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ABSTRACT

The Higgs sector of the minimal supersymmetric extension of the standard model (MSSM)
becomes phenomenoiogicallyl hard to distinguish from the standard model (SM) in the limit
that the CP-odd scalar, A°, is much heavier than the Z boson. If, in addition, all the
superpartners lie outside the kinematic reach of present-day (or near-future) colliders the only
experimental evidence for supersymmetry (SUSY)- might be through internal loops involving
superpartners. We have calculated sfermion-induced radiative corrections to ete™ — Zh°

and Z — vh" in the MSSM, which are enhanced for high m.
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1. Introduction

The SM of the electroweak and strong interactions is
in excellent agreement with all presently observed phe-
nomena at the electroweak scale. Nonetheless, there are
a number of theoretical shortcomings. Perhaps the most
puzzling problem is to explain the origin (and stability)
of the large hierarchy between the Planck scale (10%°
GeV) and the scale of electroweak symmetry breaking
[1]. SUSY is to date the most promising attempt to
try and solve this problem and still retain the Higgs
fields as fundamental scalars, In supersymmetric the-
ories, quadratic divergences in unrenormalized Green
functions are automatically cancelled by adding to ev-
ery fermion (boson) a bosonic (fermionic) partner with
the same quantum numbers and imposing SUSY on the
resulting Lagrangian. While the exact origin of the elec-
troweak scale in SUSY is still unclear, the cancellation
of quadratic divergences readily explains the stability of
the electroweak scale (or any other intermediate scale)
under radiative corrections.

In the minimal supersymmetric extension of the
Standard Model (MSSM), one simply adds a super-
symmetric partner to every quark, lepton, and gauge
boson. In addition, the MSSM must possess two Higgs
doublets (H; and H.) in order to give masses to up-
and down-type fermions in a manner consistent with su-
persymmetry and to avoid gauge anomalies introduced
by the fermionic superpartners of the Higgs bosons. In
this model SUSY is broken by adding explicit soft SUSY
breaking terms to the theory. With these terms the vac-
uum expectation values of the Higgs fields, v; = (H;),
can become non-gero and the electroweak gauge symme-
try can be broken spontaneously. Then the Higgs sec-
tor of the MSSM possesses five physical Higgs states:
a charged Higgs pair (H*), a CP-odd Higgs scalar
(A®) and two CP-even Higgs scalars (h® and H°, with
mye < mygo) [3].

The k? [H%] production rate is governed by the ZZh°
[Z ZH°] vertex, which is suppressed relative to the SM
by a factor of sin?(8 — a) [cos?(8 — a)]. Here (8 —
o) is the angle between the direction of the vacuum
expectation value and the H? eigenstate. In the MSSM
this suppression factor can be expressed in terms of two
physical input parameters, which we choose to be myo
and m 4o,

mio (mzz — mio )
(mi, +m% —2miy)

cos?(B - a) = — (1.1)

m3,
In general, (1.1} has two solutions corresponding to
tan 3 < 1 and tan 8 > 1. This ambiguity can be avoided
temporarily by parameterizing the Higgs sector by tan 3
instead of myo. However, tan3 does not correspond to
a physical observable and the ambiguity returns if one
expresses tan /3 in terms of physical quantities.

It has been shown recently that radiative corrections
to the lightest Higgs boson mass of the MSSM are very
substantial [4]. Radiative corrections to vertices have also
been computed using a renormalization group approach
[5], an effective potential formalism [6], and the conven-
tional one-loop calculus [7,8]. In Fig. 1, we show contours
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Fig. 1. Contours of constant cos?(3—a) in the (tan 3, m 4a) plane.
Al the soft SUSY breaking mass parameters are taken to be 500
GeV (a) and 1 TeV (b) and we take m: = 150 {a) and 200 GeV
{b). Squark mixing is neglected (i.e. 4y = Adp = p = 0)

of constant cos?(3 — a) in the (tan 3, m o) plane. This
plot includes the leading logarithmic corrections (i.e.
terms that grow logarithmically with the scale of SUSY
breaking, Msysy) summed to all orders in perturbation
theory {9]. We see that already for m 40 > 300 GeV the
deviation of the MSSM from the SM is only of the order
of 1%.

The renormalization group approach and the effec-
tive potential approach are inadequate to calculate Higgs
production rates in the case of /s 3> myz, where Ve is
the centre-of-mass (CM) energy, since these formalisms
require that 4(p?) ~ A(mz) and A{p?) ~ A(0), respec-
tively, where .A is a generic renormalized Green function
and p stands for some external four-momentum. Thus,
our approach will be to combine the renormalization
group approach and a full one-loop calculation done
in the case where the second Higgs doublet is kine-
matically unaccessible, i.e., for mgo > +/5/2 and thus
cos(8 — a) x m% /m%, & 0; see (1.1} and Fig. 1.

This paper is organized as follows: In Sec. 2, we
present our one-loop results. Their phenomenological
implications are discussed in Sec. 3. Section 4 contains a
summary and some concluding remarks. A complete set
of Feynman rules is listed in Appendix A. The relevant
unrenormalized one-loop Green functions are given in
Appendix B.

2. One-loop radiative corrections

We will now proceed to calculate non-leading log
radiative corrections in the limit of large m o. In this
Limit, we are left with one Higgs boson, with SM cou-
plings to matter fields and gauge bosons. The only
difference to the SM will be the existence of addi-
tional SU(2)r, xU(1)y representations (sfermions, gaug-
inos, and higgsinos), which will enter the calculation
through loops. (In addition, the allowed range of myo 1s
constrained by SUSY.) Thus we can immediately apply
the SM renormalization scheme [10].



Our technical procedure is similar to {11,12]. We re-
duce the loop amplitudes to standard integrals [13] by
means of the reduction algorithm of [14] and identify
the ultraviolet divergencies by means of dimensional
regularization [15]. We essentially work in the elec-
troweak on-mass-shell (OMS) scheme [10], which uses
the fine-structure constant, ctem, and the physical paz-
ticle masses as basic parameters. However, we parame-
terize the lowest-order expressions in terms of the Fermi
constant, Gp, rather than aen. In turn, the quantity
Ar appears in the radiative corrections in such a way
that all would-be mass singularities associated with light
charged fermions are removed. This procedure is some-
times called the modified on-mass-shell (MOMS) scheme
{11,12]. We shall largely adopt the conventions of [10]
and frequently use the short-hand notations

(2.1)

w
2 _ _ .2 a2 _ 2
cwzl_sw_z,w_mw,z_mz,h_mhu.

The parameters and Feynman rules of the sfermion sec-
tor are explained in Appendix A.

To start with, we calculate the quantum corrections
to the differential cross section of eTe™ — Zh9 due
to MSSM sfermions. These corrections comprise all ad-
ditional my-dependent terms generated by the super-
symmetric extension. At the one-loop level we neglect
terms suppressed by cos(3 — a). The tree-level devia-
tion from the SM due to non-zero values of cos(8 — a)
can be included by multiplying the SM amplitude by a
factor sin{3 — a). Leading-logarithmic corrections are
accommodated by evaluating sin{3 — a) within the
renormalization-group formalism [5]. Calling the angle
between the e~ and Z-boson flight directions in the CM
frame 8, we find

Q o
de gshsgl d”'gih : . 2
MM sin?(8 - @i [1+2Re65

(2.2)
— 2475+ O{ctem cos(B — a))] :

where the subscript LL refers to the leading-log re-

summation. Here do-éi[hu)/dcosa the is one-loop cor-
rected SM prediction in the MOMS scheme, which may
be found in [12]. The sfermion loop corrections to the
ete~ — Zh® amplitude (in the OMS scheme) are given
by

§~ = 1 Re Al z(2) (2.3)

Q
+ AZZ(") + FJ}UZZ —8lhozz +F(8)F}?ﬂzz
s—z Ff?Dzz

. 1
Vele | A4z(8) . s—z {40,z +F(9)Ffo.,z

2 L g2 0 '
vZ + al g 3 Tz

- where v, = (T — 2s%e.)/(2cwsw), ae = T5/(2cwsw),
P}?UZZ = emz/(cwsw), and
(h—z — s)Asin® 4
2(8zs + Asin®6)

F(f) = (2.4)

. 4 =)
=1 [g;.wréW‘ + py,pvrS\"\f' + qpquSVV'

+ q[.;pupgﬂ" + pﬂqusSVV']
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Fig. 2. Lorentz-invariant decomposition of the one-particle irre-
ducible Green functions, Here § and 5’ stand for scalar particles
{(in our case k%) and ¥, V' stand for vector bosons (in our case v

and Z)

with A = 3% + 2% + h? — 2(sz + zh + hs), contains the an-
gular dependence. The unrenormalized sfermion contri-
butions to the (transverse) bosen vacuum polarizations,
Aww, Azz, Ayz, Ayy, and Ajopo, and the relevant

h%ZZ and h%yZ form factors, F;[;;Z and F}:(‘,iz, are
listed in Appendix B. Our conventions are explained in
Fig. 2. The renormalized ZZ and yZ vacuum polariza-

tions are given by

Agz{s) = Azz(s) — Re Azz(2)
+(s—2) [(j—i" - 1) X- Aim(ﬁ)] v (25)

W

~ CW
Ayz(s) = Ayz(s) +s— X,

where
A

X =Re (AW'Z(‘”) - Zj(z)) . (2.6)

The h°Z Z counterterm reads

gz _ 1 g [_ (Si B ) Aww ()

ro T2 52 w

hOZZ w (2.7)

2, Azziz) .
A ()] - 345,000

The sfermionic corrections to the muon lifetime are
Re Aww (w) — Aww (0)

: 4 (28)

ATa =

w z w

Note that the terms contained within the square brack-
ets of Eq. (2.2) do not contain leading logarithms, so
that there is mo problem with double counting. Vir-
tual sfermions occur also in the selectron-neutralino
and sneutrino-chargino loops contributing to the elec-
tron self-energy and the et e ¢ vertex corrections (¢ =
R, Z,v). However, these types of corrections do mot
involve a summation over the generations and are inde-
pendent of m,. We thus expect them-to be negligible.



Equation (2.2) can be integrated easily to give the
total cross section of ete™ — ZhY,

o 0
T = 5 sin?(8 — ajus [1 4+ 2Re A

(2.9)
- 24r5 + Ofaemcos(B - a))] ,

o
where A5 = 55|g=,,/3 and crg{h ) is the one-loop cor-
rected SM result in the MOMS scheme [12].

The process ete~ — pTp~ has a particularly clear
signature and is being extensively studied at LEP and
SLC. It lends itself to a reference process for experi-
ments at future ete~ colliders at higher energies, too,
since dimuons will be identified easily. Clearly, the ratio
R = olete” — Zh%)/o(ete” — ptp~) can be mea-
sured more accurately than its numerator and denom-
inator separately because uncertainties in the absolute
luminosity calibration cancel. To predict how R is af-
fected by the presence of sfermions, we need to also
calculate their loop contributions to the ete™ — ptp~
cross section. Since sfermion loops do not occur in vertex
and box amplitudes in this case, we can resort to the
improved Born approximation [16] and write

(157 + a2} (lol* + a2)

(6Tp™) _ 8.2 4 -

TMSSM T n
|3 -z Azz(s)
L 9Re _ VeEelyey ] _
(s —z - Azz(a)) (3 - A.”(s))
e2e?
+ —+t—= 0, (2.10)
l" = Ayqy(8)

where 9y = (Tg —2§i,ef) /(2ewsw), 55, = 8% + cwsw
x A, z(s)/s refers to the effective weak mixing angle
appropriate to the Z ff coupling [16], Azz and A,z are
defined by (2.5), and :
Ayy(s) = Ayy(s) — 84, (0) (2.11)
is the renormalized transverse photon self-energy. Since,
for the time being, we aim at analyzing the deviation of
R from its SM value, we need not include SM radiative
corrections in {2.9) and (2.10). Moreover, it 1s not nec-
essary to use the MOMS scheme here, since Ar cancels
out in the ratio.

So far, we have considered the sfermionic corrections
to Zh® associated production which will be the major
source of h® bosons at future e*e™ colliders with energy
up to some 500 GeV. Presently, the E® boson is being
looked for in the decay products of Z bosons on reso-
nance. The Bjorken process [17), Z — Z*h° — Ffh°,
is the dominant k%-boson production mechanism for
mao < 75 GeV. For higher values of myo, the Z — vh°
decay mode which, proceeds in the SM through W-boson
and heavy-fermion loops, dominates. SM radiative cor-
rections to the Bjorken process were investigated in [18]

3

and found to be typically of the order of 1%. Since
the sfermionic contributions to the Zh® associated pro-
duction are modest (see Sec. 3), we expect them to
be truly negligible in the case of the Bjorken process,
which emerges by crossing. However, this might be very
different in the case of Z — ~h?, since here sfermions
contribute already in lowest order.

We recall that the SM prediction for the Z — vh°
decay rate reads {19]

Ggm3 RY |- 2
F(Z —)7}10) = EI:% (l — -;) ’EZAH(Z,UJ‘L) ,(2.12)

where Ez4x is given in (2.10) of [12]. The sfermionic
contributions may be incorporated by including the term
_FP}HZ/F.‘?UZZ within the absolute signs of (2.12); here
the minus sign is needed to adapt the Feynman rules of
the present paper to the slightly different conventions
used in [12]. In the next section we shall see that the
sfermion loops interfere destructively with the SM am-
plitudes so as to reduce the Z — vh? decay rate by
several percent as compared to the SM prediction.

3. Numerical results

In this section we explore the phenomenological im-
plications of our results. Our SM input parameters
are adopted from [20], except for mz = 91.187 GeV
[21] and the light-quark masses, which we take from
122]. Unless stated otherwise, we consider eTe” CM
energy /s = 300 GeV and assume m; = 150 GeV.
Our MSSM reference values are p = 200 GeV and
AU:AD:M5:M5:MaZQUOGeroraﬂ
three generations of squarks and sleptons. In the large-
m4o limit we obtain tan 3, which enters the calculation
at the one-loop level, by solving the improved tree-level

relation

Cosz(zﬁ) _ mio _ SGF?TI«? MEI Mzz (3.1)
mi Ay

In our analysis we always require that 0.5 < tanf <
my/ms and that all sfermions have masses larger than
mgz/2, in complance with their nondiscovery at LEP
and SLC.

Our final results are presented in Figs. 3-12. In
Figs. 3-6, we investigate in turn the dependence of the
sfermionic corrections, 2Re Az, to olete” — ZR) (in
the OMS scheme) on my, Ay = Ap, My = Mz = M—Q~,

and +/3 always keeping the other parameters fixed at
their reference values and choosing mye = 60, 80, and
100 GeV. Whenever a curve has two branches then
the lower one refers to tan3 < 1 and its endpoint to
tan A = 0.5. Whenever there is only a single branch then
tan 3 > 1. We choose Mz, Mg, and Ma larger than
\/8/2 to avoid sfermion pair preduction; as mentioned
in Sec. 1, we focus attention on indirect SUSY signals.
We observe that 2Re ./_‘.5 is always negative. From Figs. 3
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Fig. 3. One-loop radiative corrections to o(eTe™ — Zh%) at /s
300 GeV due to three generations of squarks and sleptons as
function of m. for three choices of myo assuming Ay = Ap
Mi-f = ME = Ma = 200 GeV
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Fig. 4. One-loop radiative corrections to o(ete™ — Zh%) at /1=
300 GeV due to three generations of squarks and sleptons as a
function of Ay = Ap for three choices of myo assuming m¢ =
150 GeV and ME; = Ms = Ma- = 200 GeV

and 5 we see that the magnitude of the sfermionic cor-
rections increases with increasing m; and decreasing Ma

and remains typically below 5%. Figure 4 tells us that
the corrections are independent of Ay, except towards
to edges of the allowed parameter space, where they
may become quite large. In Fig. 6 we see that the cor-
rections vary only feebly with energy; the dents around
/5 = 400 GeV are due to the open-flavour thresholds of
the sfermions.

To obtain the full sfermionic corrections to o(ete™ —
Zh®) in the MOMS scheme, we need to also include
. the corresponding contribution from Ar; see (2.9). In
Figs. 7-9, we study the dependence of Ar—é on myg,
Ay = Ap, and M—U- = ME = M—d in a similar fashion
as this is done for 2’Re£\6 in Figs. 3-5. Again, the
contributions are negative throughout. However, since
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Fig- 5. One-loop radiative corrections to olete” =+ Zh%)at /o=
300 GeV duc to three generations of squarks and sieptons as &
function of Ma; = MB — M- for three choices of mpo assuming

me = 150 GeV and Ay = Ap = 200 GeV
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Fig. 6. One-loop radiative corrections to olete™ — Zh%) due to
three generations of squarks and sleptons as a function of /e for

three choices of mys assuming m: = 150 GeV and Ay = Ap =
ME = MB = Ma =200 GeV

Ara enters (2.9) with a minus sign, the overall sfermionic

correction is appreciably reduced when the Born result
is parameterized in terms of G as is the case in (2.9).

Of course, the study of the sfermionic contributions
to Ar is interesting in its own right. It is well known that
the fine-tuning of Ar so that the theoretical prediction
of the muon lifetime agrees with its precisely measured
value establishes a relation between the known and the
unknown masses of the theory; for a very recent review
of Ar in the SM see [23]. Since mz has been measured
quite accurately and the influence of the Higgs sector is
screened [24], Ar mainly governs the My —m, interde-
pendence. Assuming m; to be known, a small additional
contribution, §Ar, to Ar shifts the predicted value of
mw by approximately
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2
W §Ar

bmw = —3 (c2 —s2)(1— 4r) (3.2)
~ —170 MeV x [§Ar in %].

Vice versa, keeping mw fixed, the prediction of m, is
shifted by

2. /5.2
Smy = ATV 25 Ay
3Gpcim, (3.3)
2 30 GeV x M] x [§Arin %)].
™y

Thus, we read from Figs. 7-9 that in the presence of
sfermions higher values of mw and/or smaller values
of m, are favoured by the Ar analysis. The effect may
be quite significant for large m, and small Mz, Mg,
and Ma, especially if tan3 < 1; see Figs. 7 and Y,
respectively. Similarly to Fig. 4, the dependence on Ay
and Ap is weak; see Fig. 8. In the future, after more
precise Ty measurements and the discovery of the top
quark, this type of analysis could be used to raise the
lower bounds on the sfermion masses.

Having studied 27Re Aa and A'ra separately, we are
now in a position to present the combined sfermionic
corrections to o{ete™ — Zh®) including the resumma-
tion of the leading logarithms of the MSSM; see (2.9).
In Fig. 10, we show these corrections relative to the
SM prediction at /s = 300 GeV as a function of mye
for AU = AD = ME = ME :Ma = 150, 300, and
450 GeV assuming m; = 150 GeV. In the calculation
of sin?(8 — a)LL we set myo = 200 GeV. We allow for
values of m,o below the experimental lower bound at
60 GeV to visnalize how the branches of tan8 < 1 and
tang > 1 are connected. As expected from Figs. 3-9 in
connection with (2.9), a partial cancellation is at work
between 2Re.dz and Arz, which enters (2.9) with a
prefactor of —2. We see that the overall effect is nega-
tive and below 2% for ME > 150 GeV, which we impose

to avoid sfermion production.
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Fig. 8. One-loop radiative corrections to Ar due to three genera-
tions of squarks and sleptons as & funciion of Ay = Ap for three

choices of m o assuming m; = 150 GeV and Ma = ME = Ma =
200 GeV
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Fig. 8. One-loop radiative corrections to Ar due to three genera-
tions of squarks and sleptons as a function of ME = Mb- = M—Q—-

for three choices of m 0 assuming m¢ = 150 GeV and Ay = Ap =
200 GeV

Experimental verification of the effects shown in
Fig. 10 requires precise knowledge of the absolute lu-
minosity and will be extremely difficult to achieve. How-
ever, uncertainties in the luminosity calibration may be
largely eliminated by forming ratios of cross sections.
In Sec. 2, we have proposed to consider the quantity
R = ofete™ — Zh%)/o(ete” — ptp~). Apart from
experimental advantages, this quantity is more sensitive
to MSSM effects, since Ar essentially drops out, so that
the above-mentioned cancellation is set off. On the other
hand, the sfermionic-corrections to o(ete” — ptp) {in
the OMS scheme) are very small, of the order of a few
tenths of a percent. As a consequence, R essentially
probes the combination sinz(ﬁ —- ajiL + 2Re Az; see
(2.9). In Fig. 11, we show the variation of R, ARa, nor-

malized to the SM prediction, Rsw, in & similar fashion
as we have done this for o(eTe” — Zh?) in Fig. 10.
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Fig. 11. Relative deviation of the MS5M prediction of alete” =
Zh*)/eolete™ — pTp™) from its SM value at /5 = 300 GeV
as s function of mye for three choices of Ay = Ap = M= =
ME = Ma assuming m; = 150 GeV. This includes all leading-log
corrections with m 40 = 200 GeV as well as the sfermionic one-loop
contributions

The corrections are negative in the allowed myo range
and their magnitude does not exceed 3% for our typical
choices of parameters.

In the remainder of this section, we consider vh®
associated production through the decay of real Z
bosons. The partial width of this channel can be ac-
curately predicted in the SM [25]. Figure 12 displays the
sfermion-induced shift in I'(Z — 4h%), AT, relative
to the SM prediction, I'sy, as a function of myo for
Ay = Ap = My = Mg = Ma = 100, 150, 200, and
"300 GeV assuming m; = 150 GeV and p = 100 GeV.
With this choice of parameters the effect amounts to at
most 4% in the window myo 2 60 GeV. We point out
that the effect may be increased by choosing the mass
of the right-handed stop to be close to mz /2. However,
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Fig.12. Relative deviation of I'(Z — ~vA?) from its SM value
in the presence of three generations of squarks and sleptons as a
function of m o for three choices of Ay = Ap = M-z} = MB- = Ma

assuming m; = 150 GeV and ¢ = 100 GeV

the corrections will never be large enough to render this
process relevant for Higgs hunting at LEP and SLC. We
note in passing that, apart from typographical errors in
Table B.1 of [7], our resulis for the sfermionic corrections
to Z — vh? agree with [7], where similar conclusions re-
garding the sfermionic sector were obtained.

4. Conclusions

We have looked for indirect signals for supersym-
metry in a scenario where the supetpartners and the
second Higgs doublet are kinematically unaccessible. In
this scenario the lightest CP-even scalar, h°, has similar
couplings to the gauge bosons and matter fields as the
standard-model Higgs boson. For large m; the dominant
loop effects are expected to arise from the sfermion sec-
tor due to the enhanced couplings of the Higgs-boson to
the top squarks.

The Zh® associated production in e*e™ annihilation
is one of the most promising candidates to reveal such de-
viations from the standard-model predictions. We have
calculated the sfermionic corrections at one loop to the
cross sections of this process and of ete™ — pTp™. We
have found that the corrections to the ratio are always
negative and that their magnitude grows as m?. For
m; = 150 GeV they are typically of the order of a few
percent for sfermion masses in the 200-300 GeV range.
On the other hand, heavy sfermions decouple. In conclu-
sion, sfermionic corrections will act in the same direction
as the tree-level suppression factor sin®(8 — o) and thus
improve the prospects of detecting a deviation from the
standard model.

Acknowledgement. Both of us would like to thank Howard Haber
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Appendix A: Feynman rules for the squark sector
In this appendix we summarize the sfermion mass
matrices and interaction matrices. The mass matrices



for the squarks and sleptons [é = (I-IL,EL), D= 5;1
and U/ = U}; generation labels will be suppressed] are
expressed in terms of the soft SUSY mass parameters
V8w = MEQIQ + MZU"U + MiD'D (4.1)
and trilinear Higgs-sfermion-sfermion interactions, which
are proportional to the so-called A parameters [26],

Ve, = —hy Ay (HTQ) U+ hpdp (#7<G) D+ h(.;..,z)

where € is the antisymmetric tensor of SU(2)L. The
subscript U (D) corresponds to the up- (down-) type
squarks, For the sleptons, the definitions are similar,
except that there is no Tr. The A-parameters and the
squark mass parameters are in general arbitrary 3 x 3
matrices. Other trilinear terms generated via the F-terms
are

VW = — [y (#l2) T +kp (11Q) B +bel, (43)

where the Yukawa couplings are related to the masses
by

gmy Lo 9Mp
2mw sin 3 ’ D 2mw cos B ’

where g = /s, is the SU(2), gauge coupling. After elec-
troweak symmetry breaking the trilinear terms mix the
left-handed and right-handed squark fields. The result-
ing squared squark mass matrices are listed in Table 1.
Here eg is the electric charge of the squark @ (or of the
corresponding fermion Q). In our notation: Q=UD
where U = u, 8,1, v, v, v and D = d,c, b e, p, 7T with
analogous notation for the squarks. The third compo-

nent of the isospin T:,? = % (—%) for @ = U (D) and the
electric charge e;, = % (0) for up-type squarks (sleptons)
and e, = —% (—1) for down-type squarks (sleptons).
The squark mass eigenvalues M%ﬂ (@ = 1,2) and the

hy = (4.4))

mixing angle 95 are given by:

2 -1 2 232 _ z
M L= 2 (trMQ + \/(trMQ) 4detMQ) ,

0,
AR

This definition of the squark mass eigenvalues and mix-
ing angle implies that M51 > Ma-z and

(4.5)

tan 23‘5 =

U(6z) Mg u't(85) = disg(M3,, ME)), (A.6)
where the unitary transformation is defined as

_{ cos# sinf
Us;(8) = (—sinﬁ cosé‘) ’ (4.7)
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Fig.12, Feynman rules for trilinear and gquartic couplings of a
squark pair to Higgs and gauge bosons

The trilinear and quartic couplings of a squark pair
to one and two Higgs bosons and gauge bosons are sum-
marized in Table 1 with the vertices defined as in Fig. 2
(3,27]. Note that the subscript Q' = @ in those ver-
tices where V = Z,v and can therefore be suppressed.
The vertices for the squark mass eigenstates can be ob-
tained by rotating the interaction matrices involving the
electroweak eigenstates {summation over twice ocourring
indices is assumed)

T s = UaelB5) T paUls(65)

_ s (49)
Voab = Uge (55) Voed udb(ﬂa) .

Here the interaction matrices for the electroweak squark
eigenstates V = V¥, HYY' U™W, Vhi, U*hi are given
by

— g R
Vieps = ~ 7 diag (1,0) ,

]—"gab = —eey diag (1, 1),

Var = ‘;g;diag (79 - eqst—eqh) (4.9)

2
_ g
ugy == diag(1,0),

~V:V, oV =V
UQM’ = 2anvach Vi=Z,7v.

Appendix B: One-loop corrections to ete” = Vi,

Here we present the calculation of the Feynman dia-
grams. We have done all the calculations in dimensional
regularization (n = 2w). The results are presented in
terms of the following integrals:
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Table 1. The squark mass matrices and interaction matrices with Higgs bosons and gauge bosons

w M?Q. +mi + mL (TY — erra3 ) cos 2 my{Ay ~ ucot )
v my{ Ay — ot B) M:.; + m:t"r + mzzeusf, cos 283
et M%-!—m;-i-m}(Tf—chi)cosZﬁ mp{Ap — utang)
D mp(Ap — ptanf) M%-i—mi., +m%ense,c052,8
2
Ug:fu = - 292 diag [sin’a mi [ sin?B + cos 2a(TY - eU:";)m-”z , sin®am?;/ sin’ 8 4 cos 2a eu‘imzz]
m
w .
2
u{;‘;g" =- 2:;2 diag [cos a?mi/ sin?3 — cos 2a(T¥ - cUaf,)mzz , cosa® m¥;/sin?3 — cos2a eUsf,mzz]
w
2 gin 2
G = LRI g [t i~ (T — ey iy i = 2]
m
w
2
uﬁf:f" =- 232 diag [cos o’ m}:,/’coszﬁ — cos Za(Tf - eDaf,]mzz ) cosa’m%/cos’ﬁ —coslaep aimzz]
7
w
2
HB‘L’;O =- 2i2 diag [sinzam"b/cos’ﬁ + cos2a(TL — egelImy sinam? /cos® B + cos 20 eDsi.m-"z]
w
2 s
2
u{,’:;" = "gf:mTadiﬂg [—m}_,/cos’ﬁ —2(TP ~ep af,}m"'z ' —m%/coszﬂ - ZeDsf,m:Z}
™
W
o p [ sin o mZ./ sin 8 + cos(e +8)(TF - ey ¢2 ymy i—mv(—ucosa-l-AUsina)/sinﬁ
Viar=——
mw o imy{—pcosa + Ay sina}/sinf sinam%_,fsinﬁ-}-cos(a'{-,ﬂ)eusim%_
<0 g [ cos i,/ sin 5 — sin{a-{-f)‘)(T;J—eUaf,)mzz- imy{Aycosa + usin o)/ sin B
Vias = = —
mw L %mU(AUcosa-l-usina)/sinB cosam%,/sinﬁ—-si.u(a+,6)eusf,m2z_
0 0 —cosam'i,/cosB-Fcos{a-l—B)(Tf —epel)my imp{-usina+ Apcosa)/cosf
VBes = —
mw | -;va(v-psincz-}-AD cosax)/ cosf3 cosam"b/cosﬁ+cos{a+ﬁ)epsimzz
—o g -—sinam-‘b[cgsﬂ—sin(a-i-ﬁ)(T?—eDaf,]mzz —%mD(ADsino:+,ucosa)/cos,3
vgub ==
mw —%mD(ADsina+pcosa)/cos,8 —sinamzp/cosﬁ-—s'm(a+,3)eusf,m":z

Ap(m?) = —16x% d*k LN By =puB1,
(211'1')2“J k2~ mf +1€ By, = P,L:PVBZI. + Gup Bz,
{Bo; By; B } (p*,mi, m}) = C, = puCi1 + ¢:C1z, (B.2)
- 161r2if d*k {1; ki Ruko } Cuy = PupeCa1 + kpku Czz
(2m)2 (k2 — mi +ie)[(k +p)* — m3 +ie}’ A+ {puks + Eupu)Caa + i Caa.

{003 de C,Lw} (sz q2= (P + Q)zw m%a m%, m?}) =
_ 167r2if ™k CLALRS, iy :
(2m)%% (k2 — m2 + ie)[(k + p)? — m2 + ie] Furthermore, it is convenient to define
1
X
[(k+p+gq)?—m3+ie’

(B.1)
Bya(q®, m?, m2) = 4Baa(q?, mi, m3) — Ao(m]) — Ag(m3),
(B.3)

in conjunction with the decompositions The relevant vertex corrections and self-energies are

[ T A R
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- 2
VL‘:';DE.‘ BZZ(QZ!M%B:M%b ¥

1
Aww(q®) = Ton? ZNC
(%]

Avvd) = 15 VTl M M),
Ah."lj(qz) = "‘1'61? ngef’gibf’giaBO(qiaM%ﬂfMéb
-+ # ;%Njg;’;uo(m%a) ,

F&V'h,- = —ﬁ Z qu‘;'aﬁ&c?g;o

Q.abe

X [4024 - Bo(mi."M%a’M%c)] '

1 e g
= 9 Z Nchang;cvgc’a(ng—sz),(B_ﬂ
Q,a,be

4
I‘VV’h,'

where we sbbreviate I' = I'(¢},¢30,q}) and C =
C(q%,qgo,qu,,M%d,M%b,M% }. We recall that the
large-m 40 limit considered in this work is implemented
by identifying a = 8 — 7/2.
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