H)

_ Vg
= m/sW(u t+ k)

X {s[ﬁ(thtz +upuzg +Y) + s(u? — t2)]CI (s)

+1(Y + 2upuz)[unCf (u) + uzCh(w)]
+Y (uz + t2)[uzCY(u) — up,CY (u))]
+sk[t? +u? —2m*m% + (t — u)H]CI{Z(s)
+2s(u? — QOQZ)E{(s7 u)

+25m§»Y(m +t— u)ﬁ'f(s, t,u)
—rsul2u(up, +tz) — Y]D£Z($7 u)

Y2k

+TD£Z(t,u) —(t e u Kk — H)}, (B.33)

ALY (H)
= I L2214 u)C(3) + [+ w)(m? +m3)

KMmzs

74m2m2Z]E§(t, u) — Qm?snzﬁ’f(s, t,u)
—QQOQZSQ[D,{Z(S, u) + D,’;Z(s7 t)]}, (B.34)

AL P
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_ nizn;fy {(t= )tz +uz)
x[s(t +u)CY (s) — K2C] ,(5) — 2m3Y F1 (s,t,u)]
+(tz 4 ug)[(t — m*m%)EY (s, t)
—(u? = m*m3) B (s, u)]
+2m%Y [unCf (u) — t,CJ (1)

—uzCh(u) + tzcg(t)]}. (B.35)

Mixed chargino box involving axial Z coupling

The generic form of the box diagrams giving this contribu-
tion is shown in Figs. 1d,e. Their characteristic feature is
that they involve the mixed axial Z coupling of (A.5) and
the gfo—, gﬁ;—type of Higgs couplings appearing in (A.10).
Notice that the diagrams of type d involve three identical
chargino masses of one kind, and one of the other. On the
contrary, the diagram of type e has two yi-propagators
and two of Y. In analogy to (B.29), their contribution is
written as

Flexaxea by Zh0(HO))

A1A2 Az
hO(H?) ZaX1X2 box
— rZaXlXZ A)\1)\z)\z (H)7 (B?)G)

where the various couplings are absorbed in the coeffi-
cients
3

ho € A h()
"Zaxix2 = (dr )29@1295127
3
HO (& z HO
"Zaxaxa = Wgalzgslza (B.37)

for the h° and H 0 production respectively.
The Aff;f;;j PoX terms in (B.36) are then given by

ATRE b )

- _nﬁ{{smil(t —u)(ty +up — K)CLH(s)

+H(mg, +mg,)[unlta(t — k) + m*uz + Y]CR ()
—ugup(u — k&) +m?tz + Y]0211( )]
+smg, (th +up — K)[Y +u? —m*m3,
—(m3, —m%,)(t —w)]DyZ (s, u)
D g, e+ )
x[s(mg, —mg,)? + YI[DyZ' (t,u) + Dy (¢, u)]
K(mil — m)Zz) (
8
[D1221( , ) D2112( )] _ (t VI U)}

th 4 up — K)[s(mg, +mg,)* +Y]

+(1 2)}, (B.38)

AL PO (H)

- { [s{smxl g (= 1)
X[u+t+ 2(m% - miz)] + K[my, (tzth +uzup)
—imgys(t 4 u) — 2s(m2, —m2,)(mg, +mg,)]}CAH(s)

+(ms, +m>zz){[25(u — m?m3) + K(Y + 2upuz)
[U20211( ) 4 uhC211( ]

Y (uz + t2)[uz CF () = wnC3 (w)] |

+sk(mg, +mg,)

x[t? +u? — 2m*m% + K(t — u)|CL% (s)

+25{(m>€1 +my,)

X [s(t —u)(m3, —m2,)* — su(u® — m*m3%)

—|—2m (t=u)Y + (m~ —sz) s[Y —2(u? —QOZ)]}

i (msy +msa)(md, —m?, )%

—2uzuhmi1(mi1 — m ) +Ymyg, (m?(1 + mfzz)

+my, su(u — Qm)b) —mg, (u+ 2m>~<1m>~<2)uzuh}}
4
< {25(t = w)[s(m, —m2,)? + (m2, +m2,)Y)

X1

xD}2H (s, u) +

+k[2s(mg, —msa)? + V][s(mg, +mg,)? + Y]}
[D1221(t u) 4 D2112( )]
e Y G g stm, +me)? + V)

[D1221( , ) 2112( )]

+ (1 2)}, (B.39)

—(t e u,k = —k)

AT (1)
2
= szs{4m)2182(t+u)0111( ) (mil +m>22)

x[(t +u)(m? +m%) — 4m*m%|FEa*(t, u)
—2smyg, (mg, mg, k% + 2sm*m?%
+mi, [(t 4 uw)(m® +m%) — 4m*m7)]

—sm3, (t+u))[Dy7 (s, u) + DiZ7 (s, 1))

_(m)h + m)h)(s(m)zl + m)Zz)

x[(t +u)(m? +m%) — 4m*m%]

—2mg, mg,s2(t +u)) DL (tu) + (1 2)}, (B.40)
AZmgXe PN

_ (& ms,) {{(t —u)(tz + uz)

KkmzY
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X [s[t +u+ Q(mf21 - m%z)]C’éu(s)

—w2Ch7 (s)] = 2tz + uz)(u® — m*mZ) By (s, u)
+HAmZY unCiM (u) — uzCZ (u)]
—2(tz + uz)[2mf~Cl (t—uw)Y +s(t— u)(m?(1 - mfzz
+s(mg, —m3, )Y = 2(u® = m*mZ)||D7 " (s,u)

(t —u)

)2

(tz +uz)ls(mi, —m3,)* +Y(m3, +mi,)]

2 X1
x[DyZ(t,u) + Dy (t, )]
mg, —

Mgy 2 2
m YY-|-8 My, + My
My, My Z [ ( X1 X2) ]

x[DpZ (t,u) = Dy (¢, )]

—(t<—>u)}+(192)}. (B.41)

Mixed chargino box involving vector Z coupling

The generic form of these box diagrams is shown in
Figs. 1f,g, which are analogous to those in d, and e, but in-
volve the vector Zy1x2 couplings in (A.5), combined with
the g;{)% gﬁg Higgs ones of (A.10). The contribution of
these diagrams may be obtained from those of Figs. 1d,e
by simply changing the sign of one chargino mass. More
explicitly, if we write

»X1X2 box
Foaxe by Zh0(HO))

hO(HO) ZyX1X2 box
e - ANARZ P(H),  (B42)

where the relevant couplings defined in (A.5) and (A.10),
are absorbed in the coefficients

Tho = _i Z _h°
Zuxixz — (47T)ggv12.gp127
HO 63 z HO
"Zoxixe = —ngmgmw (B.43)
ZyX1X2 box

and the amplitudes A}"{” of (B.42) are determined

by (B.38)—(B.41) through

ZyX1X2 box B B
A (H,mg,,mg,)

A2z

_ AZaX1X2 box

- Ax\l/\gAZ (H7 mil’ 7m22)

_ ZaX1X2 box - ~

= _A,\f,\z,\z (H,—mgz,,mg,). (B.44)

Notice that the constraint on Ai“i(;;(; PO (H myg, ,my,)
implied by (B.44), is satisfied by the expressions in (B.38)—
(B.41).

Concerning the SM case vy — ZHgy, we note that
it can be obtained from (B.26) and (B.29), by replacing

h® — Hgy and using o = 8 — /2.

Appendix C:
The vy — Z A° helicity amplitudes

The helicity amplitudes for vy — ZA°,

Y(k1, M)y(k2, X2) = Z(q1, Az) A% (q2), (C.1)
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denoted again as F),x,x, (K, t,u), should satisfy the con-
straints

Fxi 200z (K, L, U’) =F) 22z ("{ﬂ L, u)(_l)/\z7 (02)
Fxixon, (K’tvu) = Fz\zklkz(ﬁvuvt)(_1>>\z7 (CS)
Fxixnnz (’{a L, u) = —Fx x,-2s (_Hv 2 u)(_l)/\zv (04)
imposed respectively by CP invariance at the one loop
level, Bose statistics and the structure of the Z polariza-
tion vector. Thus, for the A® production case also, there
are only four “basic” helicity amplitudes which are taken
as
By Fy o Fopo, Fyo (C.5)
Because of (C.2)—(C.4), the A° production amplitudes still
obey (B.8) and (B.9), but (B.10) is modified to

F+—0(’%7 t, U) =

_F+—0(_K7t7u)
F—+0(’%at7u)
= Fi_o(k,u,t)

=F_io(k,u,t). (C.6)

The relevant diagrams are shown in Fig.2. Below we
discuss their respective contributions.

The h%, H? pole contribution

This is described by the diagram in Fig. 2a, where the blob
denotes loops from fermions, W bosons and scalars.

As in (B.24), the only non-vanishing contribution from
this diagram is for the Fy ;¢ amplitude. The fermion loop
contributions to it is

F(hO,HD)f pole(’y’Y - ZAQ)

+40
: 2 pre
lagrm Q3N o\ f
=————=|(s—4 C, -2
S SE (s — 4)C ()~
. [ 9noss cos(B—a)  gpopysin(f—a) )
s —m2, s —mi, +imgolgo |’

where the values of the ghosf,gmosy couplings for the
third family fermions (¢, b, 7) are given in (A.7). The same
relation (C.7) describes also the chargino loop contribu-
tion to the yyh®(H) vertex, provided (gnoyys,gmors) —

(g?o,gfo), with the latter couplings given in (A.8) and
(A.9).

For the W (plus Goldstone and ghost) contribution to
the blob in Fig. 2a, we have

0 0
F W pole (s 7 A0)

_ i’k 1 1
= 28\2N {<S—mi0 N S_m%]0>
5 ] -
4%

cos(f — a)sin(f8 + «a)
5 —m2,

Iy

x[1 4 2m%,CyY (s)] {

sin(8 — ) cos(B + )
+ 2
s —mi

(C.8)
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Finally, the scalar contribution in the yyh°(H°) ver- v 25% 1 4%y sin20, | + mj sin o
tices give 3 2 3 k sin 3
h9,H) scalar pole 10& R scalar _ mt(At sina — H CO8 Oé) i
FLGT I oy Z4%) = W), Y sin(26,)
(C.9) |
where for the charged Higgs loop we have xSign(A; — peot B)| ¢, (C.12)
HT 2 2 ~HY cos(B — a)
HY (s) = dmyy [1 + 2mi+ Gy (5)} {5_7”2h0 where the various stop parameters are defined as in [11].
923) si
e
2¢yy Single fermion box contribution
sin8 - ) » o
-3 {COS(ﬁ —a) It is given by the diagram in Fig. 2b which is closely related
57 Mpo to the diagram in Fig. 1c for the h°, H® production case.
7905(25) cos(a + 5)] (C.10) In both cases, the Z coupling to fermions is axial, while
2¢2, ’ ' the main difference stems from the 5 in the Higgs vertex
) - of Fig.2b. In analogy to (B.29), the contribution of the
for the lighter stop #; loop diagram in Fig. 2b may be written as
ll: tl OoX oxr
Hi (s) = 41+ 2m2 CF'(9)] FLY% (= 24%) =i ALl (4%),  (Ca3)
2 .
COS /8 OZ _ WLQW Sin(a + /6) with
s — mh0 Gy 3
2 2 2 TAO = iie NCQ2gZ ngff
y W 1 dsy cos? 0, | + my cos o f (4r)2" S 17af ’
= — b+
3 3 sin 8 40 &, 40
my(Ascosa+ psina) 70 1@9@% (C.14)
sin(26;) ™
2sin 8
for (t,b,7) and charginos respectively (j = 1,2 counts the
xSign(A; — pcot 3) two different charginos). The relevant (Z, A°) couplings
appear in (A.2), (A.7), (A.3), (A.4, A.8) and (A.9). For
) 9 the amplitudes defined in (C.13) we find
_sin(8 — @) | myy cos(a + f)
s = mipo | Gy ALPT(A%) = AL b (H), (C.15)
. box box
" [QZ\QN N (; B 433\2;V> cos? et} N mjm;a ALP(AY) = AL (H), (C.16)
in
) where (B.32) and (B.34) should be used accompanied with
me(Ag sm?z — pcosa) sin(20;) the obvious replacement m = mo. For the rest of the
2sin 3 “basic” amplitudes in (C.5) we get
xSign(A¢ — pcot ﬁ)] } (C.11) AL P (A%
V2my
while for the £, loop contribution we get = /Y s (tz +uz)(rs+u— t)YD}{Z (t,u)
HP (s)=4 [1 + Zm%ZCgQ (s)} +(tn +up)(k +u—1t)
y {cos(ﬁ —a) {_ mé, sin(a 4+ 9) x[25C] (s) — suD} ,(s,u) — stD] ,(s,1)]
s—mp |y —2[tn(t — k) +ugm® + Y][uaCf (u) + t5CL(1)]
y 253 1 4s%; sin?0,| + mf.cosa +2[up (u+ k) +tzm? +Y]
3 2 3 sin 3 ; ;
m¢(Ag cosa + psina) X[uzCz(u) + tnCj, (1)] ¢, (C.17)
- - sin(26;)
2sin 3 £ box/ 40
Ay 757 (AY)
xSign(A; — pcot ﬁ)] 4
= (t* +u? — 2m*m7%)
. kmzY
_sin(8 — o)

s —mZ, LW cos(a:+ ) x[s(t+u)CI (s) — K2C1,(s)]
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—2m3w?Y F (s,t,u) + 2m%Y2D] , (t,u)

+[u?(t 4 u) — m®m%(Bu — )] Ef (s, u

)
+[t2(t + u) — m?m% (3t — w)|EY (s,1) } (C.18)

Mixed chargino box contribution

This is determined by the diagrams in Figs.2c,d which
involve vector mixed Z coupling to the two charginos,
and those of Figs. 2e,f containing axial mixed Z couplings;
compare (A.5). Their complete contribution may be writ-
ten as

X1X2 box
FEXe 2% (yy = ZAY)

QeT 7z A° px1X2—box, 40
= i [%12931214,\1)\2)\2 (A%, mg,,mg,)
X1X2 box 0
galQQplQA)\l)\2)\Z (A%, mg,, —mg,)|, (C.19)

where the two terms in the r.h.s. arise from the diagrams in
Figs. 2¢,d and e,f respectively; and the Z and A° couplings
appear in (A.5) and (A.10). Thus only the ¢,d diagrams
need to be calculated.

Defining also

Qa = —4s(m?, +mi,) +dupuz + s° + m’s
—m%s + 4su,
Qa = —r2m* +m%) + (t+u)(t —u)?* +8m%Y, (C.20)
Pl =2(t- u)Y{ — 25(771)221 + m?&)(mxl + m;@)2
= (mgy +mg,)?2Y — s(tz +uz)]
+ Y(tZ + uZ)}a
Qf, = Almg, +mg)*(t - w{25°(m2, - m2,)?
+ 3s(m —l—m )Y+Y2}
Py, = 2{28(152 +uz)(mg, —mg,)”
— (mg, —mg,)*s(t? +u* — 2m*m%)
+ 2(m§~<1 + m?&)Y(tZ +uyg)
- szmQZ)},
Qi = 4{s(tz +uz)(mi, —mi,)?

+ (m?<1 + mfb)Y(m2 —m?% — 2s)

— Y (t* + u?

+ 2myg, myg,sY — YQ}, (C.21)

P =2 { = 20t — w)lmg, +mg)(md, + mid,)
+ (mg, +my,)* Quup + bupuzg + K2 — 2myty)
— u(t = )t +un) },

Qf = Almg, +mg)*{2s(t = w)(m2, —m2,)?

+3(t — W)Y (m3, +m3,)
+ (Y + 2uzuh)[3(u2 —m?*m%) — Y]},

_ 2 2 2
P, = —QY{ —2(2s +t —u)(mz, —mg,)
— (t = u)(tn +un)(mg, — m)Zz)z
+2(m%, +m3,)(u® —m*my — 3Y)

+ ulduty +t* + 3u® — 2m%(t + u)]},

wu = —4{ (m3, = m2,)?[(m* + m3)
X [4Y — 6(u? — m*m%)] + 6u® — tu(t + u)
+ m?*m%(u — 5t))
+Y[Y - 3(u2 — mzm%)](mil + mfb)

— 2su?(u® — m2m2z)}. (C.22)

we find for the basic amplitudes (compare (C.5))

X1X2 box/ 40
A+++ (A%, mgz,,mg,)

3
B 8/‘@\/{3373/{[_8

XMz [th +up — K+ 4mX1 (mX1 + mX2)]Clll( )

s2(t — u)

+4s(my, — mxz)uh{(ﬁ +u—t)
X [20mg, +mg,)? + ta] = 2 OP () + Ch2(u)
—8(myx, +mx,)Y (K —tz —uz)

x{unlCF (w) = CR2(w)] — uz[CE (w) - CF2(w)] |
~ds(my, —my,Juz{(x+t W
x[2(mg, +mg,)? + wn] - 2Y HCF () + CF2(w)]
7882m)~<1 [4m>21 (m)zl + miz) +itn +un — H]
x[Y 4+ u? — m*m% — (t — u)(m2~ - m OIDS (s, )

= mga)(t = w){ Kls(mg, +mg,)? + Y]

—s(mg,
~(tn +un)Y + (g, +mg,)?Qa )
X[Dyz (tu) + Dy (tw)] + (mg, +mg,)
X {YQA — K[s(mg, —mg,)? +Y](Qa — 8mg,my,s)
+5[Qa(m2, +m3,) + 2mg, mg, 517 |
x[DyZ(t, ) — Dig® (t )]
~touw]- (12}
AR PO AD g mg,)
= ﬁ{S(mgl +myg,)sY (k+t —u)
x[Bo(s, mx,,mg,) —
—2(my, — miz)s{(t —u—K)

XY [t +un + 2(mg, +mg,)’]

(C.23)

By (s, Mga> miz)}
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21—t = 1) (mg, +mg,)2[Y +2s(t + )]}

X [CH(s) + CB2(s)] + 2y, +mgy)s{ (u—1t + )
XY [tn + up + 2(m3, +m2,)]

+2(t —u+ ﬂ)[Y(m2~ + m2~ ,)

m )2+ s(t? — mPm%) + su(t + u)]}
C3#(s)] —
t—u) + 2+ u? — 2m2m2z}

+2s(m?

x [03“(5) -
xsn{m(
(s
t

2

8(m921 - m>22)(m>21 + miz)

x[Ch7 (5) + CR2 ()] — 4(mg, +mzy)s(t + u)
5}
(mx, —mg,)
2(u—t)
{P+(/<;+uft)+Qm( /<;+u7t)}

xn{n( —u) +t* +u? - 2m*m

[0121( ) 0212( )]

<[DIZ (1) + DR, )] + )

XY{PtZ(H +u—t)+ Qp(—k+u— t)}
XDy (t,u) — Dy (t,u)]

+ [2("%21 - mxz)uh{ﬂmxl +my,)
x[—2m?(u? — m*m%) — 4mZY +3(t+u)Y
+2u(uug — ttz)] — Y (Y +miuz + tty,)

[ =2(my, +m,) (Y + 2uzun) + Y]}
X[CF () + Ch2(w)] + 2(ms,
x{20ms, +m,)?[(2un + 1)(

2

— My, )uz
o2 = )
o — 1) —u(t® — )]

+Y (Y +mPtz + uup) + K[-2(mg, +mg,)
x(Y + 2uzup) + th]}[0211( )+ CL2(u)]
2

2, 2

mz
2

—4(mg, +mg,)su(Y +u? —m*m% — ku)
x{un[CF (w) — CR2(w)] + uz[CH (w) - CF2 ()]}

(mg, —mg,)s
2(u—t)

x[Dy7 " (s,u) + D72 (s, u)]

W{PQL(R +u—t)+Q(—r+u— t)}

x[Dy7" (s,u) — D72 (s, u)]

—(t o u,k— —/43):| },

{P;;(/Q-i-u—t) +Q§u(—m+u—t)}

+

(C.24)

X1X2 box
A++0

1
= Sy {8(m>21 — Mg,)
xs[s(t +u) = 2(mg, +mg,)*(tz + uz)]
x[Cott(s) + CF%(s)]

(A%

processes vy — ZH in SM and MSSM

+8(m)21 + m)&) [S(t + u) - 2(”7321 + m?@)(tz + ’UJZ”
x[Cot(s) — C3%(s)]
[

~4(my, = m){ Y[t +u)(m? +m%) — dm*m?

zZ

]
=25ty +uz)(m3, +m3,)(mg, +mg,)?

(mg, +mg,)?
2
_2m>~<2)2s
+8(mg, + my,)my(t — u)[s(m3, +m?,) +Y]
X[Dp 7 (t,u) — DR 52 (tw)] + [A(mg, —mg,)
x[(t 4 u)(m? +m%) 7

—2(mg, +mg,)?(tz +uz)]

{uh[C211( ) + CL22(0)] 4 ug [C (u) + CL22(u )]}
+8(mg, + mg,)m (u — ) {un[CF (u) = CY2(w)]
—uz[C3 () = CF2)]} + 4my, — mg,)

xs{Q(tZ + uz)(m2~ + m2~ ) (mg, +mg,)? — 2sm*m

+ (tz+uz)(4uzuh—|—sm2—|—ssz+4su)

(mil

+ w2 IDRZ (t w) + DEY2(t,w)]

—4m®m

2
Z

—|—(m —|—m )[Sm m% — (t +u)(m? + 3m%)]
+2my i, [s? + (mh — m?)(s - 2m3)] |
<D} (s.0) + DI,

u)] +4(mg, +mg,)
xs{Q(tZ + uz)(mQ1 —m2

X2)
(t +u)(m? + 3m3)]

— 2sm*m?%
—|—(m2~ + m2~ L) 8mPm3, —
—2mg, ms [dm*m — (¢ +u)(m? +m3)]}

X[DIZ (s,u) = DEP(s, )] + (w o 0]}, (C.25)

X1X2 box/ 410 ~ ~
A+70 (A 7mX17mX2)

1
ngY{ —(mg, — m>22)8{2(m5<1 +mg,)?

x[K% — 4mZ (ty + up)]
—(t 4 u)( 4w = 2mPm) F O3 (5) + CF2(s)]

2/12

+2(mg, + mxz)S{(mxl —Mg,)
—2(tz +uz)(mi, —m3,)” + mZ(2ms, + 1% +u )}
x[C3"(s) — C2(s)]

+(mg, —ms){ (2 + u? = 2mPm})

]}[Cm( )+ CRE(s)]

—2(myg, + mxz)mQZ(th +up) (2 +u? — 2m*m%)
x[Ch7 () = CRF ()] + 2(my, — mag, Jun

x{u(u2 —m?m%) +uY +m*m%(t —u)

x[2(tz + uz)(mg, +mg,)” —

—2(mg, +mg,)?(2m%sz +u® + tu)}
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x[Ci (w) + G (w)] + 2(mg,

X {u(u2 —m*m%) +uY +m*m%(t — u)

- m)b)uz

—2(mg, +mg,)?(2m*m3, — dum% + u? +tu)}
x[CE (u) + CF2(w)] + 4(myg, + mg,)mBu(ty + up)
{uh[cml( ) 0122( )}—F’LLZ[CQH( ) 0122( )}}

—2(777/)"(1 - miz){ -2
x[s(m%l - m )2+ Y(m + m ,)]
+sk*(m3, —m3,)* + 2(mX1 + mX2)2

X1
x[upmS +m%(m

(tz +uz)(mg, +mg,)?

—u? 4 2m?s — su)
uupm%(3s +m?) + su?sy]
+su(u® + tu?

+/€2Y(m§1 + m?@)}[DmU( w) + D222 (s, u)]

— 3m%m2u + m*m%t)

+2(m>21 + mf(z){ - 2(m§~<1 miz)z

X[m2(U2 — m%) —mtuy — 2m? st — mQZ(s — u)2
+su(s — u) +my(s +u)]

—(mg, — m22)2{2m22m2(2m%m2 — 12 + 3u?)
+(m? +m%)[m*m%(t — Tu) + 2u® + 3tu® + t*u]
—20%(t + “)2} = 2mZY (m3, +m3,)(tn + un)

—2sum%(u?* — m*m?% — 2m2uz)}

[D1211( ) D2122( )]
+2(m)~(1 + miz)mZ(t - u)
x[s(m3, —m3,)* + (mg, +m3,)Y]
1221( ) D2112( )]

x[D
—(my, = my){[(m%, —m,)%s + (m%, +m2,)Y]

x[K? = 2(tz + uzg)(mg, +mg,)’]

—2m3Y [s(my, +my,)? + Y]}

[DI22L(¢ ) + D2U2(¢, )]+(t<—>u)}. (C.26)
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