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In this talk we discuss SO(10) Yukawa unification and its ramifications for phenomenology. The
initial constraints come from fitting the top, bottom and tau masses, requiring large tanβ ∼ 50
and particular values for soft SUSY breaking parameters. We perform a global χ2 analysis,
fitting the recently observed ‘Higgs’ with mass of order 125 GeV in addition to fermion masses
and mixing angles and several flavor violating observables. We discuss two distinct GUT scale
boundary conditions for soft SUSY breaking masses. In both cases we have a universal cubic
scalar parameter, A0, non-universal Higgs masses and universal squark and slepton masses, m16.
In the first case we consider universal gaugino masses, while in the latter case we have non-
universal gaugino masses. We discuss the spectrum of SUSY particle masses, consequences for
the LHC and the issue of fine-tuning.
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1. Introduction

SO(10) grand unification is clearly suggested by low energy data. Considering that one family
of quarks and leptons naturally fit into one spinor representation of SO(10), Fig. 1.

Figure 1: One family of quarks and leptons naturally fit into one spinor representation of SO(10).

We use the following soft SUSY breaking parameters at the GUT scale.

1. m2
16 - Universal scalar masses;

2. m2
10±∆m2

H or NUHM2;

3. A0 - Universal A parameter; µ , tanβ ;

4. Mi, i = 1,2,3 with Mi =
(

1+ g2
G bi α

16π2 log(MPl
m16)

)
M1/2, where α = 0- Universal or α 6= 0-

“Mirage"

Thus we assume the following soft SUSY breaking parameters

m16, m2
10±∆m2

H , A0, M1/2, (α), µ, tanβ . (1.1)

Note, also we will only consider one particular value of α which has been shown to be consistent
with a well-tempered dark matter candidate [1].

We assume that the only renormalizable term in the superpotential, W , is λ 163 10 163 which
gives Yukawa coupling unification

λ = λt = λb = λτ = λντ
(1.2)

at MGUT . Note, one CANNOT predict the top mass due to large SUSY threshold corrections to the
bottom and tau masses, as shown in [2, 3, 4]. These corrections are of the form

δmb/mb ∝
α3 µ Mg̃ tanβ

m2
b̃

+
λ 2

t µ At tanβ

m2
t̃

+ log corrections. (1.3)
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So instead we use Yukawa unification to predict the soft SUSY breaking masses!! In order to fit
the data, we need

δmb/mb ∼−2%. (1.4)

For a short list of references on this subject, see [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21].

2. Gauge and Yukawa Unification with Universal Gaugino Masses

We take µ Mg̃ > 0, thus we need µ At < 0 [17, 19]. We have performed a global χ2 analysis
fitting the 11 observables as a function of the 11 (12 with α) arbitrary parameters, Fig. 2. For a
good fit we require χ2 � 1. We find that fitting the top, bottom and tau mass forces us into the

Figure 2: (Left) The 11 low energy observables which enter the χ2 function are fit with either 11 or 12 (with
α) parameters at the GUT scale. We require χ2� 1.

region of SUSY breaking parameter space with

A0 ≈−2m16, m10 ≈
√

2 m16, m16 > few TeV, µ,M1/2� m16; (2.1)

and, finally,
tanβ ≈ 50. (2.2)

In addition, radiative electroweak symmetry breaking requires ∆2
mH
≈ 13%, with roughly half of

this coming naturally from the renormalization group running of neutrino Yukawa couplings from
MG to MNτ

∼ 1013 GeV [5, 6].
It is very interesting that the above region in SUSY parameter space results in an inverted

scalar mass hierarchy at the weak scale with the third family scalars significantly lighter than the
first two families [22]. This has the nice property of suppressing flavor changing neutral current
and CP violating processes.

2.1 Heavy squarks and sleptons

Considering the theoretical and experimental results for the branching ratio BR(B→ Xsγ), we
argue that m16 ≥ 8 TeV. The experimental value BR(B→ Xsγ)exp = (3.55±0.26)×10−4, while the
NNLO Standard Model theoretical value is BR(B→ Xsγ)th = (3.15±0.23)×10−4. The amplitude

3
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for the process B→ Xsγ is proportional to the Wilson coefficient, C7. C7 = CSM
7 +CSUSY

7 and, in
order to fit the data, we see that C7 ≈ ±CSM

7 . Thus CSUSY
7 ≈ −2CSM

7 or CSUSY
7 ≈ 0. The dominant

SUSY contribution to the branching ratio comes from a stop - chargino loop with CSUSY
7 ∼Cχ+

7 ∼
µ At
m̃2 tanβ × sign(CSM

7 ) (see Fig. 3). Hence, in the former case (which allows for light scalars)
C7 ≈−CSM

7 , while in the latter case (with heavy scalars) C7 ≈CSM
7 .

Figure 3: Dominant contribution to the process b→ s γ in the MSSM.

Recent LHCb data on the BR(B→ K∗ µ+ µ−) now favors C7 ≈+CSM
7 [23] (see Fig. 4). This

Figure 4: The forward-backward asymmetry for the process B→ K∗ µ+ µ− measured by LHCb.

tension between the processes b→ sγ and b→ s `+ `− was already discussed by Albrecht et al.
[24]. In order to be consistent with this data one requires Cχ+

7 ≈ 0 or C7 ≈CSM
7 +CSUSY

7 ≈ +CSM
7

and therefore m16 ≥ 8 TeV.
In 2007, Albrecht et al. [24] performed a global χ2 analysis of this theory (including the

Yukawa structure for all three families). Two of the tables from their paper are exhibited in Fig. 5.
This analysis included 27 low energy observables and a reasonable fit to the data was only found
for m16 = 10 TeV. Note, the Higgs mass was predicted to be 129 GeV.

2.2 Light Higgs mass

An approximate formula for the light Higgs mass is given by [25]

m2
h ≈M2

Z cos2 2β +
3g2m4

t

8π2m2
W

[
ln
(

M2
SUSY

m2
t

)
+

X2
t

M2
SUSY

(
1− X2

t

12M2
SUSY

)]
(2.3)

where Xt = At −µ/ tanβ . The light Higgs mass is maximized as a function of Xt for Xt/MSUSY =

±
√

6, referred to as maximal mixing. Hence we see that for large values of At and MSUSY it is quite
easy to obtain a light Higgs mass of order 125 GeV.
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Figure 5: The results obtained by Albrecht et al. for m16 = 10 TeV.

2.3 Bs→ µ+ µ−

In this section we argue that the light Higgs boson must be Standard Model-like. To do this we
show that the CP odd Higgs boson, A, must have mass greater than ∼ 1 TeV and as a consequence
this is also true for the CP even Higgs boson, H, and the charged Higgs bosons, H±, as well. This
is the well-known decoupling limit in which the light Higgs boson couples to matter just like the
Standard Model Higgs.

Consider the branching ratio BR(Bs → µ+ µ−) which in the Standard Model is ∼ 3× 10−9.
In the MSSM this receives a contribution proportional to ∼ tanβ 6

m4
A

. Recent experimental results give
[26]

LHCb : = (3.2
+1.5
−1.2±0.2)×10−9 with 1 fb−1(7 TeV) and 1.1 fb−1(8 TeV). (2.4)

Since we have tanβ ∼ 50, our only choice is to take the CP odd Higgs mass to be large with mA ≥ 1
TeV. This is the decoupling limit; hence the light Higgs is SM-like.

2.4 Gluino Mass

We find an upper bound on the gluino mass (constrained by fitting both the bottom quark and
light Higgs masses). For m16 = 20 TeV the upper bound at 90% CL is mg̃ . 2 TeV (see Fig. 6).
For m16 = 30 TeV the upper bound at 90% CL increases to mg̃ . 2.8 TeV. Note, a gluino with mass
mg̃ . 1.9 TeV should be discovered at LHC 14 with 300 fb−1 of data at 5 σ [27]!

5
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Figure 6: χ2 as a function of the gluino mass obtained by varying M1/2 for fixed m16 = 20 TeV or 2 degrees
of freedom.

3. 3 Family Model

The previous results depended solely on SO(10) Yukawa unification for the third family. We
now consider a complete three family SO(10) model for fermion masses and mixing, including
neutrinos [28, 29, 24, 17, 21]. The model also includes a D3× [U(1)×Z2×Z3] family symmetry
which is necessary to obtain a predictive theory of fermion masses by reducing the number of arbi-
trary parameters in the Yukawa matrices. In the rest of this talk we will consider the new results due
to the three family analysis. We shall consider the superpotential generating the effective fermion
Yukawa couplings. We then perform a global χ2 analysis, including precision electroweak data
which now includes both neutral and charged fermion masses and mixing angles. Note, we are not
concerned with physics at the GUT scale, in particular, proton decay or GUT symmetry breaking.
We know that this analysis can be performed in either a 4 or 5 dimensional GUT (or orbifold GUT)
field theory with completely different mechanism for GUT symmetry breaking and completely dif-
ferent results for proton decay. Nevertheless, one can retain gauge coupling unification and the
theory of fermion masses outlined here (see for example, [30].)

The superspace potential for the charged fermion sector of this model is given by:

Wch. f ermions = 163 10 163 +16a 10 χa (3.1)

+χ̄a (Mχ χa + 45 φa
M̂

163 + 45 φ̃a
M̂

16a +A 16a)

where 45 is an SO(10) adjoint field which is assumed to obtain a VEV in the B – L direction; and
M is a linear combination of an SO(10) singlet and adjoint. Its VEV M0(1+αX +βY ) gives mass
to Froggatt-Nielsen states. Here X and Y are elements of the Lie algebra of SO(10) with X in the
direction of the U(1) which commutes with SU(5) and Y the standard weak hypercharge; and α ,
β are arbitrary constants which are fit to the data.

φa, φ̃a, A, (3.2)
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are SO(10) singlet ’flavon’ fields, and
χ̄a, χa (3.3)

are a pair of Froggatt-Nielsen states transforming as a 16 and 16 under SO(10). The ’flavon’ fields
are assumed to obtain VEVs of the form

〈φa〉=

(
φ1

φ2

)
, 〈φ̃a〉=

(
0
φ̃2

)
. (3.4)

After integrating out the Froggatt-Nielsen states one obtains the effective fermion mass operators
in Fig. 7. We then obtain the Yukawa matrices for up and down quarks, charged leptons and neu-

Figure 7: The effective fermion mass operators obtained after integrating out the Froggatt-Nielsen massive
states.

trinos given in Fig. 8. These matrices contain 7 real parameters and 4 arbitrary phases. Note, the

Figure 8: The Yukawa matrices obtained from the effective fermion mass operators after taking into account
the flavon VEVs.

superpotential (Eqn. 3.1) has many arbitrary parameters. However, at the end of the day the effec-
tive Yukawa matrices have many fewer parameters. This is good, because we then obtain a very
predictive theory. Also, the quark mass matrices accommodate the Georgi-Jarlskog mechanism,

7
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such that mµ/me ≈ 9ms/md . And the small SU(5) breaking parameter ρ ∝ β Y accommodates
mu/md < 1 when mt/mb� 1.

We then add 3 real Majorana mass parameters for the neutrino see-saw mechanism. The
anti-neutrinos get GUT scale masses by mixing with three SO(10) singlets {Na, a = 1,2; N3}
transforming as a D3 doublet and singlet respectively. The full superpotential is given by W =

Wch. f ermions +Wneutrino with

Wneutrino = 16(λ2 Na 16a + λ3 N3 163) (3.5)

+ 1
2 (Sa Na Na + S3 N3 N3) .

We assume 16 obtains a VEV, v16, in the right-handed neutrino direction, and 〈Sa〉=Ma for a= 1,2
and 〈S3〉= M3. The effective neutrino mass terms are given by

W = ν mν ν̄ + ν̄ V N +
1
2

N MN N (3.6)

with

V = v16

 0 λ2 0
λ2 0 0
0 0 λ3

 , MN = diag(M1, M2, M3) (3.7)

all assumed to be real. Finally, upon integrating out the heavy Majorana neutrinos we obtain the
3×3 Majorana mass matrix for the light neutrinos in the lepton flavor basis given by

M =UT
e mν M−1

R mT
ν Ue, (3.8)

where the effective right-handed neutrino Majorana mass matrix is given by:

MR =V M−1
N V T ≡ diag(MR1 ,MR2 ,MR3), (3.9)

with

MR1 = (λ2 v16)
2/M2, MR2 = (λ2 v16)

2/M1, MR3 = (λ3 v16)
2/M3. (3.10)

4. Global χ2 analysis

Just in the fermion mass sector we can see that the theory is very predictive. We have 15
charged fermion and 5 neutrino low energy observables given in terms of 11 arbitrary Yukawa
parameters, tanβ and 3 Majorana mass parameters. Hence there are 5 degrees of freedom in this
sector of the theory. However in order to include the complete MSSM sector we perform the global
χ2 analysis with 24 arbitrary parameters at the GUT scale given in Table 1 plus α for “Mirage"
mediation (which gives a well-tempered dark matter candidate [1]).

In this work [21], we have decided to extend the analysis of Albrecht et al. to values of m16 up
to 30 TeV, including more low energy observables such as the light Higgs mass, the neutrino mixing
angle θ13, lower bounds on the gluino and squark masses coming from recent data and additional
B physics observables. We perform a three family global χ2 analysis. We are using the code,
maton, developed by Radovan Dermisek (and modified for heavy first and second family scalars

8
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Table 1: Parameters entering the global χ2 analysis.

Sector # Parameters
gauge 3 αG, MG, ε3

SUSY (GUT scale) 5 m16, M1/2, A0, mHu , mHd

textures 11 λ , ε, ε ′, ρ, σ , ε̃, ξ

neutrino 3 MR1 , MR2 , MR3

SUSY (EWscale) 2 µ, tanβ

by Archana Anandakrishnan and Akin Wingerter) to renormalize the parameters in the theory from
the GUT scale to the weak scale, perform electroweak symmetry breaking and calculate squark,
slepton, gaugino masses, as well as quark and lepton masses and mixing angles. We also use the
Higgs code of Pietro Slavich (suitably revised for our particular scalar spectrum) to calculate the
light Higgs mass and SUSY_Flavor_v2.0 [31] to evaluate flavor violating B decays.

There are 24 arbitrary parameters (Tab. 1) defined mostly at the GUT scale and run down to
the weak scale where the χ2 function is evaluated. However the value of m16 has been kept fixed
in our analysis, so that we can see the dependence of χ2 on this input parameter. Thus with 23
arbitrary parameters we fit 45 observables, giving 22 degrees of freedom. The χ2 function has
been minimized using the CERN package, MINUIT.

5. Results

In Fig. 9 we either use the inclusive or exclusive measurements of Vub, Vcb. It is clear from the
figure that we prefer the exclusive values. In Fig. 10 we show six low energy observables and their

Figure 9: χ2 as a function of m16 where either Vub, Vcb (exclusive or inclusive) is fit. Clearly the fit with
exclusive data is preferred.

contribution to χ2. As one can see SUSY contributions to these observables do not decouple.

9
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• In particular, MW receives contributions to ρ from stop and sbottom loops, since mt̃1 (mb̃1
)≈

5 (6) TeV for m16 = 25 TeV.

• The Higgs mass contribution increases, since At
MSUSY

increases as m16 increases.

• Finally for the process B→K∗ µ+ µ−, the observables FL and P′5 receive small corrections in
the right direction. The term proportional to CH±

7 adds constructively, which is good; while
the term proportional to Cχ̃±

7 adds destructively, which is bad, but decreases as m16 increases.

In Fig. 11 we plot the contribution of these six observables to χ2. Note the result looks very much
like the total χ2 plot, Fig. 9.

Figure 10: Six observables which demonstrate that SUSY does not decouple from the low energy theory,
due to relatively light third generation squarks.

In Figs. 12 and 13 we give the fit for our best fit point. The χ2/dof is not that great. We find
θ13 ≈ 7◦. Finally, we obtain some additional predictions (see Fig. 14).

5.1 Gluino mass

Using the three family analysis, we see again that gluinos want to be light. In Figs. 15 we
show the χ2 contours in the Mg̃, m16 plane. Note the gluino prefers to be lighter than about 2 TeV
for values of α = 0, or 1.5. Note, in a previous paper [20] we analyze LHC data and show that
gluinos in our SO(10) model must have mass mg̃ > 1.2 TeV.

5.2 Fine-tuning

We have also analyzed our model with respect to the Barbieri-Giudice fine-tuning parameter,
∂ logMZ
∂ logξ

with ξ = {µ, M1/2, m16, mHu , mHd , A0} [21]. In general, we find fine-tuning of order one
part in 105 (see Fig. 16). However if we keep the ratios, A0/m16 and (mHu +mHd )/m16 fixed, the
amount of fine-tuning is reduced to less than one part in 1000. This is possibly an indication of the

10
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Figure 11: The plot of χ2 just due to the six observables in Fig. 10.

Figure 12: The fit for the best fit point.

properties of some GUT scale physics. For example, in the appendix of our paper we discussed a
heterotic orbifold model which comes close to having the correct boundary conditions at the GUT
scale.

6. Conclusion

In this talk we have presented an analysis of SO(10) Yukawa unification with boundary con-

11
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Figure 13: The fit for the best fit point cont’d.

Figure 14: In this table we present some benchmark point with additional predictions of the theory.

ditions at the GUT scale having either universal or “mirage" gaugino masses. We find that the light
Higgs boson is Standard Model-like. The gluino mass is most likely in the range 1.2 TeV≤mg̃ ≤ 2
TeV. In addition, the three family model fits low energy data reasonably well. Hence we expect to
observe SUSY at Run II of the LHC.

As a final note, the model we discussed is not “Natural" SUSY, since the fine-tuning is sig-
nificant. But SUSY still does not decouple from low energy observables due to the inverted scalar
mass hierarchy. It is also not “Split" SUSY, since the heaviest scalars have mass of order 25 TeV.
Nevertheless the gravitino (and possibly the moduli) are sufficiently heavy, so that there is no cos-
mological gravitino or moduli problems. We call this “SUSY on the Edge."

12
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Figure 15: χ2 contours in the Mg̃, m16 plane. Note the gluino prefers to be lighter than about 2 TeV for
values of α = 0, or 1.5. The 4σ bound is the dashed (red) line.

Figure 16: In this table we present an analysis of BG fine-tuning for our model. Note if we keep the ratios,
A0/m16 and (mHu +mHd )/m16 fixed, the amount of fine-tuning is reduced to less than one part in 1000.
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