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I. INTRODUCTION

One of the main reasons to build the Large Hadron
Collider (LHC) at CERN is the determination of the
mechanism of electroweak symmetry breaking (EWSB).
In the standard model (SM) of elementary particle physics
and its extensions incorporating supersymmetry (SUSY),
electroweak symmetry breaking occurs through the Higgs
mechanism, which in turn leads to the existence of one or
more Higgs particles.

Within the minimal supersymmetric standard model
(MSSM), a realization of SUSY with minimal particle
content and gauge structure, the Higgs potential conserves
charge and parity (CP) at tree level [1]. Beyond the trivial
order, several studies have shown that CP invariance of the
Higgs potential may in principle be broken by radiative
corrections [2], as the vacuum expectation values of the
two Higgs doublets can develop a relative phase [3]. This
type ofCP violation is generally referred to as spontaneous
CP violation and it requires a light Higgs state as a result of
the Georgi-Pais theorem [4], but the possibility of the latter
has now essentially been ruled out by experiment [5–7].

CP violation can also be explicitly induced in the
MSSM, in much the same way as it is done in the SM,
by complex Yukawa couplings of the Higgs bosons to
sfermions. There are several new parameters in the
SUSY theory that are absent in the SM, which could well
be complex and thus possess CP-violating phases.
However, the CP-violating phases associated with the
sfermions of the first and, to a lesser extent, second gen-
erations are severely constrained by bounds on the electric
dipole moments of the electron, neutron, and muon.
Nonetheless, there have been several suggestions [8–23]
to evade these constraints without suppressing the
CP-violating phases.

By building on the results of Refs. [24,25] (for the
production) and [26–29] (for the decay)—see also
Refs. [30–33]—we will look here at the LHC phenome-
nology of the gg ! H1 ! �� process (where H1 labels
the lightest neutral Higgs state of the CP-violating
MSSM), which involves the (leading) direct effects of
CP violation through couplings of the Hi (i ¼ 1, 2, 3
corresponding to the three neutral Higgs bosons) to spar-
ticles in the loops as well as the (subleading) indirect
effects through scalar-pseudoscalar mixing yielding the
CP-mixed state Hi. (See Ref. [34] for some preliminary
accounts in this respect.) All sources of CP violation are
reviewed in the next section, where we also lay down our
nomenclature and conventions. In the following section we
present our results, then we conclude.

II. CP VIOLATION IN THE DI-PHOTON HIGGS
SEARCH CHANNEL

Explicit CP violation arises in the Higgs sector of the
MSSM when various related couplings become complex.
One consequence is that the physical Higgs bosons are no
more CP eigenstates, but a mixture of these [35–38]. One
may then look at the production and decay of the lightest of
the physical Higgs particles, hereafter labeled H1.
CP-violating effects in the combined production and decay

process enter through complex Hi
~f~f� couplings at the

production and decay level, and through mixing in the

propagator (~f represents a sfermion). The nature of these
couplings are presented in the Appendix.
The leading contribution to Higgs production in gluon

fusion is at the one-loop level. Similarly, Higgs decay into
a photon pair also occurs at one-loop level. These loops
contain, besides SM and charged Higgs states, also super-

symmetric particles (~t1;2 and ~b1;2 in the case of production

while also ~�1;2 and ~�� in the case of decay) where the

phases of the SUSY parameters enter. Hence
CP-conserving and CP-violating effects enter at the
same perturbative order in the cross section for gg !
Higgs ! ��, so that the latter is an ideal laboratory to
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pursue studies of the complex (or otherwise) nature of the
soft SUSY breaking parameters concerned. In contrast,
notice that CP-violating effects through mixing in the
propagator enter only at higher order, through self-
energies, as there is already a tree-level CP-conserving
contribution to the propagator.1

The dynamics of CP-violating effects in the production
and decay stages are rather similar, given that the same
diagrammatic topologies are involved (see Fig. 1), in par-
ticular, as shown in our previous work [26–29], we expect a
strong impact of a light stop quark in some regions of the
parameter space. The propagator is considered in the fol-
lowing way. A Higgs particle, Hi, produced through gluon
fusion, can be converted into another mass eigenstate, Hj,

through the interaction of fermion or gauge boson loops
and their supersymmetric counterparts (see Fig. 1).
Therefore, in the following, when talking about results
for the H1, we consider the production of any of Hi, i ¼
1, 2, 3, which, while propagating, converts into H1. On the
one hand, the proper procedure would be to sum over all
three Higgs bosons, both in production and decay, and then
integrate over an appropriate �� invariant mass bin, the
size of which should be determined by the experimental di-
photon mass resolution. On the other hand, in the regions
of parameter space that we will cover with this study it is
rarely the case that two (or more) Higgs boson masses are
close together (within the resolution), i.e., degenerate,
where truly CP violating effects at one-loop level can be
large [33]. In fact, in most of the parameter space volume
considered, an isolated H1 resonance can be seen by
experiment, resolved at the level of about 2 GeV (which
is roughly the di-photon mass resolution in ATLAS [39],
while in CMS it is somewhat better [40]), so that we can
treat the decay of the H1 separately. However, whenever
this is not possible, because MH2;3

� MH1
þ 2 GeV, we

consider all the degenerate Higgs particles together, as
explained in Sec. III.

As intimated, the propagator matrix is obtained from the
self-energy of the Higgs particles computed at one-loop
level, where we used the expressions provided by [33],
which include off-diagonal absorptive parts. The matrix
inversion required is done numerically using the Lapack
package [41]. All relevant couplings and masses are ob-
tained from CPSUPERH version 2 [42], which takes into
account all applicable experimental constraints including
the low energy electric dipole moments. The cross section
of the full process shown in Fig. 1 is computed numeri-
cally. The multidimensional integration is carried out using

the CUHRE program under the CUBA package [43]. For our
collider analysis we have used the CTEQ6 parton distribu-
tion functions [44–47] computed at the factorization/renor-

malization scale � ¼ ffiffiffî
s

p
. Finally, it should be noted that

the results obtained here cannot be simply extracted from
existing programs, as these account for CP-violating ef-
fects in production and decay separately, hence without
interconnecting them through the appropriately mixed (and
off-shell) propagators. Concerning the latter, we are aware
that the inclusion of off-shell Higgs propagators in the
diagram of Fig. 1 introduces gauge-violating effects,
though it should be appreciated that these are at most of
order �Hi

=MHi
, where �Hi

is the total width of the Higgs

state Hi (i ¼ 1 . . . 3). For the mass regimes we are inter-
ested in here, particularly for the case i ¼ 1, such gauge-
violating effects are negligible compared to the typical
CP-violating ones that we will illustrate in the remainder
of the paper.

III. RESULTS

In order to illustrate the typical effects ofCP violation in
the MSSM, we have considered a few sample parameter
space points and studied the effect of, in particular, light
sparticles in the loops, chiefly, of top squarks. We fix the
following MSSM parameters which play only a minor role
in CP violation studies for Higgs production and decay:

M1 ¼ 100 GeV; M2 ¼ M3 ¼ 1 TeV;

MQ3
¼ MD3

¼ ML3
¼ ME3

¼ MSUSY ¼ 1 TeV:

We consider the case of all the third generation trilinear
couplings being unified into one single quantity, Af. All the

soft masses are taken to be the same at some unification
scale, whose representative value adopted here is 1 TeV.
When considering the light stop case we take a compara-
tively light value for MU3

� 250 GeV, which corresponds

to a stop mass of around 200 GeV, otherwise MU3
is set to

1 TeV. We could, alternatively, consider small values for
MQ3

to reach light squarks, but the effects would qualita-

tively be the same. So, in the following we keep a fixed
value of MQ3

¼ 1 TeV. In the Higgs scalar-pseudoscalar

mixing the product of �Af is relevant rather than � or Af

separately. As argued in our earlier works, the only phase
that is relevant is thus the sum of the phases of� and Af. In

our analysis we have kept�Af
¼ 0 and studied the effect of

FIG. 1. Leading order Feynman diagram for gg ! H1 ! ��
including the effect of mixing in the propagator.

1Also notice that there is also an ‘‘indirect’’ CP-violating
contribution to the overall cross section of the process under
study if one considers that the H1 (and H2;3) mass is subject to
similar loop effects, though [26] has already shown that the
consequent effects are marginal (see the left-hand side of Fig. 4
therein), so that they are included here but not dwelt upon for
long.
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CP violation by varying��. Regarding the absolute values

of� or Af, in our numerical analysis, we have varied these

parameters between 1 and 1.5 TeV. MHþ is instead varied
between 100 and 300 GeV. The mass of the lightest Higgs
particle is consequently in the range of 50–130 GeV. We
then analyze cases with different tan�’s. In particular, low
tan� values give very small deviations from the corre-
sponding CP-conserving cases, while large tan� values
produce significant differences. Also, we take a represen-
tative value of tan� ¼ 20 to see the effect of the other
parameters. In addition, to illustrate the cases of very large
tan� points, we present the analysis with tan� ¼ 50 while
keeping all other parameters constant.

The main aim of this article is to understand the effect of
sparticle couplings in the CP-violating MSSM. As men-
tioned earlier, effects of CP violation enter the process
considered and combine in three different ways, viz.
(i) physical Higgs particles are a mixture of the CP eigen-
states, (ii) through the sparticle-Higgs couplings in the
production and decay amplitudes, (iii) through the Higgs
mixing in the propagator. Notice though that (i) [and also
(iii) to some extent] is a result of (ii), however, in our
specific process, (i)–(iii) all enter giving (quantitatively
and qualitatively) different effects, so we have listed
them separately. As explained in the Introduction, effects
of (i) and (ii) in the case of gg ! H1 production andH1 !
�� decay were already reported on in detail in previous
literature, albeit separately, so our intent here is to combine
them. Furthermore, we would like to explore the effects
due to (iii) in our specific process following the general
analysis of Ref. [33].

In Fig. 2 we plot the physical Higgs mass MH1
against

MHþ for a typical parameter space point with � ¼ 1 TeV,
Af ¼ 1:5 TeV, and tan� ¼ 20, considering three different

values of�� ¼ 0, 80�, 140�. Here, one can appreciate that

the CP-conserving case of �� ¼ 0 does not present any

MH1
point significantly degenerate with eitherMH2

orMH3

for the entire range of 100 � MHþ � 300 GeV consid-
ered, as the mass difference MH2;3

�MH1
is always larger

than 2 GeV. In fact, in all the cases we considered, in the
CP-conserving case H1, which is the lightest of the physi-
cal Higgs particles, is a pseudoscalar at low MHþ values,
which turns to a scalar at large MHþ values. The transition
happens around MHþ ¼ 140–150 GeV, where it is pos-
sible for both the physical scalar particles to have masses
such that MH2

�MH1
� 2 GeV. For the particular �, Af,

and tan� values considered in Fig. 2, this is not the case.
Away from this ‘‘mixing region,’’ the two scalars are well
separated in mass. When CP is violated, scalar-
pseudoscalar mixing is possible for a large range of MHþ

values as exemplified in Table I, where MHþ and MHi
, i ¼

1, 2, 3, are tabulated. This is done for the same set of
parameter values as in the case of Fig. 2.
Figure 3 shows the typical effects of CP violation on the

cross section through the propagator. In order to under-
stand the latter, we analyze the H1 production, propaga-
tion, and decay process in the following way. As intimated
already, when the propagator is computed at one-loop
level, the considered process could go through a production
of any of the three Higgs flavors eventually converting into
the H1 state. To understand the effect of Higgs mixing in
the propagator, we plot the contribution due to the diagonal
elements in the propagator matrix and the contribution due
to the off-diagonal elements separately, along with the total
contribution. The off-diagonal CP-violating terms contrib-
ute around 1% near the degenerate mass region (MH� �
145 GeV) and much less when the Higgs masses are dis-
tinguishably different. This effect is seen in all the parame-
ter space points considered in fact, therefore, it is a general
feature of the process.
In the degenerate region, where two Higgs bosons are

indistinguishable, their contributions to the total cross
section will have to be added at the amplitude level, and
the effect is expected to be distinct from the case of narrow
width approximation (NWA). In Fig. 4 (left) we plot the
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FIG. 2 (color online). Masses of the physical Higgs bosons
against the input parameter MHþ for tan� ¼ 20, Af ¼ 1 TeV,

� ¼ 1 TeV, and MU3
¼ 1 TeV.

TABLE I. Masses of the physical Higgs bosons along with the
input parameter MHþ for tan� ¼ 20, Af ¼ 1:5 TeV, � ¼
1 TeV, andMU3

¼ 1 TeV in the degenerate case, whereMH2;3
�

MH1
þ 2 GeV. All masses are in GeV.

�� ¼ 80� �� ¼ 140�
MHþ MH1

MH2
MH3

MH1
MH2

MH3

103. 64.4 66.3 120.4 63.9 65.7 120.4

110. 75.0 76.6 120.5 74.6 76.1 120.4

115. 82.0 83.5 120.6 81.8 83.1 120.5

120. 88.8 90.2 120.7 88.6 89.8 120.5

125. 95.2 96.6 121.0 95.2 96.3 120.6

130. 101.4 102.9 121.3 101.6 102.6 120.8

135. 107.1 109.0 122.0 107.8 108.7 121.1
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cross section of our process for the two cases in the three
situations with�� ¼ 0,�� ¼ 80�, and�� ¼ 140�, keep-
ing all other parameters fixed. In this particular case, H1

and H2 are degenerate at lowMHþ values when �� ¼ 80�

and �� ¼ 140�. In Fig. 4 (right) we plot the percentage

deviation of cross section from its value obtained in the
NWA, defined as

��ð%Þ ¼ �full � �NWA

�full

� 100: (1)

The deviation is between 10 and 30% for 100 GeV �
MHþ � 200 GeV, thereby confirming that a production
times decay calculation in NWA, neglecting amplitude
level superposition in the degenerate case, would lead
here to somewhat incorrect results. Such a large difference
is not expected to arise from higher order corrections.

In summary, we would like to point out that it was a
priori not obvious what the effect of propagator mixing
would have been, how CP-violating effects in production
and decay canceled or supported each other and how the
proper accounting for the degenerate mass cases would
have impacted the final results. Our analysis makes it clear
though that, while the propagator mixing does not affect
the considered process in a significant way, the other two
work in tandem to make the overall effect significant.
While this statement has been illustrated for some sample
parameter space points, we have verified that the above
conclusions remain the same for parameter regions with
large values of tan�, �, and Af, where the CP-violating

effects are prominent. Finally, as Fig. 4 incorporates

CP-violating effects due to the change in the Higgs cou-
plings with supersymmetric particles, it is clear that it is the
latter which accounts for essentially all the differences
between the CP-conserving and CP-violating results,
throughout. In this connection, it is of particular impor-
tance to investigate the effect of the (dominant) Higgs-
stop-stop couplings with varying stop mass, as illustrated
in the discussion below.
In Fig. 5 we plot the full cross section for gg ! H1 !

�� against MHþ .2 We have considered � ¼ 1 TeV, Af ¼
1 TeV, and tan� ¼ 20. There is appreciable variation of
the cross section with ��. Comparing the two cases of

light and heavy stops, it is clear that the effect of the Higgs-
stop-stop coupling is significant. Indeed, this was also
noticed when we studied the di-photon decay [28].
Figures 6 and 7 illustrate similar studies with Af ¼

1:5 TeV, � ¼ 1 TeV and Af ¼ 1 TeV, � ¼ 1:5 TeV, re-

spectively, in particular, showing how significantly the
result depends on Af and �. Unlike the case of Fig. 5,

where there is only a quantitative difference between the
two cases of light and heavy stop, in Fig. 6 we see that there
is also a qualitative difference between the two cases (i.e.,
in the shape of the cross section curve). In contrast, Fig. 7
does only show a quantitative change, yet this simply has to
do with the particular values of � and Af considered. In

general, we may expect the difference between the
CP-conserving and CP-violating cases to depend quite
sensitively on Af and �.

Figure 8 shows the cross section for tan� ¼ 50 with
Af ¼ 1 TeV and� ¼ 1 TeV. As in the case of a di-photon

decay considered independent of the production, here too
(i.e., for the full process) cases with small tan�ð¼ 5Þ with
Af ¼ 1 TeV and � ¼ 1 TeV are not very sensitive to

CP-violating phases.
We may note that the couplingsHi~tj~tk, Eq. (A3), as well

as other Higgs couplings, have complicated relations with
various SUSY parameters, and therefore it is difficult to
understand all the features of the cross section in full detail.
Nonetheless we have attempted doing so. We can certainly
say that the minimum in the cross section plots (Figs. 4–8)
corresponds to the cross-over region in Fig. 2. Besides, in
all plots presented, the cross section rises (the more the
largerMH� , so long that it is above 145 GeVor so) with��

except in the right plot of Fig. 6 (similarly to the top-right
frame of Fig. 11 in [27]) and this can be traced back to the
shape of the Hi~tj~tk coupling itself. In fact, we generally

recover in the case of the full process gg ! H1 ! �� the
trends already seen in Ref. [27] for the di-photon decay
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FIG. 3 (color online). Different contributions of the propagator
matrix to the process gg ! H1 ! ��. The parameters
considered are tan� ¼ 20, Af ¼ 1:5 TeV, � ¼ 1 TeV, and

MU3
¼ 1 TeV. Here, the green (dashed) line is the contribution

which comes from the (diagonal) H1 �H1 element in the
propagator matrix and the blue (dotted) line comes from the
(off-diagonal) H1 �H2 and H1 �H3 elements, the red (solid)
one being their sum.

2Here and in the rest of the article, H1 means the lightest
physical Higgs boson if it is experimentally distinguishable from
the other two Higgs bosons. Whenever the lightest one is instead
degenerate with one or both of the other two Higgs bosons (in
fact, only with H2 for our purposes), effects of all the degenerate
states are considered at the amplitude level.

S. HESSELBACH et al. PHYSICAL REVIEW D 82, 074004 (2010)

074004-4



alone, signifying that CP-violating effects at production
level are not offsetting those affecting the decay (as those
induced by propagation are negligible), in fact both are at
times cooperating to enhance the overall corrections. Also,
one can often appreciate sudden variations in the di-photon
yield due to indirect width effects. For example, the small
hump observed in Figure 7 and in Fig. 8 for �� ¼ 180�

around MHþ ¼ 160 GeV is an indirect effect on the
branching ratio BRðH1 ! ��Þ due to a dip in the total
width of H1 corresponding to these parameter values. The
dip in the total width itself arises because H1 is purely
�2-type around here, and therefore, does not couple to the
charged leptons and bottom quarks. Furthermore, it should
also be recalled that a common feature to all graphs is that

the H1 is mostly CP-mixed for small MH� values but after
the crossover around MH� ¼ 145 GeV it is mostly CP
even (see Figure 5 of Ref. [27]), this also impinging on
the shape of the overall cross section. Finally, while in
many cases the entire allowed range of the cross section
can be spanned by simply considering both signs of � (the
two CP-conserving limits, �� ¼ 0 and 180�), where the

results for CP-violating scenarios lie between these two
cases, in many of the instances studied, owing to the
structure of the CP-violating couplings between squark
and Higgs states (which involve two terms with, at times,
contrasting signs), this is generally not the case when
MH� < 145 GeV and also in some instances whenMH� >
145 GeV (see, e.g., the right-hand side of Fig. 6).
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In addition to the stop mass dependence of the gg !
H1 ! �� cross section, we have also studied how the latter
varies with the masses of the other (s)particles entering the
loops. However, in line with the results of Refs. [26–29] for
the case of the H1 ! �� decay, we have found that their
impact is largely negligible here too, no matter the value of
the CP-violating phases. Nonetheless, one last aspect
ought to be explored in connection with the m~t1 depen-

dence: how the value of the latter is itself affected by the
CP-violating phases. In Fig. 9 we plot the variation of the
lightest stop mass with the phase of � for different pa-
rameter space points considered in the earlier plots. For
example, if tan� ¼ 20, when � ¼ 1:5 TeV and Af ¼
1 TeV, the mass m~t1 lies within �� 2% of its average

value whereas, for � ¼ 1 TeV and Af ¼ 1:5 TeV, it lies

within �� 5% of it. For tan� ¼ 50 the spread is even
narrower (�� 1%) while for tan� ¼ 5 it is larger
(�� 10%). Notice though that these variations are typi-
cally smaller than the experimental resolution expected at
the LHC in measuring m~t1 , which are of order 20% or so

[39,40]. Therefore, an intriguing prospect appears, that the
discovery of a light MSSM Higgs boson (with mass below
130 GeV or so) at the LHC may eventually enable one to
disentangle the CP-violating case from the CP-conserving
one, so long that the relevant SUSY parameters entering
gg ! H1 ! �� are measured in the same process or
elsewhere, in particular MH1

(or alternatively MH� , recall

our Fig. 2 here and/or see Ref. [27] for the relation between
the two) and m~t1 . This is not phenomenologically incon-

ceivable, as, on the one hand, the �� final state is ideally
suited to measure the Higgs mass (or indeed resolve

superpositions of Higgs states) given the high di-photon
mass resolution, and, on the other hand, this Higgs detec-
tion mode requires a very high luminosity, unlike the
discovery of those sparticles (and the measurement of their
masses and couplings) that enter the loops, chiefly top
squarks.
Finally, notice that it is from this point of view that we

decided to neglect studying here the impact of both reduc-
ible and irreducible backgrounds onto our signal process.
[The former typically include � jet and di-jet production,
with jets mistagged as photons, whereas the latter involve
the tree-level q �q ! �� and one-loop gg ! �� (via box
diagrams involving quarks and squarks) subprocesses.] On
the one hand, any CP-violating effect proportional to
squark flavor mixing mass terms coming from nonresonant
diagrams, such as the gluon-gluon-gamma-gamma box
diagram, is expected to be very small owing to the stringent
experimental constraints on rare CP and flavor changing
neutral current processes. On the other hand, since the
background processes including CP-violating effects at
higher order do not produce any kinematic structure around
the presumed H1 resonance, they can accurately be mea-
sured off peak and smoothly interpolated beneath it.

IV. CONCLUSIONS

We have shown the conspicuous effects of CP violation
onto the LHC cross section for gg ! H1 ! �� in the
MSSM, as the overall production and decay rate varies
over an order or so of magnitude, depending on the value of
�� (or, alternatively, �A). Varying the mass of the top

squark from about 1 TeV to around 250 GeV has also a
strong quantitative impact on the cross section, possibly
changing its dependence on the phases also qualitatively.
In fact, a significant dependence of the overall cross section
on �� when H1 is not a CP-mixed state (as seen from all

the figures presented for large MH� values) clearly exem-
plifies the importance of the Higgs-stop-stop coupling
when CP violation is considered. Altogether then, it is
clear that the prime detection channel of a light MSSM
Higgs boson at the LHC is also a prime candidate to prove
the existence of explicit CP violation in minimal SUSY. In
fact, the �� dependence of our results is strongest when

the cross section is away from the minima, typically for
MH� larger than 150 GeVor so.
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APPENDIX A: HIGGS COUPLINGS

Some of the Higgs couplings relevant to the process
gg ! H ! �� are given below. For a full list of the
couplings we refer to [42].
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FIG. 9 (color online). Variation of m~t1 with ��. Case 1:
tan� ¼ 20, � ¼ 1 TeV, Af ¼ 1 TeV. Case 2: tan� ¼ 20, � ¼
1 TeV, Af ¼ 1:5 TeV. Case 3: tan� ¼ 20, � ¼ 1:5 TeV, Af ¼
1 TeV. Case 4: tan� ¼ 5, � ¼ 1 TeV, Af ¼ 1 TeV. Case 5:

tan� ¼ 50, � ¼ 1 TeV, Af ¼ 1 TeV. In all cases MU3
¼

250 GeV.
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1. Higgs-fermion-fermion couplings

L Hi
�ff ¼ � X

f¼u;d;l

gmf

2MW

X3
i¼1

Hi
�fðgS

Hi
�ff
þ igP

Hi
�ff
�5Þf;

(A1)

where g ¼ e= sin�W is the weak gauge coupling,
ðgS; gPÞ ¼ ðO�1i= cos�;�Oai tan�Þ for f ¼ d, l and

ðgS; gPÞ ¼ ðO�2i= sin�;�Oai cot�Þ for f ¼ u. Here u cor-

responds to up, charm, top quarks, d corresponds to down,
strange, bottom quarks, and l stands for e�, ��, ��
leptons. The matrix O is a real 3� 3 matrix which takes
the Higgs fields from their electroweak eigenstates to the
physical mass eigenstates:

ð�1; �2; aÞT ¼ OðH1; H2; H3ÞT: (A2)

2. Higgs-sfermion-sfermion couplings

L Hi
~f ~f ¼ v

X
f¼u;d

gHi
~f�j ~fk

Hi
~f�k ~fk: (A3)

Here

vgHi
~f�j ~fk

¼ ð�	~f� ~fÞ��O	iU
~f�
�jU

~f
�k;

where 	, i ¼ 1, 2, 3; j, k ¼ 1, 2 and �, � ¼ L, R. The
matrix U relates the gauge eigenstates of the sfermions to
their mass eigenstates:

ð~fL; ~fRÞT	 ¼ U
~f
	jð~f1; ~f2ÞTj : (A4)

The couplings �	~t�~t in the ð~tL;~tRÞ basis are given by

�a~t�~t ¼ 1ffiffiffi
2

p 0 ih�t ðcos�A�
t þ sin��Þ

�ih�t ðcos�At þ sin���Þ 0

 !
;

��1~t
�~t ¼

� 1
4

�
g2 � 1

3g
02
�
v cos� 1ffiffi

2
p h�t �

1ffiffi
2

p ht�
� � 1

3g
02v cos�

0
B@

1
CA;

��2~t
�~t ¼

h
�jhtj2 þ 1

4

�
g2 � 1

3g
02
�i
v sin� � 1ffiffi

2
p h�t A�

t

� 1ffiffi
2

p htAt

h
�jhtj2 þ 1

3g
02
i
v sin�

0
B@

1
CA:

(A5)

Here ht is the top Yukawa coupling, g ¼ e= sin�W and g0 ¼ e= cos�W . Expressions for the couplings �
	~f� ~f in the case of

other third generation sfermions (which are of relevance to our study) are given in, for example, [42].
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