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A solution to the supersymmetric flavour and C'P problems in which
the first two generations of sfermions are heavier than a few TeV and ap-
proximately degenerate in mass is re-considered from a cosmological per-
spective. It is shown that if the lightest supersymmetric particle is essen-
tially bino-like then requiring that all flavour changing neutral current and
C P-violating processes are adequately suppressed, imposes severe limits on
the bino mass, typically m 5 2 (200-300) GeV. This leads to difficulties
for models implementing the scenario of heavy sfermion masses.

PACS numbers: 12.60.Jr, 11.30.Er

1. Flavour and CP problems

Stringent experimental constraints on flavour-changing neutral current
(FCNC) and CP-violating processes provide a very narrow gate for new
physics beyond the Standard Model (SM). In the SM, the absence of large
flavour and C'P-violating processes may be regarded as an accidental prop-
erty resulting from its particle content which is typically not shared by new
physics models seeking to replace the SM. Such models by definition contain
more states and interactions which invariably give new, and typically large,
contributions to flavour and C' P-violating processes. These new interactions
are proportional to 1//4 where A is the scale of new physics. Unless 4 can be
pushed to very high values, a problem will occur and may sometimes even
lead to fatal consequences (like in the case of technicolour models).

* Presented at the Cracow Epiphany Conference on b Physics and C'P Violation,
Cracow, Poland, January 5-7, 2001.

(1909)



1910 L. ROSZKOWSKI

These problems are also a serious challenge for supersymmetry (SUSY).
There, the scale A is the SUSY breaking scale and is not expected to exceed
the 1 TeV scale by too much. As a result, the requirement of consistency with
experimental data imposed strong constraints on the structure of flavour and
CP sectors in SUSY theories. This has far-reaching consequences for SUSY
model building. Although the flavour changing elements in the sfermion
mass matrices as well as the C'P violating phases are free parameters in
SUSY, ultimately their values have to be obtained from a theory of soft
SUSY breaking and fermion mass generation. Therefore, experimental con-
straints provide us with useful suggestions towards such a theory.

There exist several classes of solutions to the SUSY flavour and CP
problems. One is that for some reasons the pattern of the sfermion mass
matrices at the weak scale is very special: they are either very close to
the unity matrix in flavour space (flavour universality) [1] or they have a
structure, but they are diagonal in the basis set by the quark mass matrix
(alignment) [2]. Under these special conditions, the FCNC effects are tiny
and the CP violating phases at the weak scale are either highly suppressed
or efficiently screened. Furthermore, if high degeneracy of the first two
sfermion generations occurs, their masses are bounded from below only by
the present direct searches.

Another and perhaps the most straightforward possibility is to assume
that the masses of the first and second generation of sfermions are larger
than a few TeV [4,5] and much larger than the masses of sfermions of the
third generation. This does not necessarily lead to problems with natural-
ness [9]. The contribution to ex from the first two sfermion generations is
generically still too large for C'P violating phases ~ O(1). However, this
scenario becomes tenable when further approximate degeneracy in the mass
spectrum of the first two generations of squarks is present, such as in models
with non-Abelian horizontal symmetries [5-7]. In this way, the suppression
of FCNC effects in the MSSM is achieved and the SUSY contributions to
C P violating observables are small even for C'P violating phases of order
unity. In other words, this “irrelevancy” approach alleviates both the flavour
and C'P problems.

On the other hand, the cosmological relic density of stable particles can
often provide stringent bounds on the parameter space of a given model. In
the MSSM with R-parity conservation, the lightest supersymmetric parti-
cle (LSP), is absolutely stable and its contribution to the relic abundance
1 sph? in the Universe may be inconsistent with the bound £ sph?® < 1.
The relic abundance of the LSP is determined by its annihilation cross sec-
tion, which depends sensitively upon the masses of the various particles
mediating the annihilation processes. For instance, in the case when the
LSP is a bino-like neutralino, which we denote by x, large sfermion masses
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are typically inconsistent with the cosmological bound QXhQ < 1, unless the
annihilation rate of the LSP into scalar and gauge bosons is efficient enough
and/or near resonances. It is therefore reasonable to expect that combining
the experimental bounds on FCNC and CP violating phenomena with the
bounds coming from cosmological considerations will help us in significantly
constraining the parameter space of the MSSM.

In this talk [9] T will aim to demonstrate how the cosmological bound
Or.sph? < 1 often significantly constrains the irrelevancy scenario. I will
show that when parameters are chosen so that the LSP is predominantly a
bino, the requirement (th2 < 1 often places a severe lower bound on the
LSP mass. This result may have rich implications for the class of SUSY
models which explain the suppression of the FCNC and CP violating effects
by decoupling the first two generations of sfermions.

2. Limits from FCNC and CP on the 3rd generation sfermions

Let us first briefly discuss the limits one can infer from the FCNC and
CP violating effects on the masses of the third sfermion generation in this
scenario. We will generically assume that the third generation sfermions are
lighter than a TeV. While bounds on the stops are fairly weak, larger effects
arise for the sbottom and stau. The stringiest bound that one can obtain on
the sbottom mass follows from the ex parameter of K — K° mixing. In the
limit that my = my =~ my. the bound resulting from the ex parameter

br, b
is [10,11]
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sing f | —2 ] <324 x 1077, (1)
m

<1 TeV

2
- ) Vi§vvEva
my

where V@D are flavour mixing matrices (that define the rotations which

diagonalise the quark mass matrix in the basis where m% 5 are diagonal),

Y1 = Arg(VgV%*Vl?VQ[;*) is a CP-violating phase and f(z) is given in
Ref. [9]. Notice that the bound (1) depends on the particular details of
the flavour mixing. Since we are considering models that do not have any
special mechanisms for the flavour and CP-structure, we will generically
assume the C'P-phase to be maximal with sin ¢ ~ 1. In order to understand
how the magnitude of the off-diagonal matrix elements affects the bound we
will compare our results with a CKM-like parameterisation of the mixing
matrices of the form

I X A
Vel = X 1 A |, (2)
AA2
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where A ~ 0.2 is a Cabibbo-like angle. The bound (1) is very sensitive to
the amount of mixing between the first two and third generations. For arbi-
trary parameterisations of the mixing matrix we will present our results by

1/4
" 02y,

where V7 = 1 corresponds to the CKM parameterisation (2). For the

special limit m; =~ mj the sbottom mass bound arising from Eq. (1) is

m7 2 800 V? GeV. Clearly, the bound becomes weak when the amount of

flavour mixing V{ — 0. This is the case when there are special mechanisms
operating such as universality or alignment. The general behaviour for ar-

bitrary m 3 and myz can be seen in Fig. 1(a), where contours of the lower

bound on the sbottom mass are shown for various values of V1. In the figure,
m 7 is plotted as a function of the bino mass m 5z where at the electroweak
scale mg >~ Tm z, which follows from our assumption of gaugino mass uni-
fication. One can see that, for values of V; 2 1, the lower bounds on either

defining an average off-diagonal element V' = VlgVQ%?Vlg Vi
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Fig. 1. (a) — Lower bounds on the shottom mass for various contours of V; from
the ex parameter of K° — K° mixing (solid line) and Vy from the down quark
electric dipole moment (dashed line). (b) — Lower bounds on the stau mass for
various contours of V3 from y — ey (dashed line) and V4 from the electric dipole
moment of the electron (solid line) where A =1 TeV and sin 4 ~ 1.

the mass of the sbottom or the gluino is quite significant, in the range of
hundreds of GeV or more. Notice, however, that the lower mass bound from
K% — K° mixing disappears as the mass of the gluino or sbottom exchanged
in the loop becomes very large. However, for large gluino mass a stronger
lower bound can be obtained by considering the contribution of the sbottom
left—right mixing to the down quark electric dipole moment (EDM) [10,11].
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The expression for this contribution and relevant definitions can be found
_ 1/2

in Ref. [9] and is presented in Fig. 1(a), where Vo = \vgvlg\ /(0.2)3 is

plotted for A =10 TeV.

Similar bounds can also be obtained for the stau and these follow from the
flavour-violating process p — ey and the electron EDM [10, 11]. Again we
will assume that m > = m z ~ m z,. They are discussed in detail in Ref. [9]
and are presented in Fig. 1(b) for several values of V3 = (Vi5V25)1/2/(0.2)%/2

(dashed line) and V4 = \vlgvlfg\l/g /(0.2)3 (solid line). Notice that the
constraints on the stau mass obtained from the electron EDM are much
stronger than those from p — ey.

3. Bounds from cosmology

Let us now turn to the cosmological implications on the bino mass from
the stringent lower bounds on the mass of the third generation sfermions
resulting from the FCNC and C P-violating processes. We will be particu-
larly interested in the cosmological relic abundance of the LSP when it is a
predominantly bino-like neutralino, with only a small admixture of the wino
and the higgsino in its composition. In the MSSM one usually assumes that
the neutralino is the LSP for astrophysical reasons: it is a weakly-interacting
stable massive particle for which astrophysical bounds are very weak and it
can serve as an excellent dark matter candidate when it is mostly a bino [12].

A predominantly bino-like LSP corresponds to the case |u| 2 M; where
 is the Higgs/higgsino mass parameter and M is the soft-mass of the bino.
We note that a bino-like neutralino naturally arises as the only neutral LSP
as a result of requiring radiative electroweak symmetry breaking (EWSB).
While this has been shown to be true mainly in the case of universal soft
masses at the unification scale [13], there are good reasons to believe that
this will also remain valid in the case studied here [9].

In order for a bino-like neutralino to give Qxh2 ~ 1, at least some
sfermion masses should normally not exceed a few hundred GeV [12|. In
our numerical analysis we have included all relevant final states of the neu-
tralino annihilation and all exchange channels for the general case of any
neutralino composition. However, in the nearly pure bino limit the domi-
nant annihilation channel is into final state (ordinary) charged fermions via
the (lightest) sfermion exchange and the relic abundance is approximately
given by 2,h* o m‘}/mi where m jis the sfermion mass. Thus it is clear

that for sufficiently large sfermion masses imposing the bound 2,h? < 1 will
imply a lower bound on m,, unless other final-state channels can reduce the
LSP relic abundance below one [9].
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Fig.2. Bounds on the sbottom mass as a function of the bino mass. The V;
contours arise from the e parameter of K° — K° mixing (regions below them are
excluded). The cosmological contours £2,h? = 1 are labelled by various values of
the p parameter. (Regions to the left and above them are excluded.) In the figure
we have assumed m ; =my, tanf =2 and ma =m7 =1 TeV.

Let us now combine the stringent limits on the masses of the third
sfermion generation arising from the suppression of the FCNC and
C P-violating processes with the cosmological constraint (th2 < 1 for a
predominantly bino-like LSP. We will consider three representative cases:
my = my with m 7 heavy in Fig. 2, m 7 = m with m; heavy in Fig. 3
and my =mz =myin Fig. 4. In each case we have used the best possible
constraint arising from FCNC and C P-violating processes. For the sbottom
mass this corresponds to the ex parameter, parameterised by contours of
V1, while for the stau mass the electron EDM parameterised by V4 pro-
vides the most stringent constraint. The cosmological contour 2,h% =1 is
shown for several choices of pu. Thus regions above and to the left of the
cosmological contour are excluded.

In each figure we see that as |u| decreases, the higgsino component of
the neutralino increases, thus relaxing the cosmological bound. The combi-
nation of the exclusion curves from flavour and C'P violating processes and
from £2,h? < 1 gives therefore strong lower limits on m,. The limits are
particularly strong for large values of |u| and m4. For example, in Fig. 2
we see that for || = 1000 GeV the bino has to be heavier than roughly
my even for Vi = 1. This should be compared with the indicative upper
bounds m,, < 65 GeV, obtained by requiring no significant fine-tuning in the
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Fig. 3. Bounds on the stau mass as a function of the bino mass. The V4 contours
arise from the electron EDM (regions below them are excluded). The cosmological
contours 2,h* = 1 are labelled by various values of the u parameter. (Regions
to the left and above them are excluded.) In the figure we have assumed m; =
mz,tanf =2and mg =my = Al =1 TeV.

parameters of the MSSM [8]. Actually, since the motivation for this scenario
is to allow for basically unconstrained entries in the mixing matrices, one
would expect V significantly larger than one, in which case the lower limit
on m, would be further significantly increased.

A similar picture emerges when one considers the bounds on the stau
mass arising from the electron EDM. Since the bounds on m = from V,
are more stringent than V; we obtain a stronger lower limit on the bino
mass. For the case plotted in Fig. 3 we find m, > 300 GeV for V4 = 1
and |p| 2 1000 GeV. Finally in Fig. 4 the sbottom and stau are now both
assumed to be light and we need to simultaneously satisfy the constraints
on the sbottom and stau from the suppression of FCNC and C'P-violating
processes. In this case since V4 sets the best limit we again find that
my 2 300 GeV for |u| 2 1000 GeV and my = 1000 GeV as shown in
Fig. 4.

The bounds on m,, can be relaxed in several ways: by decreasing || (thus
increasing the higgsino component of the LSP), by lowering m 4, increasing
tan 3, or by making the stop much lighter than the other sfermions [9]. In
the last case this gives m, > m; which is already a very strong lower bound.
On the other hand, we have found that for g < 0 the bounds are even more
stringent.
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Fig.4. Bounds on the stau and sbottom mass as a function of the bino mass. The
contours V; are for the sbottom mass, while V4 constrains the stau mass. The
cosmological contours 2, h? = 1 are labelled by various values of the y parameter.
In the figure we have assumed m y =mz =my,tanf =2 and my = A} =1 TeV.

4. Summary and implications for model building

We have shown that by combining the constraints arising from the sup-
pression of FCNC and C P-violating processes with bounds on the cosmolog-
ical relic abundance, the bino mass can be severely restricted. This places
severe limitations on models in which the LSP is mostly a bino (which is
both a natural and cosmologically desired choice) and in which the first
two sfermion generations are heavy and almost degenerate in mass and the
SUSY contributions to the FCNC’s and CP violating observables mainly
come from the third squark generation.

Such a mass spectrum has been argued to be the best from the phe-
nomenological point of view [14] and may be obtained if the three families
belong to a 24 1 representation of a horizontal symmetry group Gy . It has
also been recently pointed out that D-term contributions from the anoma-
lous U(1) gauge group in string theory may naturally lead to such a mass
spectrum for the sfermions. On the other hand, a generic problem of this
class of models is the generation of sizeable gaugino masses. In this paper we
have pointed out that having the first two generations of sfermions heavy and
approximately degenerate requires driving the mass of the bino-like LSP to
quite large values when considerations about the present cosmological abun-
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dance of the LSP are taken into account. This leads to serious difficulties
for models implementing the scenario of heavy sfermion masses although one
can think about several ways of relaxing our bounds.

It is my pleasure to thank Marek Jezabek and other organizers of the
Epiphany Conference for setting up an inspiring meeting in a beautiful lo-
cation.
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