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Fujikawa, 1979-1980
Adler, Bell, Jackiw, 1969



Motivation
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•Strong CP problem: Why does QCD seem to conserve CP? 
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Crewther, Vecchia, Veneziano, Witten, 1979
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Motivation
•Strong CP problem: Why does QCD seem to conserve CP? 

Peccei-Quinn, 1977
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•Hypothetical pseudoscalar particle: 

Axions

La =
1

2
(@µa)

2 +
a

fa

g2s
32⇡2

Gµ⌫G̃
µ⌫ +

1

4
a ga��Fµ⌫ F̃

µ⌫ +
@µa

2fa
(cq q̄�

µ�5q)



•Hypothetical pseudoscalar particle: 

Axions

•Axion mass:
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•Hypothetical pseudoscalar particle: 

Axions

•Axion mass:

•Axion origin:

V (a) ) ma = 5.70(6)(4)µeV
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Original PQ Axion

•Relevant Lagrangian: 

LY � YuQL H̃u uR + Yd QL Hd dR + h.c.

Hu ! e
iXuHu

Hd ! e
�iXdHd

•PQ symmetry: 

uR ! eiXuuR

dR ! eiXddR

Peccei, Quinn, Weinberg, Wilczek
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Original PQ Axion

•PQ symmetry: 

uR ! eiXuuR

dR ! eiXddR

•Scalar potential: 

2 Goldstones {
1 eaten by 

1 axion

Zµ

•Relevant Lagrangian: 

LY � YuQL H̃u uR + Yd QL Hd dR + h.c.



•Axion coupling to matter: 
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•Axion coupling to matter: 
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Original PQ Axion

•PQ rotation on fermions: 
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•Axion coupling to matter: 

LY � YuQL H̃u uR + Yd QL Hd dR + h.c.

Original PQ Axion

•PQ rotation on fermions: 

Ruled out
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“Simple generalisation of the PQ scheme with a harmless axion”

Invisible Axions: DFSZ

LY � YuQL H̃u uR + Yd QL Hd dR + h.c.

Hu ! e
iXuHu, Hd ! e

�iXdHd, S ! e
iXSS

•PQ charges:
S ⇠ (1, 1, 0)

Dine, Fischler, Srednicki, 1981 
Zhitnitsky, 1980 
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Invisible Axions: DFSZ
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•“The           is spontaneously broken and is realized by the existence 
of the axion     that does not couple to ordinary quarks at tree level.”

Invisible Axions: KSVZ
U(1)A

a

LY � LSM
Y + Yq qL qR S +Mq qL qR + h.c.

Kim, 1979 
Shifman, Vainshtein, Zakharov, 1980 
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•“The           is spontaneously broken and is realized by the existence 
of the axion     that does not couple to ordinary quarks at tree level.”
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“The only requirement is the existence of an anomalous U(1) 
symmetry broken at a large energy scale” 
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•Astrophysical constraints: fa & 107 GeV

Irastorza, Redondo, 2018
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Axions highly non-relativistic     monochromatic photons 
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And what if we decouple the detector V from the axion     ?!a



ABRACADABRA
A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-field Ring Apparatus

SQUID
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0

p
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 generates an      through Ampère’s circuit law

    sources a                     oscillating magnetic flux
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~Ea

�S ⇠ O(1)

s
L

Lp
�

Pick-up coil (Lp)

No external B-field 
 in the center of  

the toroid

And what if we decouple the detector V from the axion     ?!a

Kahn, Said, Thaler, 2016



ABRACADABRA

GUT scales!!

Enhance the  
signal by       Q



CASPEr
Cosmic Axion Precession Experiment
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E < ⇤QCD

Graham, Rajendran, 2013

HEDM = � ~dn(t) · ~E
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CASPEr
Cosmic Axion Precession Experiment

CASPEr ELECTRIC CASPEr WIND

GUT scales!!

Strongest magnet 30 T ) ma < 10�6 eV

Budker, Graham, Bedbetter, Rajendran, Sushkov, 2014



Motivation

Wise, Georgi, Glashow, 1981 



Grand Unified Theories (GUTs)

SU(5) • Rank 4
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Grand Unified Theories (GUTs)

SU(5)

• 15 Weyl d.o.f. fit perfectly in 5̄ and 10
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Grand Unified Theories (GUTs)

SU(5)

• 15 Weyl d.o.f. fit perfectly in 5̄ and 10

• Charge quantisation

• Rank 4

Matter content
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Grand Unified Theories (GUTs)
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Grand Unified Theories (GUTs)
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Grand Unified Theories (GUTs)

SU(5)

• 15 Weyl d.o.f. fit perfectly in 5̄ and 10

• Charge quantisation

• Rank 4

⌧p & 1034 yr ) MGUT ⇠ 1015 GeV

Matter contentScalar content

5H , 24H

Gauge bosons

24V 5̄, 10



Grand Unified Theories (GUTs)

•Gauge couplings do not unifySU(5)GG

↵�1
1

↵�1
2

↵�1
3

↵i =
g2i
4⇡

Georgi, Glashow 



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Gauge couplings do not unifySU(5)GG

Md = MT
e = Y1

v⇤

2
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Mu = 4(Y3 + Y T
3 )

v

2

LY � Y1 5̄ 10 5
⇤
H
+ Y3 10 10 5H✏5 + h.c.



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Gauge couplings do not unifySU(5)GG

Md = MT
e = Y1

v⇤

2
,

Mu = 4(Y3 + Y T
3 )

v

2

LY � Y1 5̄ 10 5
⇤
H
+ Y3 10 10 5H✏5 + h.c.

@ GUT scale



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Neutrinos are massless (as in the SM)

•Gauge couplings do not unifySU(5)GG

Not allowed by Gauge Symmetry

L � Y⌫ 5̄ 5̄ 5H



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Neutrinos are massless (as in the SM)

•Gauge couplings do not unifySU(5)GG

Ye 6= Yd M⌫ 6= 0 Unification
Renorm.

SU(5)

extension?



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Neutrinos are massless (as in the SM)

Ye 6= Yd M⌫ 6= 0 Unification
Renorm.

SU(5)

extension?

24H � 1p
2
|⌃0|e

ia(x)
v⌃24H

U(1)! 24⇤
H

)

•Gauge couplings do not unifySU(5)GG

⌦ U(1)PQ

Wise, Georgi, Glashow 

U(1)PQ



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Neutrinos are massless (as in the SM)

•Gauge couplings do not unify

•Extra content for PQ!

SU(5)GG

⌦ U(1)PQ

Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

X50
H

L � Y5 5̄ 10 5
⇤
H
+ Y10 10 10 5

0
H
✏5 + � 5⇤

H
242

H
50
H
+ h.c.

Wise, Georgi, Glashow 



Grand Unified Theories (GUTs)

•Wrong fermion mass relations

•Neutrinos are massless (as in the SM)

•Gauge couplings do not unify

•Extra content for PQ!

SU(5)GG

⌦ U(1)PQ

Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

⇥⇥ X⇥50
H

Wise, Georgi, Glashow 

L � Y5 5̄ 10 5
⇤
H
+ Y10 10 10 5

0
H
✏5 + � 5⇤

H
242

H
50
H
+ h.c.



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

X
X
X
X

GUTs and PQ?

45H ⇠ (8, 2, 1/2)| {z }
�1

� (6̄, 1,�1/3)| {z }
�2

� (3, 3,�1/3)| {z }
�3
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�4

� (3, 1,�1/3)| {z }
�5

� (3̄, 1, 4/3)| {z }
�6

� (1, 2, 1/2)| {z }
H2

LY = 5̄ 10 (Y1 5⇤
H
+ Y2 45⇤

H
) + 10 10 (Y3 5H + Y4 45H)✏5 + h.c.

45H

V � µ5⇤
H
242

H
45H



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

45H

X
X
X
X ⇥1i

GUTs and PQ?

L � M⌫1i1i + Y i

⌫
5̄ 1i 5H



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

10H
45H

X
X
X
X

⇥
⇥1i

GUTs and PQ?

eLk νLjeRl

H0
a

H0
c

H
+
bδ+

νLi

� 5H/45H

� 45H/5H10H ⇢

� 5H , 45H

5̄ 5̄ 5̄10

L �� 5̄ 5̄ 10H + 5̄ 10 (Y ⇤
1 5

⇤
H
+ Y ⇤

2 45
⇤
H
)

+ µ 5H45H10⇤
H
+ h.c.



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

10H
45H

X
X
X
X

⇥
⇥
⇥1i

15H

GUTs and PQ?

L �Y⌫ 5̄ 5̄ 15H + µ 5⇤
H
5⇤
H
15H + h.c.

M⌫ ⇠ �Y⌫
h�i2

M2
�T

� 15H
� 5H

5̄ ⇢ � 5H

5̄ ⇢



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

10H

24

45H

XX
X
X
X

⇥
⇥
⇥1i

15H

GUTs and PQ?

⇢0 ⇢3
+

type-I type-III

24H =

 
⌃8 � 2p

30
⌃0 ⌃(3̄,2)

⌃(3,2) ⌃3 +
3p
30
⌃0

!
, 24 =

 
⇢8 � 1p

15
⇢0 ⇢(3̄,2)

⇢(3,2) ⇢3 +
3

2
p
15
⇢0

!

L � �Tr{24224H}+ h.c.



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ
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GUTs and PQ?
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024H50



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ
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GUTs and PQ?

L � M24Tr{242}+ �Tr{24224H}+ h.c.



Ye 6= Yd M⌫ 6= 0 Unification U(1)PQ

10H

24

45H

XX
X
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⇥
⇥
⇥

50 + 5̄0

1i

15H

24

1i

15H

X
X
X

⇥
⇥
⇥

GUTs and PQ?

Adjoint SU(5)KSVZ

•Minimal GUT theory (# of Reps.) where the PQ-symmetry can be realized

Fileviez Pérez, 2007 



•PQ charges:

•Charged fermion masses:

Adjoint SU(5)

L � 5̄ 10 (Y1 5
⇤
H
+ Y2 45

⇤
H
) + 10 10 (Y3 5H + Y4 45H)✏5 + h.c.

ME =
1

2
(Y T

1 v⇤5 � 6Y T
2 v⇤45),

MD =
1

2
(Y1v

⇤
5 + 2Y2v

⇤
45),

MU =
1

2
p
2
(4(Y3 + Y T

3 )v5 � 8(Y4 � Y T
4 )v45).



M⌫ = M I
⌫ +M III

⌫ +M cs
⌫

•PQ charges:

•Neutral fermion masses:

Adjoint SU(5)

⇢0 ⇢3
+

type-I type-III

⌫

H1,2 H1,2 H1,2 H1,2

⌫ ⌫⌫

M I+III
⌫ =

 
L.C.[hi

1, h
j
2]

M2
⇢0

+
L.C.[hi

1, h
j
2]

M2
⇢3

!

=

L � hi

1 5̄i 24 5H + hi

2 5̄i 24 45H + �Tr{24224H}+ h.c.



M⌫ = M I
⌫ +M III

⌫ +M cs
⌫

•PQ charges:

•Neutral fermion masses:

Adjoint SU(5)

⇢0 ⇢3
+

type-I type-III

⌫

H1,2 H1,2 H1,2 H1,2

⌫ ⌫⌫

L � hi

1 5̄i 24 5H + hi

2 5̄i 24 45H + �Tr{24224H}+ h.c.

+
⌫⌫

H1,2H1,2

⇢8
Radiative colored see-saw

�1



L � h15̄ 24 5H + h2 5̄ 24 45H + �Tr{24224H}+ h.c.

•PQ charges:

•Neutral fermion masses:

Adjoint SU(5)

•New fermion masses:

M⇢0 =
1

3
M⇢3 , M⇢8 =

2

3
M⇢3 , M⇢(3,2)

= M⇢(3̄,2)
=

1

6
M⇢3 .

M24 ⌘ M⇢3

L � M24Tr{242}+ �Tr{24224H}+ h.c.



L � �Tr{242h24Hi}+ h.c.

=
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2
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2
⇢20

◆
+ h.c.

Adjoint SU(5)

24H ! v⌃p
15

diag(�1,�1,�1, 3/2, 3/2)eia(x)/v⌃



Adjoint SU(5)

L � Tr{Dµh24Hi†Dµh24Hi} = Tr{(igGUT[Aµ, h24Hi])†(igGUT[A
µ, h24Hi]}

= g2GUT
5

6
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M
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◆
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L � Tr{Dµh24Hi†Dµh24Hi} = Tr{(igGUT[Aµ, h24Hi])†(igGUT[A
µ, h24Hi]}

= g2GUT
5

6
v2⌃

| {z }
M

2
GUT

V †
µ
V µ

L � �Tr{242h24Hi}+ h.c.

=
�p
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v⌃ eia(x)/v⌃

✓
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2
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◆
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) L � g2s
32⇡2

N

v⌃|{z}
fa

aGµ⌫G̃
µ⌫) MGUT = gGUT

r
5

6
v⌃

GUT scale window Axion mass window

Adjoint SU(5)
• Same scalar field to break both theories (                     )SU(5)⌦ U(1)PQ

24H ! v⌃p
15

diag(�1,�1,�1, 3/2, 3/2)eia(x)/v⌃



Adjoint SU(5)

GUT scale window Axion mass window

MGUT ' (1015.06 � 1015.74) GeV ma ' (3� 13)⇥ 10�9 eV



Adjoint SU(5)

GUT scale window Axion mass window

Bmax = 5 T, VB = 1m3

Bmax = 20T, VB = 1m3

Bmax = 5 T, VB = 100m3

Res. I
Res. II
Res. III

The theory can be fully tested!

MGUT ' (1015.06 � 1015.74) GeV

SPOILER

ma ' (3� 13)⇥ 10�9 eV
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Window for the GUT scale
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MH2 = 1 TeV B23
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only sensitive to splitting in 24

Allowed by unification constraints

�1 ⇠ (8, 2, 1/2)

MGUT = f(M�1 ,M�3 ,MH2)



Collider bounds

2 4 6 8 10 12 14

14.5

15.0

15.5

M�1 � 1 TeV ) MGUT  1015.87 GeV

Miralles, Pich
�1 ⇠ (8, 2, 1/2)



Collider bounds

2 4 6 8 10 12 14

14.5

15.0

15.5

M�1 � 1 TeV ) MGUT  1015.87 GeV

Miralles, Pich

L�3
e↵ � 1

M2
�3

(Lc
↵Y2PLQ�)✏

��(Qac(Y4 � Y T
4 )PLQL)

�p ⇠ Y 2
2 (Y4 � Y T

4 )2
M5

p

M4
�3

�3 ⇠ (3, 3,�1/3)



Collider bounds

Md =
Y1

2
v⇤5 + Y2 v

⇤
45

Me =
Y T
1

2
v⇤5 � 3Y T

2 v⇤45

Mu = 2 (Y3 + Y T
3 )

v5p
2
� 4 (Y4 � Y T

4 )
v45p
2

2 4 6 8 10 12 14

14.5

15.0

15.5

M�1 � 1 TeV ) MGUT  1015.87 GeV

Miralles, Pich

L�3
e↵ � 1

M2
�3

(Lc
↵Y2PLQ�)✏

��(Qac(Y4 � Y T
4 )PLQL)

�p ⇠ Y 2
2 (Y4 � Y T

4 )2
M5

p

M4
�3

�3 ⇠ (3, 3,�1/3)



Collider bounds

Md =
Y1

2
v⇤5 + Y2 v

⇤
45

Me =
Y T
1

2
v⇤5 � 3Y T

2 v⇤45

Mu = 2 (Y3 + Y T
3 )

v5p
2
� 4 (Y4 � Y T

4 )
v45p
2

2 4 6 8 10 12 14

14.5

15.0

15.5

M�1 � 1 TeV ) MGUT  1015.87 GeV

YU ⌘ (Y3 + Y T
3 ) = Y T

U

Miralles, Pich

L�3
e↵ � 1

M2
�3

(Lc
↵Y2PLQ�)✏

��(Qac(Y4 � Y T
4 )PLQL)

�p ⇠ Y 2
2 (Y4 � Y T

4 )2
M5

p

M4
�3

�3 ⇠ (3, 3,�1/3)



�(p ! M ¯̀) =
mp

32⇡

 
1�

✓
mp

mM

◆2
!2 �����

X

i

hM |O
X,Y
i |pi

�����

2

Proton Decay
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•Proton decay mediators:

V c
µ =

✓
Xµ

Yµ

◆
! QX = 4/3
! QY = 1/3

Integrate X and Y fields out

Proton Decay

Vµ ⇠ (3, 2,�5/6)



�(p ! M ¯̀) =
mp

32⇡

 
1�

✓
mp

mM

◆2
!2 �����

X

i

hM |O
X,Y
i |pi

�����

2

Lp � i5̄ �µDµ5̄ +
i

2
Tr{10�µDµ10}

� 1

2
M2

GUT

⇣
Tr{Xc

µ
TCXµ + Y c

µ
TCY µ}

⌘
+ h.c.

•Proton decay mediators:
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Proton Decay
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•Proton decay mediators:

Running factor
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Proton Decay
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Proton Decay
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•Mixing matrices from fermions:

Proton Decay

YU ⇠ (Y3 + Y3)
T = Y T

U ) V1 ⇠ I eI�
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Window for GUT Scale

MGUT = [1015.06 � 1015.74] GeV



Axion couplings
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Axion Mass

ma = 5.70(7)⇥ 10�6 eV

✓
1012 GeV

fa

◆
= 5.70(7)⇥ 10�6 eV

r
5⇡↵GUT

6

✓
1013 GeV

MGUT

◆

↵GUT = ↵GUT(MGUT,M24)

MGUT = [1015.06 � 1015.74] GeV ) ma = (2.98� 13.4)⇥ 10�9 eV



Axion-EDM coupling

L � � i

2
gaD a( N�µ⌫�5 N )Fµ⌫

dn = gaD a ⇡ 2.4⇥ 10�16 a

fa
e · cm.
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Axion coupling to photons
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Axion coupling to photons
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Axion coupling to photons

Bmax = 5 T, VB = 1m3
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Conclusions

•GUT and PQ scales connected through the SU(5) SSB (     )

• 24 representation plays a twofold role: 

•Appealing theory!

•The theory could be fully tested by the ABRACADABRA and 
the CASPEr-Electric experiments.

•The allowed GUT scale window predicts the axion mass range: 
ma ' (3� 13)⇥ 10�9 eV

M⌫ 6= 0

aGG̃

24H

•Most economical renormalizable SU(5) where the PQ mechanism can be 
realized: The Adjoint SU(5): 45H, 24



Thank you for your attention!! 



Alpha GUT
RGE only sensitive to splitting in 24

BUT

Range of        ?

•Lower bound •Upper bound

M⌫ ' h2
1v

2
0

M⇢3

) M⇢3 . 1015 GeVBBN:

Perturbativity Yukawa:

M⇢3

B23, B12 = 0

bi 6= 0 ) ↵GUT = ↵GUT(M⇢3)

⌧⇢8 . 0.1 s ) M⇢3 & 104.51 GeV



V1 ⌘ U†
cU, V2 ⌘ E†

CD, V3 ⌘ D†
CE

VUD ⌘ U †D ⌘ VCKM , VEN ⌘ E†N

AcYAA ⌘ Y diag
A

•Mixing matrices:

�(p ! K+⌫̄) =
⇡mp
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1�

m2
K+

m2
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=
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2

✓
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M2
GUT

◆2 ✓
1�
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K+

m2
p

◆2

A2
R

�
|V 11

CKM hK+|(us)RdL|pi|2 + |V 12
CKM hK+|(ud)RsL|pi|2

�

Proton Decay

YU ⇠ (Y3 + Y3)
T = Y T

U ) V1 ⇠ I eI�

p

K+

⌫̄



Alpha GUT

20 25 30 35 40
14.4
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14.8
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15.4
15.6

only sensitive to splitting in 24B23, B12

BUT bi = f(M⇢3)

104.51 GeV . M⇢3 . 1015 GeV

) ↵GUT = f(M⇢3)


