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Dine, Fischler, and Srednicki have proposed a solution to the strong CP puzzle in which

the mass and couplings of the axion are suppressed by an inverse power of a large mass.
We construct an explicit SU(5) model in which this mass is the vacuum expectation value
which breaks SU(5) down to SU(3) (3SU(2)U(1).

PACS numbers: 14.80.Kx, 11.30.Er, 12.20.Hx
The standard SU(3) SU(2) SU(1) gauge theory

appears to be adequate to describe all of the phe-
nomenology of the strong, electromagnetic, and
weak interactions. Moreover, much of the struc-
ture of these interactions is explained by the
theory in the sense that it follows directly from
the form of the gauge interactions. However,
there are a number of features which can be de-
scribed in the context of SU(3) SSU(2) SU(l) but
which are in no sense explained. Some of these
features, such as charge quantization and the ob-
served value of the weak mixing angle, are ex-
Plained by the extension of SU(3) SSU(2) SU(1) to
the grand unifying group SU(5). ' The rest com-
prise the fundamental puzzles of contemporary
particle physics: Why SU(3) SSU(2) CIU(1) [or
SU(5)] and not some other gauge group 7 How
many generations of quarks and leptons exist and
why? Why do the quark masses and mixing
angles take their observed values? Why is the
CP nonconservation in the SU(3) strong interac-
tions so small? Finally, in the context of grand
unified theories, there is the hierarchy puzzle.
Why are the mass scales associated with the
electroweak and strong interactions so small
compared to the unification mass scale M„=10"
GeV?' Some or all of these questions may not
have answers. The world may just be the way it
is.
Our penultimate question, the puzzle of the
smallness of strong CP nonconservation, is par-
ticularly tantalizing. Several different mechan-
isms have been proposed to exp/ain the smallness.
Soft CP noneonservation' or a massless up quark4
might do it at a price in elegance. The Peccei-
Quinn' symmetry would do it, but the predicted
axion' is not seen. ' Some workers' have sug-
gested scenarios in which the axion is heavy and
hard to see. Dine, Fischler, and Srednicki'

(DFS) have recently suggested a clever variant
of the Peccei-Quinn scheme in which the axion
mass and its coupling to normal matter are in-
versely proportional to a large and arbitrary
vacuum expectation value (VEV) of a.n SU(2)
singlet scalar field. If this VEV is large enough,
their axion is invisible.
In this paper, we comment on the DFS idea.

We first note that the singlet VEV must be great-
er than 10' GeV to satisfy astrophysical con-
straints. " In the SU(3) SSU(2) SU(1) theory,
such a large mass scale is unnatural. Thus, in
the context of SU(3) 13SU(2) CIU(1), the DFS idea
is a trade-off. It explains the smallness of strong
CI' nonconservation at the cost of introducing a
hierarchy puzzle.
In a grand unified theory, it seems reasonable

to imagine that the singlet VEV is of order M„.
Our main purpose in this paper is to describe a
model in which it is more than reasonable, it is
automatic, because the DFS singlet field is pre-
cisely the field whose VEV breaks SU(5) down to
SU(3) SSU(2) SU(1). In our model, the hierarchy
puzzle is still with us, but the strong CP puzzle
is solved at no addtional cost.
The astrophysical constraints on a light axion

have been discussed by Dieus, Kolb, Teplitz,
and Wagoner. " They find that for a light axion
with conventional couplings, the power radiated
in axions by the helium core of a red supergiant
star would exceed the power in photon emission
by about 10". Consistency with the usual stellar
models can only be achieved if the axion couplings
are reduced by at least 10". In the DFS model,
the axion coupling is reduced by the ratio of the
usual Higgs VEV, u =250 GeV, to the singlet
VEV. Thus the singlet VEV must be of order 10'
GeV or larger.
Our main concern is the construction of an ex-
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35-dimensional scalar representation mass relation: 

lepton number breaking term: 
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Yukawa couplings: 

15-dimensional fermion representation mass relation: 



FERMION SECTOR 

2

M2
�10

= M2
�1

� 3M2
�3

+ 3M2
�6

(7)

L � Y u
ij 10F i10F j5

0
H + Y d

ij 10F i5F j5
⇤
H + Y a

i 15F 5F i5
⇤
H

+ Y b
i 15F 5F i35

⇤
H + Y c

i 10F i15F 24H + y 15F 15F 24H + h.c. (8)

Y u
ij ⌘ Y u

ji , Y d
ij = Y d⇤

ij ⌘ �ijY
d
i , Y a

i , Y b
i , Y c

i , y = y⇤

M⌃1 =
y

2

r
3

5
v� (9)

M⌃3 =
y

4
p
15

v� (10)

M⌃6 = � yp
15

v� (11)

MD =

 
v⇤Y d v0�Y

c

v⇤Y a M⌃3

!
(12)

v0� = �1

4

r
5

3
v�

Mu =
⇣
1 + �2 Y cY c†

⌘� 1
2
8v⇤0Y u (13)

Md =
⇣
1 + �2 Y cY c†

⌘� 1
2
v⇤
�
Y d + � Y cY a

�
(14)

Me = v⇤Y
d (15)

� = �v0�/M⌃3

v2⇤ + v2⇤0 = v2

v = 174GeV

(M⌫)ij ⇡
�v2⇤0

8⇡2
(Y a

i Y
b
j + Y b

i Y
a
j )

M⌃1

M2
⌃1

�M2
�1

ln

✓
M2

⌃1

M2
�1

◆

⌘ m0(Y
a
i Y

b
j + Y b

i Y
a
j ) = (N diag(0,m2,m3) N

T )ij (16)

N = diag(ei⌘
⌫
1 , ei⌘

⌫
2 , ei⌘

⌫
3 )V ⇤

PMNS, (17)

VPMNS = R23U13R12Q

2

M2
�10

= M2
�1

� 3M2
�3

+ 3M2
�6

(7)

L � Y u
ij 10F i10F j5

0
H + Y d

ij 10F i5F j5
⇤
H + Y a

i 15F 5F i5
⇤
H

+ Y b
i 15F 5F i35

⇤
H + Y c

i 10F i15F 24H + y 15F 15F 24H + h.c. (8)

Y u
ij ⌘ Y u

ji , Y d
ij = Y d⇤

ij ⌘ �ijY
d
i , Y a

i , Y b
i , Y c

i , y = y⇤

M⌃1 =
y

2

r
3

5
v� (9)

M⌃3 =
y

4
p
15

v� (10)

M⌃6 = � yp
15

v� (11)

MD =

 
v⇤Y d v0�Y

c

v⇤Y a M⌃3

!
(12)

v0� = �1

4

r
5

3
v�

Mu =
⇣
1 + �2 Y cY c†

⌘� 1
2
8v⇤0Y u (13)

Md =
⇣
1 + �2 Y cY c†

⌘� 1
2
v⇤
�
Y d + � Y cY a

�
(14)

Me = v⇤Y
d (15)

� = �v0�/M⌃3

v2⇤ + v2⇤0 = v2

v = 174GeV

(M⌫)ij ⇡
�v2⇤0

8⇡2
(Y a

i Y
b
j + Y b

i Y
a
j )

M⌃1

M2
⌃1

�M2
�1

ln

✓
M2

⌃1

M2
�1

◆

⌘ m0(Y
a
i Y

b
j + Y b

i Y
a
j ) = (N diag(0,m2,m3) N

T )ij (16)

N = diag(ei⌘
⌫
1 , ei⌘

⌫
2 , ei⌘

⌫
3 )V ⇤

PMNS, (17)

VPMNS = R23U13R12Q

2

M2
�10

= M2
�1

� 3M2
�3

+ 3M2
�6

(7)

L � Y u
ij 10F i10F j5

0
H + Y d

ij 10F i5F j5
⇤
H + Y a

i 15F 5F i5
⇤
H

+ Y b
i 15F 5F i35

⇤
H + Y c

i 10F i15F 24H + y 15F 15F 24H + h.c. (8)

Y u
ij ⌘ Y u

ji , Y d
ij = Y d⇤

ij ⌘ �ijY
d
i , Y a

i , Y b
i , Y c

i , y = y⇤

M⌃1 =
y

2

r
3

5
v� (9)

M⌃3 =
y

4
p
15

v� (10)

M⌃6 = � yp
15

v� (11)

MD =

 
v⇤Y d v0�Y

c

v⇤Y a M⌃3

!
(12)

v0� = �1

4

r
5

3
v�

Mu =
⇣
1 + �2 Y cY c†

⌘� 1
2
8v⇤0Y u (13)

Md =
⇣
1 + �2 Y cY c†

⌘� 1
2
v⇤
�
Y d + � Y cY a

�
(14)

Me = v⇤Y
d (15)

� = �v0�/M⌃3

v2⇤ + v2⇤0 = v2

v = 174GeV

(M⌫)ij ⇡
�v2⇤0

8⇡2
(Y a

i Y
b
j + Y b

i Y
a
j )

M⌃1

M2
⌃1

�M2
�1

ln

✓
M2

⌃1

M2
�1

◆

⌘ m0(Y
a
i Y

b
j + Y b

i Y
a
j ) = (N diag(0,m2,m3) N

T )ij (16)

N = diag(ei⌘
⌫
1 , ei⌘

⌫
2 , ei⌘

⌫
3 )V ⇤

PMNS, (17)

VPMNS = R23U13R12Q

2

M2
�10

= M2
�1

� 3M2
�3

+ 3M2
�6

(7)

L � Y u
ij 10F i10F j5

0
H + Y d

ij 10F i5F j5
⇤
H + Y a

i 15F 5F i5
⇤
H

+ Y b
i 15F 5F i35

⇤
H + Y c

i 10F i15F 24H + y 15F 15F 24H + h.c. (8)

Y u
ij ⌘ Y u

ji , Y d
ij = Y d⇤

ij ⌘ �ijY
d
i , Y a

i , Y b
i , Y c

i , y = y⇤

M⌃1 =
y

2

r
3

5
v� (9)

M⌃3 =
y

4
p
15

v� (10)

M⌃6 = � yp
15

v� (11)

MD =

 
v⇤Y d v0�Y

c

v⇤Y a M⌃3

!
(12)

v0� = �1

4

r
5

3
v�

Mu =
⇣
1 + �2 Y cY c†

⌘� 1
2
8v⇤0Y u (13)

Md =
⇣
1 + �2 Y cY c†

⌘� 1
2
v⇤
�
Y d + � Y cY a

�
(14)

Me = v⇤Y
d (15)

� = �v0�/M⌃3

v2⇤ + v2⇤0 = v2

v = 174GeV

(M⌫)ij ⇡
�v2⇤0

8⇡2
(Y a

i Y
b
j + Y b

i Y
a
j )

M⌃1

M2
⌃1

�M2
�1

ln

✓
M2

⌃1

M2
�1

◆

⌘ m0(Y
a
i Y

b
j + Y b

i Y
a
j ) = (N diag(0,m2,m3) N

T )ij (16)

N = diag(ei⌘
⌫
1 , ei⌘

⌫
2 , ei⌘

⌫
3 )V ⇤

PMNS, (17)

VPMNS = R23U13R12Q

charged fermion masses: 
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axion decay constant: 

axion mass*: 

*G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G. Villadoro, arXiv:1511.02867. 
&W. A. Bardeen, S. H. H. Tye, and J. A. M. Vermaseren,, Phys. Lett. B 76 (1978) 580–584. 
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axion coupling to the photons*: 

*G. Grilli di Cortona, E. Hardy, J. Pardo Vega, and G. Villadoro, arXiv:1511.02867. 
&P. W. Graham and S. Rajendran, arXiv:1306.6088 [hep-ph]. 

axion coupling to nucleon n&: 
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axion dark matter contribution*: 

*G. Ballesteros, J. Redondo, A. Ringwald, and C. Tamarit, arXiv:1610.01639. 



PARAMETER SPACE ANALYSIS 

-  gauge coupling analysis 
-  fermion mass fit 
-  proton partial decay lifetimes 
-  axion parameters 
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*Hyper-Kamiokande Collaboration, arXiv:1805.04163 [physics.ins-det]. 
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Figure 7: The 1� (dark) and 2� (light) HPD intervals of the proton lifetime for
various decay channels for a benchmark scenario with MGUT = 1016.2 GeV. The blue
line segments represent the current experimental bounds at 90% confidence level.

a large mixing, whereas DL is for all points in the MCMC almost equal to the
identity matrix. This, in particular, also implies that the CKM mixing is mostly
coming from UL. Hence, in the case of a positron in the final state, i.e., for ↵ = 1

in Eqs. (4.17) and (4.18), the contribution coming from c(ec, d) dominates over the
contribution coming from c(e, dc) in the decay width formula (see Eq. (4.3)), since
|(UL)11|, |(DL)11| > |(DR)11|. Contrarily, if an antimuon is in the final state (↵ = 2),
the contribution involving c(µ, dc) is dominant over the contribution from c(µc, d),
since |(DR)21| > |(UL)21|, |(DL)21|. Now, varying over the full flavor freedom, since we
always roughly have |(UL)11| ⇡ |(VCKM)11|, |(DL)11| ⇡ 1, the dominating c-coefficient
c(ec, d) only varies by an order 1 factor. This results in a very sharp prediction for
the partial lifetime of the decay channel p ! ⇡0e+. On the other hand, |(DR)21|
roughly varies within the interval [0.1, 1], resulting in a much less sharp prediction
for the partial lifetime of the decay width p ! ⇡0µ+.

Finally, from our MCMC results, we deduce the HPD intervals of the Dirac CP
and Majorana phase of the PMNS matrix. At 1� we obtain �⌫ 2 [�22.6�, 34.4�]

and �⌫ 2 [�124.1�,�71.4�], while our 2� HPD results are �⌫ 2 [�50.7�, 55.6�] and
�⌫ 2 [�132.2�,�54.1�]. Future experiments involving these two observables also have
the potential to probe our model and to possibly further reduce the allowed parameter
space. For instance, our 2� HPD results for m��, the effective mass parameter for
the neutrinoless double beta decay, is predicted to be m�� 2 [1.46, 2.24]meV, well
below the current experimental bound m�� < 61meV provided by Ref. [80].
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neutrino Dirac CP phase: 



The SU(5)×U(1)PQ model under consideration predicts existence of an 
ultralight axion dark matter within a narrow mass range of [0.1, 4.7] neV. 
 
The entire parameter space of the proposal will be probed through a synergy 
between experiments that (will) look for proton decay (Hyper-Kamiokande), 
axion dark matter through axion-photon coupling (ABRACADABRA and 
DMRadio-GUT) and nucleon electric dipole moments (CASPEr Electric). 
 
The model predicts neutrino Dirac CP phase to be 
 
 
It also yields neutrinoless double beta decay parameter to be 
 
 
 
The model requires normal hierarchy for neutrinos, where one neutrino is 
massless. 
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RESULTS 

…starting from a single benchmark point with a flat prior distribution a Markov- 
chain-Monte-Carlo (MCMC) analysis involving a Metropolis-Hasting algorithm is 
performed, giving us a total of 6 × 106 datapoints. We then use these points to 
calculate the highest posterior density regions of various quantities... 
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-

p ! K+ ⌫ 6.6⇥ 10

33
3.2⇥ 10

34

�Im
3 ,�Re

8 ,�Im
8 ,⌃1,�1,�3,�6, T1, T2, H2

�u
1 ,�

u
2 , �

⌫ ,�⌫ , ⌘⌫1 , ⌘
⌫
2 , ⌘

⌫
3 , ⌘

c
1, ⌘

c
2, ⌘

c
3

yc1, y
c
2, y

c
3,�, ⇠

⌘u1 = ⌘u2 = ⌘u3 = 0

�(p ! ⇡0e+↵ ) =
mp⇡

2

✓
1� m2

⇡

m2
p

◆2

A2
L

↵2
GUT

M4
GUT

(32)

⇥
�
A2

SL|c(ec↵, d)h⇡0|(ud)LuL|pi|2 +A2
SR|c(e↵, dc)h⇡0|(ud)RuL|pi|2

�

c(ec↵, d�) = (U†
RU

⇤
L)11(E

†
RD

⇤
L)↵� + (E†

RU
⇤
L)↵1(U

†
RD

⇤
L)1� (33)

c(e↵, d
c
�) = (U†

RU
⇤
L)11(E

†
LD

⇤
R)↵� (34)

c(⌫l, d↵, d
c
�) = (U †

RD
⇤
L)1↵(D

†
RN)�l (35)

Mu = ULM
diag
u U†

R Md = DLM
diag
d D†

R

Me = ELM
diag
e E†

R M⌫ = NMdiag
⌫ NT (36)

Y a =
⇣
�0.120 + i 0.00943, 0.513 + i 0.200, 0.898

⌘
(37)

Y b =
⇣
0.109 + i 0.150, 0.348 + i 0.334, 0.195� i 0.0211

⌘
(38)

Y c =
⇣
0.00115 + i 0.00198, �0.0532 + i 0.0852, �2.781� i 0.743

⌘
⇥ 10�6 (39)

MGUT = 1016.2 GeV, mH2 = 103.77 GeV, MT1 = MT2 = 1014.55 GeV, M�Re
1

= 104.39 GeV, M�Im
1

= 104.12 GeV, M�Im
3

=

104.40 GeV, M�Re
8

= 104.09 GeV, M�Im
8

= 103.71 GeV, M⌃1 = 1013.41 GeV, M⌃3 = 1012.63 GeV, M⌃3 = 1013.24 GeV,

M�1 = 1011.63 GeV, M�3 = 105.28 GeV, M�6 = 104.18 GeV, M�10 = 1011.63 GeV, ↵�1
GUT = 15.62, � = 1.00, �⌫ =

�48.5�, �⌫ = �71.3�


