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Grand Unified Theories (GUTs)

Unification of SM/MSSM gauge couplings

Unification of matter/quark-lepton multiplets

Electric charge quantization, Magnetic monopoles predicted
(as Dirac wanted)

Proton Decay

b− τ Yukawa unification in realistic models.

Seesaw physics, neutrino oscillations

Baryogenesis/leptogenesis

Inflation/gravity waves, δρ/ρ and cosmic strings
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Non-SUSY SO(10)

Usually broken via one or more intermediate steps to the SM

G = SO(10)/Spin(10)

H = SU(3)c × U(1)e.m.

Π2(G/H) ∼= Π1(H)⇒ Monopoles

Π1(G/H) ∼= Π0(H) = Z2 ⇒ Cosmic Strings (provided
G→ H breaking uses only tensor representations)

Z2 ⊂ Z4 (center of SO(10))
[T. Kibble, G. Lazarides, Q.S., PLB, 1982]

Intermediate scale monopoles and cosmic strings may survive
inflation.

Recent work suggests that this Z2 symmetry can yield
plausible cold dark matter candidates.
[Mario Kadastik, Kristjan Kannike, and Martti Raidal Phys. Rev. D 81 (2010), 015002; Yann Mambrini,
Natsumi Nagata, Keith A. Olive, Jeremi Quevillon, and Jiaming Zheng Phys.Rev. D91 (2015) no.9,
095010 ; Sofiane M. Boucenna, Martin B. Krauss, Enrico Nardi Phys.Lett. B755 (2016) 168-17]
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Magnetic Monopoles in Unified Theories

Any unified theory with electric charge quantization predicts the
existence of topologically stable (’tHooft-Polyakov ) magnetic
monopoles. Their mass is about an order of magnitude larger than
the associated symmetry breaking scale.

Examples:

1 SU(5) → SM (3-2-1)
Lightest monopole
carries one unit of
Dirac magnetic
charge even though
there exist fractionally
charged quarks;

      SU(3)

U(1)em
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monopole mass ∼ MG

αG
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2 SU(4)c × SU(2)L × SU(2)R (Pati-Salam)

Electric charge is quantized with the smallest permissible
charge being ±(e/6); Lightest monopole carries two units of
Dirac magnetic charge;

3 SO(10) → 4-2-2 → 3-2-1

Two sets of monopoles: First breaking produces monopoles
with a single unit of Dirac charge.
Second breaking yields monopoles with two Dirac units.

4 E6 breaking to the SM can yield intermediate mass
monopoles carrying three units of Dirac charge.

5 E6 → SU(3)c ⊗ SU(3)L ⊗ SU(3)R →
SU(3)c ⊗ SU(2)L ⊗ U(1)em

The discovery of primordial magnetic monopoles would have
far-reaching implications for high energy physics & cosmology.
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Primordial Monopoles

They are produced via the Kibble Mechanism as G→ H:

•
Center of monopole has G

symmetry 〈φ〉 = 0

Initial no. density ∝ T−3c . With big bang cosmology such numbers
are unacceptable.

rin = Nm
Nγ
∼ 10−2.

⇒ Monopole Problem

(Need Inflation)

GUT scale monopoles are inflated away; but intermediate mass
monopoles may survive inflation.
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Cosmic Strings from SO(10)

Cosmic Strings arise during symmetry breaking of G→ H if
π1(G/H) is non-trivial.

Consider SO(10)
MGUT−→ SU(4)× SU(2)L × SU(2)R

MI−→ SM × Z2

Mass per unit length of string is µ ∼M2
I , with MI �MP .

The strength of string gravity is determined by the dimensionless
parameter Gµ� 1.

For this talk Gµ ∼ 10−12 or so, such that strings, analogous to
monopoles, can survive inflation.
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Stochastic gravitational wave backgrounds compared with present and future
experiments. The grey lines show the background from cosmic strings with the
indicated energy scales Gµ. The straight black line is the largest allowable background
from SMBBH.[ Blanco-Pillado, Olum and Siemens, arxiv: 1709.02434]
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SO(10)× U(1)PQ [Holman, Lazarides, QS, 82]

SO(10)× U(1)PQ
210−→

MGUT

SU(3)c × SU(2)L × SU(2)R × U(1)B−L × U(1)PQ
126,45−→
MI

SU(3)c × SU(2)L ×U(1)Y ×Z2
10−→ SU(3)c ×U(1)em ×Z2

ψ
(i)
16 (i = 1, 2, 3) →

U(1)PQ
eiθψ

(i)
16

Residual discrete PQ symmetry is Z12 ⇒ domain wall problem
( U(1)PQ broken after inflation)

Introduce two SO(10) fermion 10-plets

ψ
(α)
10 → e−2iθψ(α)

10 (α = 1, 2)

Residual discrete symmetry is now Z4, which coincides with
the center Z4 of SO(10) (Spin(10)) (for the full theory)
(Cosmic Strings and Dark Matter)
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φ210 → φ210, φ126 → e2iθφ126, φ45 → e4iθφ45, φ10 →
e−2iθφ10. These transformation properties ensure that the
action of the residual PQ symmetry on these fields is identical
to that of the center of SO(10).

Yukawa couplings: ψ16ψ16φ10, ψ16ψ16φ126, ψ10ψ10φ45

Higgs couplings include
φ210φ126†φ126†φ45, φ210φ126†φ10φ45, φ210φ126φ10

These couplings guarantee that U(1)PQ is the only global
symmetry present.

First breaking produces GUT monopoles that are inflated
away.

Second breaking makes intermediate scale cosmic strings
which can appear after inflation ⇒ astrophysical test of GUTs.
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Note: With more elaborate symmetry breaking patterns one could
produce objects such as monopoles-antimonopoles connected via
strings, or necklaces (alternating monopole-antimonopole system
tied together by strings.)

Dark Matter:
In addition to axions there could exist WIMP-like DM in this
class of models because of the fermion 10-plets.
Presumably one should include some SO(10)-singlet fermions
to make this work.
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Inflationary Cosmology [Starobinsky, Mukhanov, Chibisov, Guth, Linde, Hawking, · · · ]

Successful Primordial Inflation should:

Explain flatness, isotropy;

Provide origin of δT
T ;

Offer testable predictions for ns, r (gravity waves), dns/d lnk;

Recover Hot Big Bang Cosmology;

Explain the observed baryon asymmetry;

Offer plausible CDM candidate;
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Slow-roll inflation

Inflation is driven by some potential V (φ):

Slow-roll parameters:

ε =
m2
p

2

(
V ′
V

)2
, η = m2

p

(
V ′′
V

)
.

The spectral index ns and the tensor to scalar ratio r are
given by

ns − 1 ≡ d ln ∆2
R

d ln k , r ≡ ∆2
h

∆2
R

,

where ∆2
h and ∆2

R are the spectra of primordial gravity waves
and curvature perturbation respectively.

Assuming slow-roll approximation (i.e. (ε, |η|)� 1), the
spectral index ns and the tensor to scalar ratio r are given by

ns ' 1− 6ε+ 2η, r ' 16ε.
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Slow-roll inflation

The tensor to scalar ratio r can be related to the energy scale
of inflation via

V (φ0)1/4 ≈ 3.0× 1016 r1/4 GeV.

The amplitude of the curvature perturbation is given by

∆2
R = 1

24π2

(
V/m4

p

ε

)
φ=φ0

= 2.43× 10−9 (WMAP7 normalization).

The spectrum of the tensor perturbation is given by

∆2
h = 2

3π2

(
V
m4
P

)
φ=φ0

.

The number of e-folds after the comoving scale l0 = 2π/k0

has crossed the horizon is given by

N0 = 1
m2
p

∫ φ0
φe

(
V
V ′
)
dφ.

Inflation ends when max[ε(φe), |η(φe)|] = 1.
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Inflation with a Higgs Potential [Kallosh and Linde, 07; Rehman, Shafi and

Wickman, 08]

Consider the following Higgs Potential:

V (φ) = V0

[
1−

(
φ
M

)2
]2

←− (tree level)

Here φ is a gauge singlet field.

M

Φ

V HΦL

Above vev HAVL

inflation
Below vev HBVL

inflation

WMAP/Planck data favors BV inflation (r . 0.1).

Note: This is for minimal coupling to gravity
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Higgs Potential:

ns vs. r for Higgs potential, superimposed on Planck and Planck+BKP 68% and 95% CL regions taken
from arXiv:1502.01589. The dashed portions are for φ > v. N is taken as 50 (left curves) and 60 (right
curves).
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Coleman–Weinberg Potential:

ns vs. r for Coleman–Weinberg potential, superimposed on Planck and Planck+BKP 68% and 95% CL
regions taken from arXiv:1502.01589. The dashed portions are for φ > v. N is taken as 50 (left curves)
and 60 (right curves).
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Coleman–Weinberg Potential:
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ns vs. H for Coleman–Weinberg potential, superimposed on Planck TT+lowP+BKP 95% CL region
taken from arXiv:1502.02114. The dashed portions are for φ > v. N is taken as 50 (left curves) and 60
(right curves).
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Higgs Potential:
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Primordial Monopoles in SO(10) → 4− 2− 2→ 3− 2− 1

Let’s consider how much dilution of the monopoles is necessary.
MI ∼ 1013 GeV corresponds to monopole masses of order
MM ∼ 1014 GeV. For these intermediate mass monopoles the
MACRO experiment has put an upper bound on the flux of
2.8× 10−16 cm−2 s−1 sr−1. For monopole mass ∼ 1014 GeV, this
bound corresponds to a monopole number per comoving volume of
YM ≡ nM/s . 10−27. There is also a stronger but indirect bound
on the flux of (MM/1017 GeV)10−16cm−2 s−1 sr−1 obtained by
considering the evolution of the seed Galactic magnetic field.

At production, the monopole number density nM is of order H3
x,

which gets diluted to H3
xe

−3Nx , where Nx is the number of e-folds
after φ = φx. Using

YM ∼
H3
xe

−3Nx

s
,

where s = (2π2gS/45)T 3
r , we find that sufficient dilution requires

Nx & ln(Hx/Tr) + 20. Thus, for Tr ∼ 109 GeV, Nx & 30 yields a
monopole flux close to the observable level.
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Relativistic Monopoles at IceCube

Source: IceCube Collaboration, Eur. Phys. J. C (2016) 76:133
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Yukawa Unification in GUTs

b−τ Yukawa coupling unification
Importance of finite SUSY threshold corrections

Qaisar Shafi Yukawa Unification, Flavour Symmetry & SUSY GUTs

Without Supersymmetry

yb

yτ

4 6 8 10 12 14 16
Log(Energy/GeV)

0.005

0.010

0.015
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b-τ YU and finite threshold corrections 1

Dominant contributions to the bottom quark mass from the gluino
and chargino loop

δyb ≈ g2
3

12π2

µmg̃ tanβ

m2
1

+ y2
t

32π2
µAt tanβ

m2
2

+ . . .

where m1 ≈ (mb̃1
+ mb̃2

)/2 and m2 ≈ (mt̃2
+ µ)/2

where λb = yb and λt = yt
1

L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev.D 50, 7048 (1994)
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b− τ QYU in SU(5)

b − τ YU in SU(5)

0 ≤ m10 ≤ 20 TeV
0 ≤ m5 ≤ 20 TeV
0 ≤ M1/2 ≤ 5 TeV

−3 ≤ At/m10 ≤ 3
−20 ≤ Abτ/m5 ≤ 20

1.2 ≤ tanβ ≤ 60
0 ≤ mHd

≤ 20 TeV
0 ≤ mHu ≤ 20 TeV

R ≡ Max(yb, yτ )

Min(yb, yτ )
≤ 1.1 b − τ YU Condition

yb : yτ = (1− C ) : (1 + 3C ), |C | ≤ 0.2 b − τ QYU Condition

1 / 8

yb : yτ = (1− C) : (1 + 3C), |C| ≤ 0.2 b− τ QYU Condition
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Summary

Unification of all forces remains a compelling idea.

Grand unification explains charge quantization, predicts
monopoles and proton decay.

Also explains tiny neutrino masses via seesaw mechanism.

Intermediate scale monopoles and cosmic strings may survive
inflation.

In non-SUSY inflation with Higgs potential, r & 0.01 (minimal
coupling to gravity).

SUSY and Non-SUSY models offer plausible dark matter
candidates such as TeV mass higgsino, axions....

Search for primordial gravity waves, monopoles, cosmic strings
and dark matter.
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Thank You!
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