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It is shown that top-bottom-tau Yukawa unification for p < 0 can be consistent with (g —2),
and b — s7v. This happens for non-universal gaugino masses which are assumed to be generated
by the F-term vev in a 54-dimensional representation of SO(10). The requirement of (g —2),
and b — sy being within 20 from the experimental central values, together with the correct
relic abundance of neutralinos, leads to rather definite predictions for sparticle spectrum. In
particular, the gluino mass is predicted to be between 500 and 700 GeV or between 900 GeV
and 1.6 TeV.

1 Introduction

Apparent gauge coupling unification in the Minimal Supersymmetric Standard Model (MSSM)
is regarded as the one of the best motivations for supersymmetry (SUSY). Among the candidates
for the unified gauge group SO(10) seems to be the most attractive. All Standard Model (SM)
matter fields, as well as right-handed neutrino, of each generation fit into one irreducible 16-
dimensional representation of SO(10). On the other hand, two MSSM Higgs doublets, H,, and
Hg, sit in the 10-dimensional representation. Moreover, in the simplest version of SUSY SO(10)
Yukawa couplings of top, bottom and tau unify at the same scale as the gauge couplings do.
One of the generic predictions of Yukawa unification is a large value of tan 8 ~ my;/m;. For
such values of tan 8 there are sizable threshold corrections to the bottom mass which are of
major importance from the point of view of bottom-tau Yukawa unification. The main finite
corrections, originating from gluino-sbottom and chargino-stop loops, are given by 1:23:
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where the loop integral I(x,y, z) is well approximated by a/max(z,y,z) with a between 0.5
and 1. Bottom-tau Yukawa unification requires the above correction to be negative with the
magnitude about 10% to 20%*. The gluino-sbottom correction dominates over the most of the
parameter space so Yukawa unification generically prefers p < 0.

The sign of p has also crucial impact on the muon anomalous magnetic moment, (g — 2),,
which experimental value is more than 3o below the Standard Model prediction. The sign of
the dominant SUSY contribution to (g — 2), is the same as the sign of the product pMs. So,
in phenomenologically acceptable models with negative p gaugino masses with Ms < 0 are
required.

In GUT theories gaugino masses are usually assumed to be equal at the GUT scale. Under
this assumption (g — 2),, calls for © > 0 which makes top-bottom-tau Yukawa unification very



problematic. However, gaugino masses are universal only if the SUSY breaking F-term which
gets a VEV is a singlet of the GUT gauge symmetry group. In general, the gaugino masses in
supergravity can arise from the following dimension five operator:
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where A% are the gaugino fields. The vacuum expectation value of the relevant F-term, (F),
must transform as the singlet of the SM gauge group but it can be a non-singlet of the full
GUT group. Since the gauginos belong to the adjoint representation, non-zero gaugino masses
may arise from VEVs of the F-terms transforming as any of the representations present in the
symmetric part of the direct product of the two adjoints, which for SO(10) is (45 x 45)g =
1+ 54+ 210+ 770.

In this work we consider i < 0 and assume that gaugino masses are generated by the F-term
VEV transforming as 54 representation. In such a case gaugino masses are given by °:
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Tob-bottom-tau Yukawa unification requires also non-universal scalar masses to be compat-
ible with radiative electroweak symmetry breaking®. We assume the following pattern of scalar
masses:

m%{d = m%o + 2D,
m%]u = m%o —-2D,
2 2
moue = Mgt D,
m%’L = m%G - 3D. (4)

D-term contribution which splits masses of scalars belonging to the same representation of
SO(10) is a generic feature of models in which the GUT gauge group has larger rank than the
SM gauge group ’. The remaining free parameters in our model are the universal trilinear term
Ap and tan 5.

In these proceedings we show that in the above setup top-bottom-tau Yukawa unification
can be realized. Moreover, we present Yukawa-unified solutions which predict the values of
BR(b — sv) and (g — 2),, consistent with the experimental data at 2o level. Combination of
these constraints, together with the WMAP bound for the relic density of neutralinos, imply
that the model predicts light SUSY spectrum with no sparticles with masses above 2 TeV.

2 Necessary conditions for Yukawa unification

Assuming that the finite threshold correction to the bottom mass is fully determined by the
gluino-sbottom contribution (which is a good approximation over the most of the parameter
space) the condition of top-bottom-tau leads to the upper bound for the parameter |u|®:

ul S 0.4mg = my . (5)

In principle, the above bound for |u| could be relaxed if m; 5 < m16. However, Yukawa-unified
solutions respecting the hierarchy m;,; < mi¢ which are compatible with all experimental
constraints cannot exist for large values of |u/m; /2\ for the reason that we explain later on.

At large tan 3, the condition of proper REWSB implies ;2 ~ — (m%{u + M2/ 2). Using this
relation and the renormalization group equations one can estimate electroweak scale value of 2



in terms of the input parameters at the GUT scale:
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where z = mqg/m; /2. In order to satisfy the bound (5) the contribution from gaugino masses to
12 has to be (partially) cancelled by other terms in (6). Yukawa unification requires also D > 0
9. So, the cancellations in (6) may occur only for mig > mig. Since p? cannot be negative,
Yukawa unification consistent with REWSB requires correlation between mig, D and Ag. This
correlation is especially strong when my , < mj¢ because in such a case the value of u? is very
sensitive to the value of the expression in the round bracket in eq. (6).

3 Interplay between BR(b — sv) and (g — 2),

The main MSSM contribution to (g — 2), originates from the one-loop diagrams involving
charginos accompanied by the muon sneutrino. Therefore, charginos and muon sneutrino have
to be relatively light in order to explain (g —2), anomaly. However, at large tan /5 light charginos
give also significant contribution to BR(b — sv) through the loops in which they are accompanied
by up-type squarks. In order to avoid too large BR(b — sv), the chargino contribution has to
be necessarily negative, relative to the SM contribution.

At large tan 3, there are two types of chargino contributions that may affect significantly
the prediction for BR(b — s7v). The first one is proportional to stop-mixing angle and its sign
is given by sgn (11A¢). The RG running gives negative A; with the absolute value of order m; /9
unless Ag is positive and few times larger than m;/; at the GUT scale. This implies that for
1 < 0 stop-mixing part of chargino contribution is typically positive. Fortunately, the sign of the
second type of chargino contribution is given by (—uMs) which is always negative in our model.
We call it gaugino contribution. This contribution is suppressed by squark GIM mechanism and
vanishes for degenerate squark masses. In order to make chargino contribution to BR(b — sv)
negative, the gaugino contribution has to dominate over stop-mixing one. This is more likely
when my , < mie because in such a case intergenerational squark splitting may be large due to
domination of RGEs by the terms proportional to Yukawa couplings. Moreover, my/, < mig
typically suppresses stop-mixing angle. If there is no significant hierarchy between m; /5 and m1¢
chargino contribution is typically positive excluding the possibility of sizable SUSY contribution
to (g —2), unless Ay is relatively large and positive.

4 Yukawa-unified solutions consistent with (g —2), and b — sy

We performed numerical analysis using SOFTSUSY '° which solves 2-loop renormalization group
equations implementing proper REWSB and calculate sparticle spectrum. We also used Mi-
crOmegas ' for calculating the relic density of dark matter, as well as, BR(b — sv), (g — 2),
and BR(Bs — ptu™).

Besides BR(b — sv) and (9—2),,, another important constraint for the model comes from the
WMAP bound on the relic density of neutralinos. The requirement that these three constraints
are satisfied leads to rather definite predictions for sparticle spectrum. In the following we
discuss two types of Yukawa-unified solutions consistent with BR(b — sv) and (g — 2), at 20
level.

In the first class of solutions there is no large hierarchy between m; /, and mjs and b — sy
constraint is satisfied due to large positive Ay at the GUT scale which allows for negative chargino
contribution to BR(b — s7v). In this class of solutions m;  is found to be between about 400
and 650 GeV, while m1g between 700 and 1200 GeV. In consequence, gluino mass is predicted
to be between 900 GeV and 1.6 TeV. Squarks of the first and second generation are typically a



bit heavier than the gluino. On the other hand, squarks of the third generation are typically a
bit lighter than the gluino except br which is much lighter due to negative D-term contribution
at the GUT scale and strong renormalization by large Ap. In some cases mp,, is even below
200 GeV which make annihilations of neutralinos through t-channel sbottom exchange efficient
enough to satisfy the bound on Qpyrh?. For larger values of mp,, this channel is less efficient
and WMAP bound is satisfied due to neutralino co-annihilations with stau.

We found also Yukawa-unified solutions which respect the hierarchy m;,; < mi¢. In this
case correct relic abundance of neutralinos requires resonant annihilations through Z boson or
the lightest CP-even Higgs. This has a great impact on the allowed parameter space. First of
all, these kind of annihilation channels are allowed only if the LSP has non-negligible higgsino
component. This condition can be translated to the upper bound for |u/M;j| which results also
in the upper bound for |u/m4 /2\. We found numerically that in order to satisfy dark matter
constraint [u/my 5| has to be smaller than about 1.8 and 1.5 for mgo ~ 45 GeV and myo ~ 55,

respectively. For the LSP masses further away from the Z or h? resonances |u/m; /2\ has to be
even smaller. This class of solutions predict gluino masses in the range between about 500 and
700 GeV. The squarks of the first and second generation have masses between 1.1 and 1.5 TeV,
while the masses of third generation squarks are found to be between 800 and 1000 GeV except
53 which has a mass between 400 and 800 GeV.

In summary: We have shown that top-bottom-tau Yukawa unification in SO(10) can be
realized for u < 0 in a way which is consistent with the experimental constraints from (g — 2),
and b — sy if gaugino mases are generated by F-term VEV transfoming as 54-dimensional
representation of SO(10). Moreover, for 1 < 0 D-term splitting of scalar masses is compatible
with Yukawa unification, in contrast to the case with positive p. This is the first SO(10) model
which predicts light SUSY spectrum with all sparticle masses below 2 TeV without violating
any experimental constraints. The prediction of light gluinos make this model testable at the
LHC in the very near future. More detailed analysis can be found in ref. 8.
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