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1. Introduction

The amount of Cold Dark Matter (CDM) deduced from the WilkindVicrowave Anisotropy
Probe (WMAP) data [1, 2] puts severe constraints on pos§alik Matter Candidates, inluding
the lightest supersymmetric particle (LSP). Additionahsiwaints on the model parameters are
obtained by imposing Yukawa unification, and by taking inteaunt the bounds from Flavour
Changing Neutral Currents (FCNC).

In addition to the above, the neutrino data of the past yaardqed evidence for the existence
of neutrino oscillations and masses, pointing for the firsietto physics beyond the Standard
Model. As expected, the additional interactions requiegdnerate neutrino masses also affect
the energy dependence of the couplings of the MSSM, and thlugifyrthe Yukawa unification
predictions. A first observation had been that the additioriaractions of neutrinos, which affect
the tau mass, may spoil bottom-tau unification for smal|®48]. Subsequently, however, it has
been realised that large lepton mixing naturally restor@Scation, and even allows Unification
for intermediate values of tghthat were previously disfavoured [4, 5, 6]. This is done bykimg
the simple observation that the— 7 equality at the GUT scale refers to tf& 3) entries of the
charged lepton and down quark mass matrices, while thel@g&tructure of the mass matrices is
not predicted by the Grand Unified Group itself. It is thengiole to assume mass textures, such
thatafter diagonalisation at the GUT scale, tfrel2%)33 and(m29)55 entries are no-longer equal.

The present paper is based on [7, 8] and pay attention toghedf Dark Matter and Yukawa
Unification taking into account the effects of massive naos and large lepton mixing in See-Saw
models, and extending previous results to largeBtaimhose issues in mind, we also analyse the
prospects for the detection of Lepton Flavour violation )&t the LHC vianeutralinodecays.

2. Massive Neutrinos and Unification

In the presence of massive neutrinos, the predictionsnfcand unification clearly get modi-
fied. Radiative corrections from the neutrino Yukawa cogsi have to be included in RGE when
running fromMgyT down toMy (scale of the heavy right-handed neutrinos). Beldyy, right-
handed neutrinos decouple from the spectrum and an effestig-saw mechanism is operative;
the relevant equations are given in [9]. In addition, if thdTscale lies significantly below a scale
My, at which gravitational effects can no longer be negledtesl renormalization of couplings at
scales betweehly andMgyt may induce additional effects to the running and the simgeam-
ple is provided by minimal SU(5) [10] (however, modificatioio soft masses are in this simplest
case proportional to thé-xm mixing [10], and thus are significantly suppressed). Néadess, it
has been realized that the influence of the runs above the G&)& an the Dark Matter abundance
can be very sizeable [11], due to changes in the relationdstw; andm,, which is crucial in
the coannihilation area. This we discuss in a subsequetibsec

In supersymmetric models, unification is very sensitiveht hodel parameters, particularly
the Higgs mixing parameter;. To correctly obtain pole masses within this framework, Sit@n-
dard model and supersymmetric threshold corrections habe included; for the bottom quark,
these corrections result taam, that can be very large, particularly for large values offaon-
straints from BRI — sy) andg,, — 2 [12] are also included in the analysis. Before passingéo th
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results, however, let us summarise a few facts on the pessilnige of the mass of the bottom
quark: the 2g range for theMS bottom running massy,(my), is from 4.1-4.4 GeV. Moreover,
as(mz) = 0.1172+0.002, and the central value of; corresponds ton,(mz) from 2.82 to 3.06
GeV.

In Fig. 1, we summarize the predictions fog in MSUGRA, where all CP phases are either
zero orrt (defining the sign ofu). In order to discuss the dependenceng{Mz) on tanB3, we
consider the following representative set of soft parameim% = 800 GeV,Ag =0, my = 600
GeV. We study each set for bofh> 0 andu < 0; settingas(M;) = 0.1132 orag(M;) = 0.1212
(upper and lower experimental bounds). The figure exhib@satell-known fact that in the absence
of phases or large trilinear termAm, is positive for u positive, and therefore the theoretical
prediction for theb quark pole mass is too high to be reconciled with 7 unification. On the
other hand, folu < 0, Amy is negative and the theoretical prediction for the b quarksran lie
within the experimental range for values of fabetween roughly 25 and 45; clearly, for a large
tang it is mandatory to take into account the large supersymmetnirections tan, [13, 14].

-+ bounds with a=0.1132
- bounds wih g0.1212

= = RHN, M =M (dot-dash
w== N0 RHN (solid)

Figure 1: The value of m(Mz) versustanf3 assumingas(Mz) = 0.1212 (black) andas(Mz) = 0.1132
(blue),Ap, = A; at the high scale in the absence of lepton mixing for the spafmeters defined in the text.
The experimental range ofgnthorizontal lines) is also shown, for the same valuea @¥1z). In the right
panel, we show pnas a function ofanf, when including lepton mixing effects for different valoéd and
impose p(Mz) = 2.92GeVs fory > 0andpu < 0.

In Fig. 1, the analysis is performed also in the presence siiva neutrinos (dashed lines),
keeping only the third generation couplings , from Mgyt to the scale of the right handed neu-
trino masses, and evolve the light neutrino mass operabon this scale down tdz. A large
value of the Dirac-type neutrino Yukawa couplirig, at the GUT scale may arise naturally within
the framework of Grand Unification, and its value is detegdity demanding a third generation
low energy neutrino mass ofi,, = 0.05 eV. The predictions fom,(Mz) using the lower and up-
per bounds of the 2r experimental range afs and the correponding range foy,(Mz) after the
evolution of the bounds omy,(my,) are shown for a scalely = 3 x 104 GeV.

We observe that fop > 0 the prediction fom,(Mz) is always very large, despite its de-
pendence on the soft terms througm,. We have also checked in ref. [7] that runs above the
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GUT scale have no significant impact (their impact is howearnegligeble for our subsequent
considerations on Dark Matter, as shown in ref. [11])

The results are significantly modified once we consider tfiectf of lepton mixing in the
diagonalisation and running of couplings from high to lowergies. In order to show this, we
focus onb— T unification within the framework of SU(5) gauge unificatianmdeflavour symmetries
that provide consistent patterns for mass and mixing hibires, and naturally reconcile a small
Vckm mixing with a large charged lepton one. Taking into accobet particle content of SU(5)
representations (with symmetric up-type mass matriced, danvn-type mass matrices that are
transpose to the ones for charged leptons), one finds thexapyate relations

0 00 0 0 X
M DA<X1>, M DA<01> (2.1)

which, after diagonalization, lead to

m m 0_ 0 2 2
ToE - 1o M= 1—3x/+ﬁ(5 ) (2.2)
5

whered parametrises the flavour mixing in the (2,3) sector.

In the right pannel of Fig.1 we show the changergfas a function of taf, when the effects
from large lepton mixing are appropriately considered. @aring with the previous plots, we see
how solutions with positivgt are now viable, for the whole range of f&nThe appropriate size of
the parameted in each case can be determined by imposing the reldtiea Ap(1+ ) atMguT
and investigating the values that are required in order taiola correct prediction fam,(Mz).

3. Dark Matter constraints and Yukawa unification

In MSUGRA (or the CMSSM) for choices of soft terms below th¥ Beale, the LSP is Bino
like and the prediction fofth2 is typically too large for models that satisfy the experita¢n
constraints on SUSY. In fact, the values of WMAP can essigntiee obtained in two regions:
() x — T coannihilation region that occurs fam, ~ mz; and (ii) that of resonances in the— x
annihilation channel, which occur fams ~ 2m.

Since the above areas are “fine-tuned”, they will inevitdi#ysensitive to the changes induced
by GUT unification and sizeable mixing in the charged leptectar. The runs corresponding to
Myx > Mgyt have a big impact on the neutralino relic density. The laajaeas of the gauge unified
couplingasys) tend to increase the valuesrot, even if we start with smaly at Mx.

We see that the consideration of mixing effects, in comlmnatb the inclusion of effects from
the runs abovéMgyT, significantly enhances the allowed parameter space (gness), an effect
that is more visible for large tgh The reduction of the allowed parameter space for smalleega
of tanf3, is already evident for tgB = 35. The case witly < 0 and a more detailed discussion of
lepton mixing effects are presented in [7].

In ref. [8], we study the optimal conditions within the abedescribed theoretical framework
for T flavour violation to be observable jp — x + t*uT at LHC. Fig. 3, taken from [8], shows
the simulated signal (using PYTHIA) for LHC conditions opten number violation, as the excess
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Figure 2: WMAP area for the case ¢&nf3 = 45 (top) andtanf = 35 (down),u > 0, Ag = My, the central
value of the bottom masg,itMz) = 2.92GeV and ~ 0.42without (left) and with (right) the S(5) running.

of u— 1 overe— 1 pairs, for an optimal set of parameters allowed by the WMARst@ints in
Fig. 2.

4. Conclusions

We revisited the WMAP dark matter constraints on Yukawa ldatfon in the presence of
massive neutrinos. Large neutrino mixing, as indicatechibydata modifies the predictions for the
bottom quark mass, and enables Yukawa also for larg@ tamd for positiveu that were previously
disfavoured. A direct outcome is that the allowed paramsperce for neutralino dark matter also
increases, particularly for areas that are tuned, namelypties with resonant enhancement of the
neutralino relic density.

For completeness, we also note that for the cosmologicailgured parameter region, we
found lepton flavour violating rates very close to the curexperimental bounds [7] and study its

possible detection at LHC. Finally, interesting effectsyraaise in the case of non-universal soft
terms. These are also discussed in detail in [7].
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Figure 3: Left: the signal for excesgt, LFV pairs (red solid lines) and subtractgdr, — er;, Standard
Model backgrounds (shaded) for an optimal set of parametiésared by WMAP constraints. Right: number
of LFV pairs for different values of grand M, fixed at 500 GeV. (see [8] for the complete definition of
parameters).
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