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ABSTRACT: We discuss the possibility to predict the QCD axion mass in the context of
grand unified theories. We investigate the implementation of the DFSZ mechanism in
the context of renormalizable SU(5) theories. In the simplest theory, the axion mass can
be predicted with good precision in the range m, = (2-16)neV, and there is a strong
correlation between the predictions for the axion mass and proton decay rates. In this
context, we predict an upper bound for the proton decay channels with antineutrinos,
(p — K*0) <4 x 1037 yr and 7(p — 777) < 2 x 1030 yr. This theory can be considered
as the minimal realistic grand unified theory with the DFSZ mechanism and it can be fully

tested by proton decay and axion experiments.
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1 Introduction

The QCD axion [1-3] is one of the most motivated dark matter candidates present in
theories for physics beyond the Standard Model (SM). The existence of the axion field is
motivated by two of the shortcomings of the SM; namely, the strong CP problem' and
the existence of dark matter in the Universe [4-6]. Unfortunately, since its mass and
interactions are determined by the unknown Peccei-Quinn (PQ) symmetry breaking scale
it is difficult to make predictions for the experiments. For reviews about the axion we refer
the reader to refs. [7-14].

Dine, Fischler, Srednicki and Zhitnitsky (DFSZ) [15, 16] proposed a simple mechanism
where the origin of the axion mass and its couplings can be understood. In this scenario,
a second Higgs doublet and a new scalar singlet are added to the SM. The axion field lives
mostly in the electroweak (EW) singlet and it is coupled indirectly to the fermions in the
SM through mixing terms in the potential. Therefore, by performing a chiral rotation of
the quark fields the coupling between the axion and the gluons, aGG, can be generated. A
second simple model for the QCD axion was proposed by Kim, Shifman, Vainshtein, and
Zakharov (KSVZ) in refs. [17, 18] where after integrating extra colored matter one generates
the aGG term. Unfortunately, these axion models do not provide any information about
the PQ scale. In order to predict the axion mass one needs to connect the PQ scale with the

'Recently, we had a wonderful discussion about the strong CP problem with Goran Senjanovié, where
he showed us that the strong CP problem might not be a severe problem. These results have not been
published and here we just refer to our discussions. However, the PQ mechanism still remains an appealing
dynamical explanation for the smallness of 6.



scale of new physics predicted in a given theory. Recently, we have discussed in ref. [19] the
simplest renormalizable grand unified theory where the KSVZ mechanism for the axion can
be implemented and predicted the axion mass using the fact that the PQ scale is defined
by the unification scale. For other studies of axions in GUTs, see refs. [20-23].

In this article, we study the implementation of the DFSZ in the context of a renor-
malizable SU(5) grand unified theory. Following the original idea of Wise, Georgi and
Glashow [24] we promote the 24§ to a complex field by imposing a global U(1)pq symme-
try. The fact that its vacuum expectation value breaks simultaneously SU(5) and U(1)pq
establishes a connection between the PQ and the GUT scale. However, the scenario dis-
cussed in ref. [24] is ruled out by the experiment and here we will study the predictions
for the axion mass and couplings in a realistic renormalizable grand unified theory. We
find that the axion mass is predicted to be in the window m, = (2-16) neV, range that the
ABRACADABRA [25] experiment in combination with the CASPEr-Electric [26] experi-
ment will be able to fully probe. This theory can be considered as the simplest realistic
grand unified theory where the DFSZ mechanism is implemented and a strong correlation
between the axion mass and the proton decay rates is predicted. In this context one can
predict upper bounds on the proton decay lifetimes for the channels with antineutrinos, i.e.
7(p — KT0) <4 x 103 yr and 7(p — 770) < 2 x 1036 yr. Therefore, the theory we discuss
in this article can be fully tested in the near future at proton decay and axion experiments.

This article is organized as follows: in section 2 we describe a simple GUT that allows
for a global PQ symmetry and is realistic, in the sense that reproduces the values of
the gauge couplings at the electroweak scale and can explain the masses for the charged
fermions. In section 3 we discuss how to implement the DFSZ mechanism in the context
of SU(5) GUTs and establish a direct connection between the Peccei-Quinn scale and the
GUT scale. We also demonstrate that this theory is able to provide predictions for the
axion mass and the proton lifetime in the channel involving anti-neutrinos. In section 4 we
discuss the testability of the theory by studying the axion-photon coupling and the axion
coupling to the neutron electric dipole moment in the predicted mass window.

2 Theoretical framework

In order to predict the axion mass via the DFSZ mechanism, we work with the renormal-
izable SU(5) grand unified theory where the matter fields of the SM are unified in 5 and
10 representations. The Higgs sector is composed of the minimal representations required
for the spontaneous symmetry breaking of the theory, 5y and 24y,

5 ~ (1,2,1/2) @ (3,1,-1/3),
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In order to implement the PQ mechanism we impose a U(1)pq; in this context the 24y
becomes complex and allows for a CP-odd field that will become the axion after the global
symmetry is spontaneously broken. Then, the axion lives mostly in 24y, i.e.

1 )
24§ D 72 ’Z(ﬂem(x)/vz,

f
with vy, being the vacuum expectation value of ¥g. We note that a mixing term between
all the CP-odd Higgses cannot be generated because 45y and 5y must be equally charged
under PQ in order to correct the charged fermion masses. Following the approach by Wise,

Georgi and Glashow [24], the aforementioned problem is solved by adding an extra Higgs
in the fundamental representation

5/I-I ~ (L 2, 1/2) D (3a 1, _1/3)7

-~

Hs T

whose mixing term with the CP-odd phase in 2441,
V D 5243 (M 5ar + A 45x) + A3 5 5 Tr[24%] + hec., (2.1)

allows for the implementation of the DFSZ mechanism once the symmetry is spontaneously
broken. In this context, the SU(5) ® U(1)pq theory has the following Yukawa interactions:

Ly =Y,10105, + 105 (Y1 5 + Y2 45%) + he.. (2.2)

Since the above terms must respect the global PQ symmetry, it follows that the U(1)pq
charges are given by

= ’

Field 5 10 5H 5H 45H 24H
PQ charge |« B -2 a+pf a+p —(a+35)/2

where the PQ charge of 24y is determined by the potential in eq. (2.1), which defines the
mixing between the axion and the Higgs doublets.

In this theory the mass matrices for the charged fermions are given by

M, = V2 (Y, +Y]) vy, (2.3)
1 * *

Me = 5 (}/1’()5 — 6Y2’U45), (24)
1 * *

My = 3 (Y +2Y5 vjs) - (2.5)

Notice that M, = M] has strong implications for the proton decay channels with an-
tineutrinos [27]. In appendix B we discuss how to extend this model to explain neutrino
masses.



3 The DFSZ mechanism in SU(5)

The terms in the scalar potential relevant for the DFSZ mechanism can be written in terms
of the elements of the SU(5) representations in the following way

V O (m2y + AH| Hy)H] Hy + HIS2(Aa1 Hy + Mo Ha) + hoc., (3.1)

where, following the notation previously introduced, H; C 5u, Ha C 45u, Hs C 5f and
Yo C 24yg. After spontaneous symmetry breaking, all neutral fields acquire a vacuum
expectation value and one can write their CP-odd component as a function of the two
Goldstone bosons arising due to the spontaneous breaking of two global symmetries of the

potential:
o %e”l/vl _ %ei(q&ﬁmld)? (3.2)
HY > %eiaz/’ug _ %ei(qdz+PQ2 a) (3.3)
O > %emg/v3 _ %ei(qaz+PQ3 @), (3.4)
Do O —Zeian/ve = U2 (iPQna (3.5)

V2 V2

Here, a and a7 are the phases of the axion and the Goldstone boson that will be eaten by
the Z, respectively. The factor ¢ is the contribution related to the electroweak quantum
numbers and PQ, parametrizes the presence of the axion in each of the scalar representa-
tions. The terms of the scalar potential fix the following conditions for the PQ; charges:

PQ; =PQ,, and PQ,+2PQy — PQy = 0. (3.6)

Notice that the axion in reality is a pseudo-Goldstone boson since the Peccei-Quinn sym-
metry, although being a good symmetry classically, it is broken at the quantum level.
Linearizing the kinetic terms,

% ,a10May = %v% (¢°0,a20"az + 2qPQq 9,a20"a + PQS 0,a0"4) , (3.7)
%auagaﬂag = %vg (®0uaz0"az + 2¢ PQy O0paz0"a + PQ3 9,a0"a) (3.8)
%auagaﬂag = %ug (¢°0,a20"az + 2¢PQg 0,a70"a + PQ3 0,a0"a) , (3.9)
% waxOlas = %v% PQ% 0,a0"a. (3.10)

Orthogonality of the Goldstone bosons requires the following condition
v PQ; + vs PQy + v3PQ; =0, (3.11)
whereas the normalization of the kinetic terms of the axion demands that

v PQI 4 v3 PQ3 + vi PQ3 + v& PQE = n?, (3.12)



where n, is the normalization of the CP-odd phase a = a/n,. The presence of the axion
in each of the scalar representations is given by

[ vitvy ) a . v2 a

V1 ja 0 V2 a 0 (%} —1( 1v2 n b)) _Z(ﬁ);
H) D ——e'n, HYD —=e'n, HYD e 3 , oD —=e /", (3.13)
V2 V2 V2

where v = \/v% + v% + v§ = 246 GeV and
Ng \/v1 + v3 \/ Uz > (3.14)

PQ, qo3(vi+03) 2037

for the last relation we have taken the limit vy > v1, v, v3, which is justified by the fact

n

that Mguyr is about 13 orders of magnitude higher than the electroweak scale. Comparing
egs. (3.2)—(3.5) with eq. (3.13) we conclude that the axion lives predominantly in the ¥
field as expected.

In the broken phase, the Yukawa Lagrangian can be rewritten as

i v%+v%

Ly O M, ugrur e ( vy ); + My (ZRdL e_i% + M. erey, e_i%, (3.15)

where the axion can be rotated away from the Yukawa Lagrangian by performing the
following chiral rotations

3 ”%'H’% a

uL/R—>e ( 203 )"uL/R, dL/R%eii%dL/R, and eL/R%eiiﬁeL/R, (316)

the transformation of the quarks will generate the following aGG term

as a a3 a as a 3v? -
LD —=—GG" = —="NG,G" = —=2""@G,,G". 3.17
8 fu M srog Y 8mn vy M (3:17)

Hence, the Peccei-Quinn scale f, is identified as
vy v3 vy
fa = N =52 (3.18)
Then, the connection between the PQ and GUT scales is given by

M, 1
fo= L : (3.19)
VaGgut 2v30m

using My = Mgur =+/(107/3) agur vs, where My refers to the mass of the heavy gauge
bosons mediating proton decay. For the relation between m, and f, we use the recent

results from ref. [28]

1 12
me = 5.691(51) x 107 %eV <0G6V> :

Ja

Therefore, if we predict the GUT scale and agut we can determine the allowed values for

(3.20)

the axion mass in this grand unified theory.



Fields | Hy Hs T ®; dy By Dy By D
by 1/10 1/10 1/15 4/5 2/15 1/5 49/30 1/15 16/15
by 1/6  1/6 0 4/3 0 2 1/2 0 0
bs 0 0 1/6 2 5/66 1/2  1/3 1/6  1/6

Bis/ri | —=1/15 —1/15 1/15 —8/15 2/15 —9/5 17/15 1/15 16/15

Bys/ri | 1/6  1/6 —-1/6 —2/3 —5/6 3/2 1/6 —1/6 —1/6

Table 1. Contributions of the new scalar sector to the running of the gauge couplings.

3.1 Unification constraints

The fact that (24g) breaks both SU(5) and U(1)pq symmetries establishes a connection
between the PQ and the GUT scales. Therefore, once Mgyt and agyur are known the
axion mass is predicted. In this theory, Mgyt is determined from the experimental input
on the values of the gauge couplings at the low scale. The following RG equations fix the
EW values for the gauge couplings as a function of the GUT parameters:

_ _ 1 Mg 1 Mg
o (Mg) = aghe + %bZSM IDT? + 5 > b ©(Maur — M])mT‘;T, (3.21)
I

where the subindex ¢ = 1,2 and 3 refers to the three different SM forces U(1)y, SU(2),
and SU(3)¢, respectively, 5™ = 41/10, b3M = —19/6 and b§M = —7, and M is the mass
of any intermediate field between the EW and the GUT scales. Besides the field content of
the Georgi and Glashow SU(5), this theory contains new Higgses, 53 and 45y, which may
contribute to the evolution of the couplings according to eq. (3.21). In table 1 we show
their contributions to the beta functions.

In order to obtain the following parameters at the My scale: sin® Oy (Mz) = 0.23122,
a(Mz) = 1/127.955, and as(Mz) = 0.1181 [29], the following conditions must be satis-
fied [30]

Bas thGUT 184.95

2% _ 0717, and - , 3.2
Bia Mz Bia (3:22)

where unification at the one-loop level has been assumed. The B;; = B; — B;, where B; is

defined as
ln(MGUT /M])

111(]\4(;U1“/]Wz)7

By =bM 4+ Zb{ rl, and ol (3.23)
I
are only sensitive to the relative splitting between the SU(5) representations.

In table 1 we also show their B;; contributions. Among the new scalar sector, the ®3
and Hj from the 45y, together with Hs in the 5f help towards unification since the three
of them contribute to enhance the ratio Ba3/Bjs. This helps to satisfy the first condition
from eq. (3.22) since, as it is well known, in the Georgi and Glashow model this ratio is
below the required value. The colored octet ®; in the 45g indirectly helps to unify since
it allows for a larger Mgyt range according to the second condition from eq. (3.22). We



will assume the rest of the scalar fields to be at the GUT scale since they do not help to
achieve unification.

Unification constraints determine Mgyt as a function of Mg, and the doublet masses
Mp, and My, as shown by the blue region in the left panel in figure 1. This figure also
shows that the lighter ®1, the larger Mgyt can be. However, due to experimental bounds
derived from collider physics, ®; cannot be arbitrarily light. According to the recent study
in ref. [31], its mass has to be above 1 TeV, which establishes an upper bound for the GUT
scale as the figure reflects. The region shaded in purple shows the parameter space ruled out
by the collider bounds on ®;. The mass of the ®3 ~ (3,3, —1/3) is also obtained from the
unification constraints and it is implicitly given in the figure: for My, ;, = Mgur, it ranges
from Mg, C [5.5, 13.5] x 107 GeV, whereas for My, , = 1 TeV, Mg, C [3.7, 5.5] x 10 GeV,
as shown explicitly by the blue dots.

On the right panel of figure 1 we show the relation between Mgyt and agyur. The
region shaded in blue satisfies the unification constraints in eq. (3.22), as we vary Mp,
and My, from 1TeV to the GUT scale. The LHC bound on ®; is shown by a purple line.
Experimental constraints for proton decay define a lower bound on the GUT scale. In both
of the panels in figure 1, we show in red the excluded region by the bound on p — K from
the Super-Kamiokande (SK) collaboration, 7(p — K*7) > 5.9 x 1033 years [32], whereas
the projected bound on the same decay from the Hyper-Kamiokande (HK) collaboration,
7(p — K1) > 3.2 x 103 years [33] and the DUNE collaboration, 7(p — K¥7) > 5 x 103
years [34], are shown with a green and orange dashed lines, respectively. These constraints
will be addressed in detail in the next section.

To close this section, we emphasize that with the 45 alone unification can be achieved,
as shown in figure 1, and the splitting in the 5¢; helps to increase the parameter space where
unification occurs. We find that the allowed window for the GUT scale is given by

Mgur = (1.12-10.45) x 10" GeV, (3.24)

where the upper bound is obtained from the collider bounds on Mg, whereas the lower
bound is given by experimental constraints on proton decay. We note that there are two
upper (and lower) bounds for the GUT scale, depending on the masses of the doublets Hy
and Hs. In order to define the GUT scale window, we have taken the conservative approach
to consider the larger range possible in the context of this theory. We also note that the
consistency with proton decay bounds in this case is ensured by the PQ symmetry, because
it forbids the interaction of the scalar leptoquark ®3 with the up-quarks. Otherwise, ®3
would mediate proton decay interactions through an effective operator suppressed by two
powers of its mass. Hence, in this scenario the PQ symmetry allows ®3 to be light in
agreement with both unification constraints and proton decay.

It is well-known that in any grand unified theory one faces the so-called “doublet-
triplet” splitting problem. In the minimal renormalizable DFSZ SU(5) discussed above
the Higgs sector is composed of 5y, 24y, 45y and 5/H. In order to achieve unification
in agreement with the low energy values for the gauge couplings and have at least one
light Higgs boson, we need to split the 5¢1 and 4551 representations. Unfortunately, in this
theory one does not have an explanation to show why some of these fields living in 5y,
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Figure 1. Unification constraints in the parameter space. The region shaded in blue satisfies the
unification constraints. The red area corresponds to the parameter space ruled out by the Super-
Kamiokande (SK) collaboration 7(p — K*7) > 5.9 x 103® years [32], the green and orange dashed
lines show the projected bounds from the Hyper-Kamiokande (HK) collaboration 7(p — K*0) >
3.2 x 103* years [33] and the DUNE collaboration 7(p — K*7) > 5 x 103* years [34], respectively.
The parameter space excluded by collider bounds on Mg, > 1TeV [31] is colored in purple. Left
Panel: in blue, prediction of the GUT scale as a function of the &1 ~ (8,2,1/2) mass. Right Panel:
in blue, prediction of the GUT scale as a function of agyr. In gray dashed lines we show the
sensitivity of different hypothetical decay widths for the p — K+ channels. In both panels the
width of the blue band scans over the possible mass range for the Higgs doublets Hy and Hj.

455 and 5IH are light but we can constrain the Higgs spectrum in the theory using all
current experimental bounds. We take a phenomenological approach in the sense that we
study the experimental implications of the simplest realistic DFSZ SU(5) model.

3.2 Axion mass and proton stability

In this theory the mass matrix for the up-quarks is symmetric and therefore we can predict
the decay width for the proton decay channels with antineutrinos as a function of the
known mixings at low energy [27]. The decay widths for the p — Ktv and p — 7«0
channels in the context of this SU(5) ® U(1)pq theory are given by

2 m2 2
T(p— K+p) = 1 JGUT <1 - K*) Ck, (3.25)
2 Mgyt my “
Fp—rto)  Cx mi.. - N
where
Ck = Agg (}V(%Il{M (K™| (us)rdr ‘p>‘2 + |V (K| (ud)rse ‘p>‘2> ~0.01, (3.27)
Cr = Akg ‘VCII%M <7r+‘ (du)gdy, ‘p>’2 ~0.1. (3.28)



We note that the Ci and Cj; coefficients are functions of known parameters: the RGE factor
ARg, which parametrizes the running between the GUT and the Aqcp scale [35], and the
known values of the CKM matrix. We remark that the calculation of these coefficients in
the context of GUTSs is only possible if, as in this theory, M, = M. For the hadronic
matrices we use the results from lattice QCD given in ref. [36]. Since the proton decay
width and the axion mass both depend on the ratio (agur/M&yt), We can relate them by

4.5
“T rA(p - K+D)

m eVv. (3.29)

Therefore, if any of these two decay channels are discovered in proton decay experiments
one can automatically predict the other channel and the axion mass, as shown in figure 2.
In this figure, we present the prediction of the axion mass from the lifetime of any of
the proton decay channels into anti-neutrinos. The red shaded area shows the excluded
parameter space from Super-Kamiokande (SK) bounds for both 7(p — Ko) > 5.9 x 1033
years [32] and 7(p — 7)) > 3.9 x 1032 years [37]. The projected bounds on the decay
channel p — K+ from the Hyper-Kamiokande collaboration 7(p — K*o) > 3.2 x 1034
years [33] and the DUNE collaboration 7(p — KT7) > 5 x 103* years [34] are shown with
a green and orange dashed lines, respectively. The purple shaded areas correspond to the
parameter space excluded by collider bounds on the colored doublet Mg, > 1TeV [31],
where we have assumed the My, , = Mgyt in order to account for the largest possible
range.

The white region in figure 2 shows the available window for the axion mass in this
model, which is predicted to be

mq = (1.87-16.05) x 1072V, (3.30)

Furthermore, the theory predicts the upper bound on the proton decay lifetime for the
channels with antineutrinos,

7(p— KT0) <35 x1037yr, and 7(p— 7t7) < 1.8 x 103 yr, (3.31)

which expose the theory to be tested in current or future proton decay experiments. We
emphasize that the peculiar feature M, = M. from this theory allows us to predict the
upper bound of the axion mass window.

Unfortunately, the width for the proton decay channel with charged leptons cannot be
predicted as a function of known quantities at low energy. The decay width for p — 70t
is given by
Ty O%UT

2 MéUT

2
I'(p— 7roe+) = AI%LGVE ‘<7TO‘ (ud) pur, ‘p>‘ , (3.32)
where V, is a flavor factor coming from the combination of some unknown fermion mixing
matrices. See appendix A for further details. As we show in that appendix, although the
proton lifetime cannot be predicted in this channel, information about the V., matrix can
be inferred from the experimental bounds on proton decay.
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Figure 2. Correlation between the proton lifetime prediction for the channels p — K7 and
p — 7T¥ with respect to the axion mass. The regions shaded in red show the parameter space
excluded by the proton decay bounds from the Super-Kamiokande collaboration 7(p — K+v) >
5.9 x 1033 years [32] and 7(p — 77¥) > 3.9 x 1032 years [37]. The green and orange dashed lines
give the projected bounds from the Hyper-Kamiokande collaboration 7(p — K+v) > 3.2 x 10%*
years [33] and the DUNE collaboration 7(p — KT7) > 5 x 1034 years [34]. The region shaded in
purple is the parameter space ruled out by collider bounds on @1, i.e. Mg, > 1TeV [31] assuming
My, , = Mgur. The area in white gives the allowed axion mass and proton lifetimes in the context
of this theory.

4 Axion phenomenology

In this section, we study the axion couplings to SM particles in the predicted mass window.
We focus on the axion to photon coupling and the interaction between the axion and the
electric dipole moment of the neutron (nEDM) for which there exist experiments that could
probe this scenario. In this work, we consider the case in which the PQ symmetry is broken
before inflation and in order to achieve the correct dark matter relic abundance we assume
an initial misalignment angle of §; ~ 10=2 [4-6].

The interaction between the axion and photons can be obtained by rotating the axion
field from the Yukawa terms of the charged fermions

Lo —g‘%aFWFW, (4.1)
with the effective coupling g, given by
apm (F agpMm (8
=— | =-19204) | = - —1.92(4 4.2
g = 5o (5~ 19200)) = $2 (5 - Lo2w)), (1.2

where second term is the contribution from non-perturbative effects from the axion coupling
to QCD and has been computed at NLO in ref. [40].

~10 -
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Figure 3. Left panel: the axion coupling to photons as a function of the axion mass. The blue
solid line corresponds to the prediction in the theory considered in this paper. The region shaded
in orange gives the projected sensitivite for Phase III of the ABRACADABRA [25] experiment
using the broadband approach. The purple dashed (dotted-dashed) line corresponds to Phase 11
(IIT) of the resonant approach. Right panel: the axion coupling to the neutron EDM as a function
of the axion mass. The blue band corresponds to the theoretical error on the g,p ocupling [38].
The region shaded in red gives the projected sensitivity to Phase IIT of the CASPEr-Electric [39]

experiment.

We present our results in figure 3. The solid blue line corresponds to the g4, cou-
pling in the predicted mass window and we show the projected sensitivites of the ABRA-
CADABRA experiment [25]. The broadband approach in its Phase III, which corresponds
to a configuration with magnetic field of 5T and a volume of 100 m?, will be sensitive to
a portion of this mass window, as shown by the orange region. This sensitivity takes into
account only the irreducible source of noise in the experiment. Phase III of the resonant
approach, shown by a purple dotted-dashed line, will be able to cover most of the predicted
mass window. The latter assumes that the noise in the SQUID is much smaller than the
thermal noise. The collaboration has recently published their first results using a prototype
detector [41].

The dark matter axion background field induces an oscillating electric dipole moment
for the neutron, given by

dn = gapa ~ 2.4 x 10716 %L ¢ cm, (4.3)

fa
The CASPEr-Electric [26, 39] experiment aims to measure this oscillating nEDM and
Phase III of this experiment will probe the lower portion of the predicted mass window as
shown in figure 3. Experimental limits have already been found using this search strat-

egy [42]. However, the advanced stage of CASPEr-Electric we show in figure 3 relies
on technology that is currently under development. When the projected sensitivities for
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ABRACADABRA and CASPEr-Electric are combined, these experiments will be able to
fully probe the mass window in eq. (3.30).

One important difference between this scenario and the one studied in ref. [19] is
that here the axion has a tree-level coupling to electrons. However, all the experimental
constraints on this coupling are well above the prediction for the QCD axion with mass
around 107" eV. It is important to emphasize that this theory can be fully tested using the
predictions for the axion mass and upper bounds on the proton decay lifetimes.

5 Summary

We discussed the implementation of the DFSZ mechanism for the QCD axion mass in the
context of grand unified theories. We have shown that using the idea of Wise, Georgi and
Glashow the axion mass can be predicted in a realistic renormalizable grand unified theory.
The PQ scale is determined by the GUT scale which allows us to predict the axion mass:

ma >~ (2-16) x 1079 V.

We have shown that the predictions for the axion couplings can be tested at ABRA-
CADABRA and CASPEr-Electric experiments.

The fact that the mass matrix for up-quarks is symmetric implies that the proton
decay channels with antineutrinos is a function of the known mixings at low energy. In this
theory, the upper bounds on the proton decay lifetimes with antineutrinos are given by

7(p— KT0) <4 x10%yr, and 7(p— 770) <2 x 10%yr.

This theory is unique due to the fact that it can be fully probed by proton decay experiments
such as DUNE and axion experiments such as ABRACADABRA.
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A  Proton decay: p — wle™T
The decay rate for the proton decay channel p — 7% is given by
2
™y, o 2
I'(p— 7roe+) = —pﬂA%{GVEQ ‘<7r0‘ (ud)gur, ‘p>‘ , (A1)

4
2 MGUT
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Figure 4. Predictions for the proton lifetime from the decay channel p — 7% ™. The red area
shows the Super-Kamiokande constraints, 7(p — 7%e™) > 1.6 x 103* years [43], while the green
dashed line shows the Hyper-Kamiokande collaboration projected bound, 7(p — 7%e*) > 8 x 1034
years [44]. The region shaded in purple is ruled out by the collider constraints on the ®; field,
Mg, > 1TeV [31].

where

Ve = \/ (10731 + Vi VaVeran) ™) P + 131 ?)). (A.2)

In figure 4 we show the predictions for p — 7e™, together with the Super-Kamiokande
constraints (red area), 7(p — 7%*) > 1.6 x 103 years [43], and the Hyper-Kamiokande
projected bound (green line), 7(p — mV%t) > 8 x 103* years [44]. To illustrate the effect
of the unkown matrix V., we show the numerical predictions for two possible values of this
matrix V., = 0.1 and V, = 1. Notice that the matrix V. can be constrained using the proton
decay experimental bounds for the decay into charged leptons, but in general the lifetime
for this channel cannot be predicted.

B Neutrino masses

The theory we have discussed so far does not have a mechanism to generate neutrino
masses. However, this can be addressed by adding three neutrinos singlets, I/ic , with
a Majorana mass term and the interaction Y, 5552, then we can implement the type
I seesaw mechanism [45-48]. This will fix the PQ charges to 8 = —2a, or § = a/2 if
we use 5y instead of 5. The baryon asymmetry of the Universe can then be explained
through thermal leptogenesis [49] or through out-of-equilibrium decays of the heavy colored
Higgs [50].

An alternative is to introduce a 10y [51] and implement the Zee mechanism [52], in
which neutrinos acquire mass at the radiative level. In this scenario, the relevant La-
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grangian for neutrino masses is given by
LDO>A5510g +105 (Y1 5j; + Y2 45%;) + p 55455103 + hec.. (B.1)

We note that the Higgs in the 451 plays a twofold role: it corrects the mass relation between
charged leptons and down-type quarks and contributes to the generation of neutrino masses
at the quantum level. We also note that the implementation of this mechanism in the
renormalizable SU(5) we proposed would fix all relative Peccei-Quinn charges among the
field content, i.e.

5 — e 5, 10 — e~ %@ 10, by — et 5l

24y — €72 24y, 51 /455 — e 5y /455, 105 — e~ 2@ 10g.

These are basically the simplest possibilities to generate neutrino masses when implement-
ing only the DFSZ mechanism for the axion mass. See our recent study in ref. [19] for the
discussion of other possibilities.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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