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In this paper we investigate the effect of extra matter on unification of
the third Yukawa couplings in the context of the Minimal Supersymmetric
Standard Model using two-loop β-functions.
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1. Introduction

The Minimal Supersymmetric Standard Model (MSSM) is a very attrac-
tive extension of the Standard Model (SM). It provides solutions to some
unanswered theoretical points such as the hierarchy problem, the unification
of strong and electroweak interactions and the inconsistency of the SM as a
QFT (due to the existence of a Landau pole) [1]. In the minimal supersym-
metric extension of the Standard Model, we just construct a supermultiplet
for each existing basic field. However, for a satisfactory realistic theory we
need two Higgs supermultiplets, with opposite values of the weak hyper-
charge. There are two reasons why we need at least two chiral Higgs multi-
plets. First, we need two Higgs superfields to give masses to up and down
quarks. The second reason is related to chiral anomalies. One knows that
chiral anomalies spoil the gauge invariance and the renormalizability of the
theory. In the SM, they are canceled between quarks and leptons. However,
in supersymmetry if we have just one chiral Higgs superfield, it contains
higgsinos, which are fermions, and lead to anomalies. To cancel them we
need to add the second Higgs doublet with the opposite hypercharge.

Thus the MSSM is a SU(3)C ⊗ SU(2)L ⊗ U(1)Y invariant theory with
vector supermultiplets for the gauge fields and chiral supermultiplets for the
quarks, leptons and two Higgses.
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1.1. The MSSM Lagrangian

We know supersymmetry is not an exact symmetry because superpart-
ners of ordinary particles have not been observed at accessible energies. It
must be broken in order to give the superpartners large masses. The MSSM
Lagrangian is given by

L = LSUSY + Lsoft−breaking , (1)
LSUSY = LGauge + LYukawa , (2)

LGauge =
∑

SU(3),SU(2),U(1)

1
4

(∫
d2θTrWαW

α +
∫
d2θ̄Tr W̄ α̇W̄α̇

)

+
∑

Matter

∫
d2θd2θ̄Φ+eg3V̂3+g2V̂2+g1V̂1Φ , (3)

LYukawa =
∫
d2θW + h.c. , (4)

whereW is the superpotential for the Supersymmetric Standard Model. The
superpotential of the MSSM with minimal particle content contains only
one supersymmetric Higgs mass term (the µ-term) and the supersymmetric
Yukawa couplings generating masses for the quarks and charged leptons. It
is given by

W = εab

(
(YU )ijQbiU

c
jH

a
2 + (YD)ijQbiD

c
jH

a
1 + (YL)ijLbiE

c
jH

a
1 − µHa

1H
b
2

)
,

(5)
here there is a summation over the generation indices i, j, k = 1, 2, 3, and
gauge indices a, b = 1, 2; color indices are suppressed, also εab is a totally
anti-symmetric tensor.

1.2. Soft supersymmetry breaking Lagrangian

Since supersymmetry is necessarily broken, and since none of the fields
of the MSSM can break supersymmetry spontaneously without spoiling the
gauge invariance, it is supposed that supersymmetry breaking takes place via
some other fields. We parameterize the mechanism that breaks supersymme-
try in a soft way (i.e. maintaining the cancellation of quadratic divergences).
The possible soft terms were classified by Girardello and Grisaru [2]. They
consist of mass terms for the gauginos, analytic trilinear terms for the scalar
fields known as “A-terms”, an analytic quadratic term for the Higgs fields
known as the “B-term”, and scalar mass terms. Therefore, the soft super-
symmetry breaking Lagrangian density is given by
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− Lsoft =
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(
m2eQ
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)
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c
j
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(
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c
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c
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(
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c
j + (hD)ijĤ1Q̃iD̃

c
j + (hE)ijĤ1L̃iẼ

c
j + h.c.

)
−
(
BĤ1Ĥ2 + h.c.

)
+ 1

2

(
M1B̃B̃ +M2W̃ 3W̃ 3

)
+M2W̃+W̃+

+1
2M3g̃

ag̃a , (6)

where we have suppressed SU(2) indices. Here B̃, W̃ and g̃ are gaugino
fields, Q̃, Ũ , D̃ and L̃, Ẽ are squark and slepton fields, respectively, and
Ĥ1,2 are SU(2) doublet Higgs fields.

Of course, we are faced with a lot of free parameters in the soft MSSM
Lagrangian; far more than in the Standard Model. A careful count shows
that there are 105 masses, phases and mixing angles which cannot be rotated
away by redefining the phases, angles and flavor basis for the quark and
lepton supermultiplets. To reduce this huge number of free parameters, we
need another assumption that is called the universality of the soft terms.
We assume that at the unification scale all the spin 0 particle masses are set
equal to m0, all the spin 1/2 particle masses are equal to M1/2 and all the
cubic and quadratic terms repeat the structure of the Yukawa superpotential
with constants of proportionality A, b respectively.

2. The scenario of semi-perturbative unification(SPU)

One of the most successful aspects of the MSSM is the unification of the
SU(3) × SU(2) × U(1) gauge couplings around the scale 2 × 1016 GeV. In
the framework of the MSSM, the value of the unified gauge coupling αG is
obtained to be αG ∼ 0.04, for which perturbative physics should work well
near MG. However, the predictions for αG and MG from the perspective of
string theory are more different from the MSSM [3]. Moreover, we know only
string theory has the potential to unify all gauge interactions with gravity
in a consistent way.

It is possible to raise the values of αG and MG to be consistent with
Mst(string unification mass scale) and αst by adding some extra matter. It
is an inevitable consequence of adding additional matter to the MSSM that
αG increases. Specifically, we will follow the scenario of semi-perturbative
unification (SPU) that was presented in Ref. [4]. In this scenario matter in
complete SU(5) multiplets is added at some intermediate scale Mn < MG

such that αG > α3; however, we need αG to stay perturbative in the sense
of quantum field theory.
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We assume these additional contributions from matter are in SU(5) mul-
tiplets and only consider 5 and 10 representations of SU(5). It seems that
an effective number (n5, n10) of 5 or 10 representation added to the model
at the weak scale may be a good parameterization for studying the effects
of extra matter. n5 and n10 represent not only the number of extra repre-
sentations but also their mass scale and other effects, so it is not necessary
that they are integer [4]. The coefficients of the MSSM β-functions will be
changed in the case of additional n5 5 representation and n10 10 represen-
tations. The full two and three loop β-functions with n5 and n10 numbers
have been presented in Refs. [5, 6]. In previous paper, we have investigated
the effects of the presence of extra matter on the evolution of the gauge
couplings and susy spectrum. Here we examine the effect of extra mater on
the unification of Yukawa couplings.

In some SO(10) GUT models the top quark Yukawa coupling Yt is unified
with Yb and Yτ at the GUT scale. Imposing this constraint selects a unique
value for tanβ and mt. However, the problem with these models is that
mt is very small, so it is inconsistent with experimental measurement. One
could also consider the unification of the Yukawa couplings at some scale
other than that at which the gauge couplings unify [7, 8, 9].

In order to investigate the effects of extra matter, we run RGEs up
two loop corrections. We will focus on the standard treatment with uni-
versal boundary conditions at gauge unification, often termed CMSSM or
MSUGRA (the minimal super-gravity). We run all gauge couplings and
third family Yukawa couplings to GUT scale (MG), and apply the boundary
conditions on the soft terms atMG. The whole system of the MSSM param-
eters are evolved to MZ scale. We iterate the entire procedure to determine
a self-consistent solution for Yukawa and gauge couplings.

In our calculation we choose different values for mt and tanβ and then
for each pairs of them we change n5 or n10 and investigate the effects of the
variation n5 or n10 over unification of the third generation Yukawa couplings.
At MG, the third generation Yukawa couplings can be examined to check
how well they unify. The measure of unification adopted in this paper is
given by

R1 =
hb (MG)
ht (MG)

, R2 =
hτ (MG)
ht (MG)

, (7)

where ht, hb, and hτ are the third generation Yukawa couplings, and R1 and
R2 indicate the unification if they rich to 1.

In Figs. 1 and 2 we show the plot of R1 and R2 for n10 = −2, using
two-loop β-functions for all couplings. They are plotted against n5, and we
set mt = 175 GeV. The results show R2 and R1 increase; however R2 only
reaches to 1 for large value of n5. It means we have unification only for hτ
and ht.
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n10=-2 
n10=-2 

Fig. 1. Plot of R2 against n5 for mt = 175 GeV.

n10=-2 

Fig. 2. Plot of R1 against n5 for mt = 175 GeV.

In order to obtain unification for the third generation Yukawa couplings,
we choose the special values for n5 and n10. Figs. 3, 4, and 5 show our
results for different values of mt and tanβ. The results show it is possible
to obtain unification for Yukawa couplings for large values of mt.
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Fig. 3. Plot of the third generation Yukawa couplings. Solid line (black), dashed
line (red), and dotted line (green) correspond to ht, hb, and hτ respectively.
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Fig. 4. Plot of the third generation Yukawa couplings. Solid line (black), dashed
line (red), and dotted line (green) correspond to ht, hb, and hτ respectively.

Fig. 5. Plot of the third generation Yukawa couplings. Solid line (black), dashed
line (red), and dotted line (green) correspond to ht, hb, and hτ respectively.

We also investigate the effect of variation of n5 and n10 on the mass of
neutralino. Figs. 6 and 7 show the effects of extra matter on the mass of
neutralino.
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Fig. 6. Plot of the neutralino masses against n10 for n5 = 0 and mt = 170 GeV.
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Fig. 7. Plot of the neutralino masses against n5 for n10 = 0 and mt = 170 GeV.

3. Conclusion

We have investigated the effects of additional matter on the third Yukawa
couplings and neutralino masses. In our calculation we have used the sce-
nario of semi-perturbative unification (SPU) which in the extra matter can
be added at intermediate scale. We have given a number of examples of the
effects of additional matter on prediction of the Yukawa coupling unification,
and shown it is possible to obtain the unification of the third generation of
Yukawa couplings for large value of top quark mass.

We have found the impact of two loop corrections became even more
dramatic on the sparticle spectrum in the semi-perturbative unification sce-
nario.
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