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Abstract. Recently, it has been found that the tree-level CP
invariance of the Higgs potential in the MSSM can be sizeably
broken by loop effects due to soft-CP-violating trilinear inter-
actions involving third generation scalar quarks. These soft-
CP-violating couplings may be constrained by considering new
two-loop contributions to the electron and neutron EDMs. The
phenomenological consequences of such a minimal supersym-
metric scenario of explicit CP violation at present and future
colliders are briefly discussed.

1. Introduction

Many studies have been devoted to understand the origin of the observed
CP asymmetry in the kaon system. In the existing literature, two gener-
ically different scenarios are known to describe CP violation in the Higgs
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sector of a quantum field theory. In the first scenario, CP invariance is
broken explicitly by complex bilinear terms or quartic couplings that in-
volve Higgs doublets in an extended Higgs sector. Such a scenario predicts
a CP-violating scalar-pseudoscalar mixing already at the tree level. An-
other interesting scenario is to have the CP symmetry of the Lagrangian
be spontaneously broken by the ground state of the Higgs potential, while
all parameters and couplings are real and respect CP invariance. To re-
alize one of these two schemes, one needs to extend the Higgs sector of
the Standard Model (SM) at least by one additional Higgs doublet. The
most minimal supersymmetric extension of the SM, the so-called MSSM,
with R-parity invariance, cannot realize any of the above two schemes at
the tree level, despite the fact that the model contains two Higgs doublets.
Beyond the Born approximation, the MSSM Higgs potential can break the
CP symmetry either spontaneously [1] or explicitly [2]. The spontaneous
CP-violating MSSM predicts a very light Higgs scalar below 10 GeV, which
is ruled out experimentally [3].

Recently, it has been found [2, 4], however, that the tree-level CP in-
variance of the MSSM Higgs potential can be maximally broken at the
one-loop level if soft-CP-violating Yukawa interactions involving stop and
sbottom quarks are present in the theory. As an immediate consequence,
the small tree-level mass difference between the heaviest Higgs boson and
the CP-odd scalar may be lifted considerably through a large CP-violating
scalar-pseudoscalar mass term [2, 4, 5]. This radiative scenario of explicit
CP violation constitutes a very interesting possibility within the frame-
work of the MSSM, and we shall briefly discuss its main phenomenological
consequences at present and planned collider machines.

2. The effective CP-violating Higgs potential

It is known that the MSSM introduces several new CP-odd phases in the
theory that are absent in the Standard Model [6]. Specifically, the new CP-
odd phases may come from the following parameters: (i) the parameter u
that describes the bilinear mixing of the two Higgs chiral superfields; (ii)
the soft-supersymmetry-breaking gaugino masses m) for which we assume
to have a common phase at the unification point; (iii) the soft bilinear
Higgs-mixing mass m?,; and (iv) the soft trilinear Yukawa couplings Ay
of the Higgs particles to the scalar partners of matter fermions. Not all
phases of the four complex parameters mentioned above are physical, i.e.
two phases may be removed by suitable redefinitions of the fields. For
example, one can rephase one of the Higgs doublets and the gaugino fields
A, in a way such that arg(p) and arg(Ay) are the only physical CP-violating
phases in the MSSM.



An immediate consequence of Higgs-sector CP violation in the MSSM is
the presence of mixing-mass terms between the CP-even and CP-odd Higgs
fields [2]. Thus, one finds a (4 x 4)-dimensional mass matrix for the neutral
Higgs bosons. In the weak basis (G°, a, ¢1, ¢2), where GO is the Goldstone
field, the neutral Higgs-boson mass matrix M3 takes on the form

M3 M3
M = (AP M 1)
Mip Ms )7
where M% and /\//BD describe the CP-conserving transitions between scalar
and pseudoscalar particles, respectively, whereas M%S = (M%P)T de-

scribes CP-violating scalar-pseudoscalar transitions. The characteristic size
of these CP-violating off-diagonal terms in the Higgs-boson mass matrix
was found to be [2, 4]

mi |u|[ Al
M2, ~ o =20 g
5P (UQ 327T2MSQUSY) sin e
« (6 |A¢|? |uf? sin 2¢cp |M||At|> @)
7 MSQUSY, tanﬂMSZUSY7 sin ¢cp MSZUSY 7

where the last bracket summarizes the relative sizes of the different con-
tributions, and ¢cp = arg(Aiu) + £ The parameter £ is the relative
phase between the two Higgs vacuum expectation values which is induced
radiatively [2].

The CP-violating effects can become substantial if |u| and | A;| are larger
than the average of the stop masses, denoted as Mgygy. For example,
the off-diagonal terms of the neutral Higgs-mass matrix may be of order
(100 GeV)?, for |u| ~ |A¢| S 3Msusy, and ¢cp ~ 90°. These potentially
large mixing effects lead to drastic modifications of the predictions for
the neutral Higgs-boson masses and for the couplings of the Higgs states
to the gauge bosons [4]. As can be seen from Fig. 1, the effect of CP
nonconservation on the lightest Higgs boson and on its related couplings
to the gauge bosons is only important for relatively low values of Mg+,
e.g. Mg+ < 170 GeV [4]. The upper limit on the lightest Higgs-boson
mass does not change, as the relevant stop mixing parameter entering the
definition of My, is now given by

Al = |A¢— "/ tanf]. 3)

Notice that the scenario we have used in Fig. 1 is compatible with exper-
imental upper limits on the electron and neutron electric dipole moments
(EDMs). These EDM constraints will be discussed in the next section.

3. Two-loop EDM constraint

The MSSM generally gives large contributions to the electron and neutron
EDMs, coming from squarks of the first two families [6, 7]. Even if the first
3
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Figure 1. Numerical estimates of (a) g%, ;5 and (b) My, < Mp, as a
function of arg(A;).
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Figure 2. Two-loop contribution to EDM and CEDM in supersymmetric
theories (mirror graphs are not displayed.)

two families of squarks are arranged so as to give small FCNC and EDM
effects [8], the two-loop graphs [7] shown in Fig. 2 may even dominate
by several orders of magnitude over all other one-, two- and three-loop
contributions, thereby significantly constraining Higgs-sector CP violation.
In the SUSY scenario, with a large CP-violating phase only in the third
family A, = Ay = A, = A, the CP-violating Lagrangian,

1GwM

Lop = —&al(fifi — [5f2) + > Myy

Rfaf_’y5fa (4)

gives rise to a new EDM contribution to the neutron and electron. In Eq.
(4), a is the would-be CP-odd Higgs boson, My = %ng is the W-boson
mass, flyg are the two mass-eigenstates of the third-family squarks, R, =
tan 3, Ry = cot 3, and & is a model-dependent CP-violating parameter.
In the MSSM, only ¢ and b are expected to give the largest contributions,
as the quantities £y are Yukawa-coupling enhanced, viz.

sin 20 pm pIm (pes )

ff = — Ry ) (5)

sin 3 cos (3 v?
where §y = arg(Ay — Ryp*), and 04, 0, are the mixing angles between
weak and mass eigenstates of ¢ and b, respectively. Further details of the
calculation may be found in [7].

Fig. 2 shows the dependence of the EDMs d. (solid line), d$ (dashed
line), and d,, (dotted line) on tan and p, for three different masses of
the would-be CP-odd Higgs boson a, M, = 100,300,500 GeV. Since the
coupling of the a boson to the down-family fermions such as the electron
and d quark depends significantly on tan 3, we find a substantial increase
of d,, and d. in the large tan 8 domain (see Fig. 2(a)). As can be seen
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Figure 3. Numerical estimates of EDMs. Lines of the same type from the
upper to the lower one correspond to M, = 100, 300, 500 GeV, respec-

tively.
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from Fig. 2(b), EDMs also depend on p through the af*f coupling in
Eq. (4). Note that the numerical predictions for the size of EDMs do not
depend on the sign of u for arg(A) = 90°. From our numerical analysis,
we can exclude large tan 8 scenarios, i.e., 40 < tan 8 < 60 with u, A > 0.5
TeV, M, < 0.5 TeV, and large CP phases. Nevertheless, the situation is
different for low tan 3 scenarios, e.g. tan 3 S 20, where the two-loop Barr-
Zee-type contribution to EDMs is not very restrictive for natural values of
parameters in the MSSM. Finally, EDMs display a mild linear dependence

on the mass of the a boson for the range of physical interest, 0.1 < M, S
TeV.

4. Higgs phenomenology and CP violation

The main effect of Higgs-sector CP violation is the modification of the
couplings of the Higgs bosons to fermions and the W and Z bosons, i.e.
ffH;, WWH;, ZZH; and ZH;H;. The modified effective Lagrangians are
given by

3
GuwMd 7 .
‘CHf_f = — ;H@l,i) |:2]\ch5 d(ngL — 183011”)/5)d

GuwMy
2My sg

Lavv = guMw (302 + 5303;) (H(47¢)W:W_’”

(O3 — iC,BOli’YE)U:| , (6)

n H(4,i)ZHZ“) , (7)

2c2,
Lupz = fTw [Oli (cg035 — 502;) — O1; (cgO0si — 5502)

x 2" (H(a—i) Op Hia—j)) » (8)

where ¢,, = Mw /Mz and 0, = 0,, — 0,. Note that the coupling of the Z
boson to two real scalar fields is forbidden due to Bose symmetry.

We shall now discuss a generic example in order to better under-
stand the effect of Higgs-sector CP violation on the mass of the lightest
Higgs boson. We consider an intermediate-tan § scenario, with tan g = 4,
Msysy = 0.5 TeV, A, = A, =1 TeV and p = 2 TeV. From Fig. 1 and for
Mg+ = 140 GeV, we observe that there exist regions for which the lightest
Higgs-boson mass My, is as small as 60-70 GeV and the H1ZZ coupling
is small enough for the H; boson to escape detection at the latest LEP2
run with /s = 189 GeV. In this scenario, the Hy boson is too heavy to be
detected through the HoZZ channel. Furthermore, we find that either the
coupling Hy HyZ is too small or Hs is too heavy to allow Higgs detection in
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the H1HyZ channel [4]. An upgraded Tevatron machine has the potential
capabilities to close most of such experimentally open windows.

It is worth stressing that the CP-violating MSSM Higgs potential retains
its enhanced predictive power in the lightest Higgs (H7) sector. As was
mentioned in Section 2, CP violation decouples from the H; sector for
large values of Mg+ ~ Mpy, ~ My, but it is sizeable for Mg+ < 170 GeV
[4]. However, for much larger H™ masses, CP violation does not decouple
in the HyHs system [2, 4, 5], giving rise to large CP-violating effects in the
Hj 3uu and Hj 3dd couplings. In fact, the necessary condition for resonant
CP violation through scalar-pseudoscalar (H A) mixing is [9]

2Mpa(s)l 2 [Mfy— M3 —pgr(s) +aa(s)], 9)

at s & M%I o Mi, where Il i, 4,44 denote renormalized self-energy tran-
sitions of Higgs scalars of definite CP parity, namely H has CP parity +1
and A has CP parity —1. As was shown in [2], the condition (9) is comfort-
ably satisfied within the framework of MSSM. Furthermore, CP-violating
effects induced by radiative corrections to the Higgs-fermion vertices may
also be important, particularly for large values of tan 3 [4].

Higgs-sector CP violation may also be tested at muon colliders by look-
ing at observables of the kind [9]

-+ 7 -+ 7
AP _ U(MLNL_’fJi) - U(MRNR_’fJi)’ 10

o alugul — I+ olupuh — f1) 1o
AL - o(p=pt — fufe) = o p* — frfr) (11)

o(p=pt — frfr) + o(u=p* — frfr)’
where f may be top or bottom quarks. The former observable requires po-
larization of the initial muons. If the facility of polarization is not available
at muon colliders, one may still observe CP violation through the second
observable and reconstruct the polarization of the final fermions by look-
ing at the angular momentum distribution of their decay products [10].
The magnitudes of these CP-violating observables strongly depend on the

expressions 2|(g37, r7) (917, )|/ 192, 5 £)2 + (917, 5 £)?] (see also Fig. 4), where

9w = O033/33.  Gityuu = O13 €0t B, gP,uu = Os2/58,
Iyue = O12 c0t B, g3 aq = O23/cs, gl aq = O13 tan g,
9%,aa = 022/¢s.  Gh,qa = O12 tan 3. (12)

To summarize, the MSSM with radiatively induced CP violation in the
Higgs sector is a very predictive theoretical framework, with interesting
consequences on collider experiments [11], CP asymmetries in B-meson
decays [12], and dark-matter searches [13].

I wish to thank Darwin Chang, Wai-Yee Keung and Carlos Wagner for
collaboration. I also thank the Theory Groups of SLAC and FERMILAB
for their kind hospitality.
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