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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� ⌧ Yukawa unification in realistic models.

Seesaw physics, neutrino oscillations

Baryogenesis/leptogenesis

Inflation/gravity waves, �⇢/⇢ and cosmic strings
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Dirac Monopole (1931)
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t’Hooft-Polyakov Monopole (Toy Model)

Scalar triplet �a in the adjoint representation of SU(2) breaks
SU(2) ! U(1)em.
We can choose the identity map or ”hedgehog” configuration
such that limr!1 �a(~x) = vr̂a.
To ensure a finite energy solution, we require Dµ�a(x) = 0 at
the boundary.
Ansatz for the Higgs and gauge fields,

�a(~x) = vf(r)r̂a,

Aa

i (~x) = a(r)
"aij r̂j

er
.

Monopole massM ⇠ Mw

↵
, core size ⇠ M�1

w .



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

monopole mass ⇠ MG
↵G
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SU(5)Monopole

SU(5) �!
24-plet Higgs

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

SU(3)c ⇥ SU(2)L ⇥ U(1)Y �!
5-plet Higgs

SU(3)c ⇥ U(1)

Qem =

0

BBBB@

1/3 0 0 0 0
0 1/3 0 0 0
0 0 1/3 0 0
0 0 0 0 0
0 0 0 0 �1

1

CCCCA



SU(5)Monopole

A 2⇡ rotation with Qem yields:

diag
✓
2⇡

3
,
2⇡

3
,
2⇡

3
, 1, 1

◆

Next, we perform a 2⇡
3 rotation with

Qcolor = diag
✓
�1

3
,�1

3
,
2

3
, 0, 0

◆

�! return to identity element.
The monopole carries one unit of Dirac magnetic charge and
color magnetic charge.



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.

19 / 60Z
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Primordial Monopoles

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

•

Center of monopole has G
symmetry h�i = 0

Initial no. density / T�3
c . With big bang cosmology such numbers

are unacceptable.

rin = Nm
N�

⇠ 10�2.

) Monopole Problem

(Need Inflation)

5 / 34-08



‘Schwinger’ Monopole

SU(4)c⇥SU(2)L⇥SU(2)R ! SU(3)c⇥U(1)B�L⇥SU(2)L⇥U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)Y (1)

22 / 60To
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‘Schwinger’ Monopole

SU(4)c⇥SU(2)L⇥SU(2)R ! SU(3)c⇥U(1)B�L⇥SU(2)L⇥U(1)R

! SU(3)c ⇥ SU(2)L ⇥ U(1)Y (1)
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Cosmic Necklaces

G. Lazarides and QS
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Cosmic Necklaces

G. Lazarides and QS
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JQMQTQH2 a2�`+?2b BM *QHHB/2`b

:�m;2 bvKK2i`B2b bm+? �b SU(4)c ⇥ SU(2)L ⇥ SU(2)R �M/
SU(3)c ⇥ SU(3)L ⇥ SU(3)R �`2 MQi i`mHv mMB}2/ rBi?Qmi
�//BiBQM�H �bbmKTiBQMbX
>Qr2p2`- 2H2+i`B+ +?�`;2 Bb [m�MiBx2/ BM i?2b2 KQ/2Hb- �M/ BiǶb
TH�mbB#H2 i?�i i?2B` bvKK2i`v #`2�FBM; b+�H2 HB2b r2HH #2HQr
i?2 :lh b+�H2X
A7 i?2 b+�H2 Bb ⇠ 72r h2o Q` bQ- i?2 +Q``2bTQM/BM; KQMQTQH2b
K�v #2 �++2bbB#H2 BM >1 +QHHB/2`bX
JQMQTQH2b +�``v irQ �M/ i?`22 [m�Mi� Q7 .B`�+ K�;M2iB+
+?�`;2b U`2bT2+iBp2HvVX
AM �//BiBQM- r2 K�v }M/ 2tQiB+ bi�i2b i?�i �`2 +QHQ` bBM;H2ib
#mi +�``v 7`�+iBQM�H 2H2+i`B+ +?�`;2b- ±e/2 U±e/3VX



1H2+i`Qr2�F JQMQTQH2 �M/ J�;M2iB+ UL�K#mV .mK##2HH

*QMbB/2` i?2 SU(5) +QmTHBM;b 5† ⇥ 24⇥ 5 �M/ 5† ⇥ 242 ⇥ 5

�7i2` 2H2+i`Qr2�F #`2�FBM; i?2 ?2�pv SU(2)L i`BTH2i b+�H�`
UY = 0V BM 24

⇠
�+[mB`2b �M BM/m+2/ V EV / hHi

MT
hHi

A;MQ`BM; 1q #`2�FBM; #v >-
SU(2)L �!

h�i
U(1)L vB2H/b � KQMQTQH2- rBi? K�;M2iB+ ~mt

+Q``2bTQM/BM; iQ � 2⇡ `Qi�iBQM �`QmM/ T 3
L

_2BMi`Q/m+BM; hHi- bm+? i?�i SU(2)L ⇥ U(1)Y �! U(1)em-
i?Bb 2H2+i`Qr2�F KQMQTQH2 +2�b2b iQ #2 iQTQHQ;B+�HHv bi�#H2

Q =
T 3
L

2
+ Y Bb mM#`QF2Mc

B =
T 3
L

2
� 3Y

5
Bb #`QF2MX



1H2+i`Qr2�F JQMQTQH2 �M/ J�;M2iB+ UL�K#mV .mK##2HH

h?2 KQMQTQH2 rBi? QM2 mMBi Q7 +?�`;2 �HQM; T 3
L

+�``B2b �
*QmHQK# K�;M2iB+ +?�`;2 Q7 3

4

✓
2⇡

e

◆
- �M/ Bb �ii�+?2/ iQ �

w@~mt im#2X
� KQMQTQH2 �M/ �M �MiBKQMQTQH2 �`2 2tT2+i2/ iQ T�B` mT �M/
7Q`K � K�;M2iB+ /mK##2HH UL�K#mV +QMM2+i2/ #v i?Bb ~mt
im#2 URNddfRNd3VX

eqgga.gg



SU(2)L ⇥ U(1)Y

Consider (Nambu)

H =
vDp
2

✓
cos(✓/2)

sin(✓/2)ei�

◆
,

such that H†�iH =
v
2
D

2
xi

r

Monopole is accompanied by a string (Z-flux) along the negative
x3-axis where ✓ = ⇡.
If the neutrino is covariantly transported around the string its
wavefunction acquires an Aharanov-Bohm phase exp(iQ⌫

Z
�Z)

�! Q⌫

Z
is SU(2)L Z-charge

= e

sin(✓W )cos(✓W )(T
3
L
/2�Qsin2(✓W ))

�! �Z is the Z-flux
=) �Z = (4⇡/e)sin(✓W )cos(✓W )

Similarly �em = (4⇡/e)sin2(✓W )

In GUTs, sin2(✓W ) = 3
8

Hi↳.



1H2+i`Qr2�F JQMQTQH2 �M/ J�;M2iB+ UL�K#mV .mK##2HH

A;MQ`BM; i?2 ~mt im#2- 7QHHQrBM; L�K#m- i?2 KQMQTQH2 K�bb
Bb ⇠ 700 GeV X

⇢str ⇠ 2⇥ 10�2 GeV �1 , µstr ⇠ 3⇥ 105 GeV 2

.mK##2HH K�bb ⇠ 5� 6 TeV

h?2b2 iQTQHQ;B+�H bi`m+im`2b �HbQ �TT2�` BM KQ`2 2H�#Q`�i2
:lhb bm+? �b SO(10) �M/ alau 2ti2MbBQMbXT.BE#-T-BAGG



Combining Nambu and Dirac Monopoles in the SM

For a U(1)Y Dirac monopole in the Standard Model, Dirac
quantization condition gives,

mY =
2⇡

y
n =

12⇡

g0
n, n 2 Z, (1)

Consider Nambu monopole in the symmetry breaking
SU(2)L ! U(1)L.

mL =
2⇡

g/2
n0 =

4⇡

g
n0, n0 2 Z, (2)

The net Z and A magnetic charges on a conglomerate of n
U(1)Y and n0 SU(2)L monopoles are

mY+L,Z =
4⇡n0

g
cos ✓w � 12⇡n

g0
sin ✓w, (3)

mY+L,A =
4⇡n0

g
sin ✓w +

12⇡n

g0
cos ✓w (4)



Combining Nambu and Dirac Monopoles in the SM

This configuration should not have any net Z magnetic charge
because Z magnetic fields are confined once the electroweak
symmetry is broken. Any net Z flux would form a string that
would confine the monopole conglomerate to an
anti-conglomerate. Thus, we require

4⇡n0

g
cos ✓w � 12⇡n

g0
sin ✓w = 0. (5)

the above constraint gives

n0 = 3n, (6)

and so the conglomerate should contain three times as many
Nambu monopoles as the Dirac Y-monopoles.
The electromagnetic magnetic charge on the conglomerate is

mY+L,A =
12⇡

e
n (7)

}



Combining Nambu and Dirac Monopoles in the SM

Z�String

2Qs2w

2Qs2w

2Qs2w

6Qc2w

SU(2)L Nambu
monopole

U(1)Y
monopole

2Y

Figure: A purely U(1)Y monopole (red color) with winding number six from
the breaking SU(5) �! SU(3)c ⇥ SU(2)L ⇥ U(1)Y has a core of size
M�1

GUT and mass ⇠10 MGUT . It merges following electroweak breaking
with three SU(2)L (Nambu) monopoles to yield a purely electromagnetic
monopole that carries six quanta (12⇡/e) of Dirac magnetic charge.



Colored U(1)Y Dirac Monopole

Z�String
SU(2)L Nambu

monopole

U(1)Y
monopole

2Qc2w + 2
3T

8
c 2Qs2w

2
✓

T 3
L
2 � s2wQ

◆

Figure: The Y-monopole emits EM and Z flux as well as color magnetic flux.
The combined system made up of this monopole and the SU(2)L Nambu
monopole carries two units (2⇥ 2⇡/e) of EM charge in addition to the color
charge, compatible with the Dirac quantization condition.



Colored U(1)Y Dirac Monopole

Z�String 2
⇣
1
2T

3
L � s2wQ

⌘

4Qc2w + 4
3T

8
c

SU(2)L Nambu
monopole

SU(3)c ⇥ U(1)Y /Z3

monopole

2Qs2w2Qs2w

Figure: This conglomerate consists of two Nambu monopoles and a colored
U(1)Y monopole.



Cosmic Strings from SO(10)

Cosmic Strings arise during symmetry breaking of G ! H if
⇡1(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.

Cosmic 
Horizon

Closed 
Loop

Open
Strings

20 / 60to

✓✓

feoff



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.

⇧2(G/H) ⇠= ⇧1(H) ) Monopoles

⇧1(G/H) ⇠= ⇧0(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]

17 / 60
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Generation of Stochastic Gravity Waves: Analytic
Approximation

Three different regimes for decaying cosmic string loops:

Loops that are produced and decay during radiation dominance. They
produce the plateau in the spectrum.

Loops that are produced during radiation dominance but decay during
matter dominance. They generate a sharply peaked spectrum at lower
frequencies, which is responsible for the overall peak of the spectrum.

Loops that are produced and decay during matter domination. They also
generate a sharply peaked spectrum which is though overshadowed by
the previous case.

Sousa, Avelino, Guedes, arXiv:2002.01079

April 4, 2021 2 / 3Iodate



GWs spectrum and observational prospects
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Walls Bounded by Strings

Consider the breaking chain

SO(10)
54�! SU(4)c ⇥ SU(2)L ⇥ SU(2)R
126��! SU(3)c ⇥ SU(2)L ⇥ U(1)Y .

The first step leaves unbroken the discrete symmetry ‘C’ (also
known as ‘D’) that interchanges left and right, and conjugates the
representations.

The 126 vev breaks ‘C’ which produces domain walls

Thus we end up with walls bounded by strings.
Similar structures also arise in axion models.

É-__

~



Walls Bounded by Strings [J. Makinen, V. Dmitriev, et al. (Nature, 2019)]
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Walls Bounded by Strings [J. Makinen, V. Dmitriev, et al. (Nature, 2019)]
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Walls Bounded by Strings [J. Makinen, V. Dmitriev, et al. (Nature, 2019)]
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SUSY Higgs (Hybrid) Inflation

[Dvali, Shafi, Schaefer;Copeland, Liddle, Lyth, Stewart, Wands, ’94]
[Lazarides, Schaefer, Shafi, ’97] [Senoguz, Shafi, ’04; Linde, Riotto ’97]

[Rehman, Shafi, Wickman ’10] [Buchmuller, Domcke, Kamada, Schmitz ’13]

SUSY Higgs (Hybrid) Inflation

[Dvali, Shafi, Schaefer; Copeland, Liddle, Lyth, Stewart, Wands ’94]

[Lazarides, Schaefer, Shafi ’97][Senoguz, Shafi ’04; Linde, Riotto ’97]

[Buchmüller, Domcke and Schmitz]

Attractive scenario in which inflation can be associated with
symmetry breaking G �! H

Simplest inflation model is based on

W = S (���M2)

S = gauge singlet superfield, (� ,�) belong to suitable
representation of G

Need � ,� pair in order to preserve SUSY while breaking
G �! H at scale M � TeV, SUSY breaking scale.

R-symmetry

�� ! ��, S ! ei↵ S, W ! ei↵W

) W is a unique renormalizable superpotential
39 / 56Note: If G = U(1) cosmic strings appear at the end of inflation in the simplest

scenario.
44 / 60
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SUSY Higgs (Hybrid) Inflation

Tree Level Potential

VF = 2 (M2
� |�2

|)2 + 22|S|2|�|2

SUSY vacua

|h�i| = |h�i| = M, hSi = 0

0

2

4

!S!"M

!1

0

1

!"!"M

0.0

0.5

1.0

1.5

2.0

V"Κ2M 4

40 / 56
45 / 60
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SUSY Higgs (Hybrid) Inflation

Take into account radiative corrections (because during inflation
V 6= 0 and SUSY is broken by FS = �M2)

Mass splitting in �� �

m2
± = 2 S2

± 2M2, m2
F = 2 S2

One-loop radiative corrections

�V1loop = 1
64⇡2Str[M4(S)(ln M2(S)

Q2 �
3
2)]

In the inflationary valley (� = 0)

V ' 2M4
⇣
1 + 2N

8⇡2 F (x)
⌘

where x = |S|/M and

F (x) = 1
4

✓�
x4 + 1

�
ln

(x4�1)
x4 + 2x2 ln x2+1

x2�1 + 2 ln 2M2x2

Q2 � 3

◆
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SUSY Higgs (Hybrid) Inflation

Tree level + radiative corrections + minimal Kähler potential yield:

ns = 1�
1

N
⇡ 0.98.

�T/T proportional to M2/M2
p , where M denotes the gauge

symmetry breaking scale. Thus we expect M ⇠ MGUT for this
simple model. In practice, M ⇡ (1� 5)⇥ 1015 GeV

Since observations suggest that ns lie close to 0.97, there are at
least two ways to realize this slightly lower value:

include soft SUSY breaking terms, especially a linear term in
S;

employ non-minimal Kähler potential.

42 / 56

Note:Using non-minimal K one can realize M ⇠ MGUT and r ⇠ 0.01 with field
values staying below MP .
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SUSY Higgs (Hybrid) InflationResults

[Pallis, Shafi, 2013; Rehman, Shafi, Wickman, 2010]
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SUSY Higgs (Hybrid) Inflation

K � s(S†S)2

[M. Bastero-Gil, S. F. King and Q. Shafi, 2006]
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SU(5)⇥ U(1)�(�SU(5))SU(5)⇥ U(1)� (�SU(5))

Group Representations
Matter

SU(5) Fi(5̄) Ti(10) ⌫ci (1)
2
p
10U(1)� 3 -1 -5

Scalars
SU(5) �(24) H(5) H̄(5̄) �(1) �̄(1) S(1)

2
p
10U(1)� 0 2 -2 10 -10 0

Table: Matter and Higgs content in minimal SU(5)⇥ U(1)�. �, �̄ fields
implement U(1)� breaking and �̄ provides masses to the right handed
neutrinos, ⌫ci . The singlet S plays an important role during inflation.
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SU(5)⇥ U(1)�(�SU(5)): Salient FeaturesSalient Features:

U(1)� prevents rapid proton decay

U(1)� ! Z2(‘matter parity’); Stable LSP.

Observable Proton Decay

Stable Cosmic Strings

Yukawa Unification
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Current Experimental E↵orts



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 o↵er plausible dark matter
candidates such as TeV mass higgsino, axions....

SUSY o↵ers compelling inflation models

Search for primordial gravity waves, monopoles, cosmic
strings, dark matter and proton decay.
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