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We present a UV completion of the Standard Model in which quarks and leptons are unified under color
SU(4). A single fermionic representation, the real antisymmetric, provides the building blocks to address
the strong CP problem via the Nelson-Barr mechanism, while simultaneously correcting the charged-
lepton and down-quark mass relations predicted by Pati-Salam theories for the two heaviest generations.
We show that the characteristic scales of the theory are strongly constrained by its phenomenology.
The interplay between the quality of the Nelson-Barr mechanism and the nonobservation of baryon-
number-violating processes determines the scale of spontaneous CP violation and the mass of the new
vectorlike down quark. The theory predicts a distinctive baryon-number-violating decay mode of the
neutron, n — KT#~ (with £ = e, u), which lies within the projected sensitivity of upcoming nucleon-decay
experiments such as Hyper-Kamiokande, Jiangmen Underground Neutrino Observatory, and the Deep

Underground Neutrino Experiment.
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I. INTRODUCTION

The fact that, in the presence of an O(1) CP-violating
phase in the flavor sector [1], the combination inducing a
nonzero electric dipole moment (EDM) in hadrons is
strongly constrained by null measurements of the neutron
EDM [2-4],

Bqcp = Oqep + arg{det(M,My)} <1071, (1)

constitutes a long-standing puzzle in the Standard Model
(SM) of particle physics.

A popular resolution is to dynamically set 9QCD to zero
by introducing a global symmetry that is anomalous under
QCD [5,6]. The associated pseudo-Goldstone boson, the
axion [7,8], relaxes 9QCD to its CP-conserving minimum in
the IR, while potentially accounting for the observed dark
matter abundance in the Universe [9-11]. However, the
Peccei-Quinn mechanism generically suffers from severe
quality problems [12]: global symmetries are not expected
to be respected in the UV, and higher-dimensional oper-
ators can shift the axion potential minimum, inducing an
effective 9QCD that violates the bound in Eq. (1). Various
approaches have been proposed to address this issue,
including heavy axion models (e.g. Refs. [13,14]), con-
structions enforcing high-quality global symmetries

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2026/114(5)/055012(18)

055012-1

(e.g. Refs. [15,16]), and mechanisms arising in higher-
dimensional or string-inspired axiverse scenarios (e.g.
Refs. [17-19]).

There are, however, alternative ways to understand
the smallness of 9QCD. From Eq. (1), it follows that in a
CP-invariant theory the topological GG term is forbidden
in the Lagrangian and the Yukawa couplings are real,
implying 9QCD = 0. However, CP violation is known to be
present in the Standard Model, as evidenced by the non-
vanishing Jarlskog invariant [1]. To account for that, one
can assume that CP is a symmetry of the Lagrangian but it
is spontaneously broken by the vacuum of the theory. In
this context, the quark mass matrices can be complex and,
as long as they satisfy

arg{det(M,M,)} =0, (2)

the strong CP problem can be resolved consistently with
the presence of an O(1) CP-violating phase in the flavor
sector.

The above condition can be naturally realized through
suitable textures of the quark mass matrices." Nelson and
Barr [22-24] proposed extending the SM by vectorlike
quarks that couple only to the right-handed colored sector
through a scalar whose vacuum expectation value (VEV)
breaks CP. In such constructions, quark mass matrices of
the form

"Tn addition to the Nelson-Barr mechanism, on which we focus
in this paper, there exist other mechanisms leading to Eq. (2); see,
for example, Refs. [20,21].
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where Mq denotes the 3 x 3 SM weak mass matrix (real),
M, the mass of the new vectorlike quark (real), and y; the
mixing mass terms between the SM quarks and the new
state (complex), allow for O(1) CP violation in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix while main-
taining 9QCD =0 at tree level.

The minimal simplified model realizing this idea was
proposed by Bento, Branco, and Parada (BBP) in Ref. [25].
In this construction, a vectorlike down-type quark,
Dy g~ (3,1,-1/3)gys, is introduced together with a com-
plex scalar S~ (1,1,0)qy, both charged under a Z,
symmetry. The subscript “SM” here and in the following
denotes the quantum numbers under the SM gauge group
Gsm=SU(3)-®SU(2), ®U(1)y. The relevant Lagrangian
in this case is given by

_L :) YdQLHdR + MDDLDR
+ D, (AS+ X'S*)dg +Hec., (4)

where Q; ~ (3,2,1/6)gy, dg ~(3,1,—1/3)gy, and H ~
(1,2,1/2)gy are SM fields, all singlets under the new Z,.
In the broken phase, u; = 4;(S) €C, and the texture in
Eq. (3) is realized, leading to the prediction 9QCD =0 at
tree level.

However, higher dimensional operators, appearing
already at dimension five,
1.
N Q H(SDg) + -+, (5)

reintroduce a small éQCD and spoil the mechanism unless the
scale of spontaneous CP violation is below 40 TeV
[26], assuming A ~ Mp = 1.2 x 10" GeV. Such a low
scale is incompatible with high-scale leptogenesis [27],
which requires the relevant lepton-number- and C P-violating
dynamics to occur at a much higher scale, and with infla-
tionary models featuring a hot reheating phase, since the
domain walls arising from the spontaneous breaking of CP
must be inflated away [28].

Automatic Nelson-Barr models have been proposed
[26,27,29], in which the Z, is an accidental remnant of
the gauge symmetry and matter content. This ensures that
the operator in Eq. (5) is generically forbidden and
contributions to 9QCD are further suppressed, thereby
allowing for a higher spontaneous CP violation scale [27].

In this paper, we show that the Nelson-Barr mechanism
can be automatically realized in simple and well-motivated
extensions of the SM. In particular, we provide a UV
completion of the minimal BBP simplified model [25] in
the context of quark-lepton unification [30]. The frame-
work treats quarks and leptons on equal footing, explains

charge quantization, naturally includes right-handed neu-
trinos, and leads to approximate mass relations between the
down-quarks and the charged leptons.

Within color SU(4), the next-to-minimal nontrivial
representation beyond the fundamental that can be added
to the matter content is the antisymmetric representation,
F¢. Remarkably, this representation is real and therefore
does not spoil anomaly cancellation. It contains a vectorlike
down quark, D; g, which will play a twofold role:
(i) together with the SU(4). symmetry and the scalars
responsible for spontaneous CP breaking, it leads to the
automatic generation of the mass texture required for the
Nelson-Barr mechanism shown in Eq. (3), and (ii) its
mixing with the SM down-type quarks helps correct the
Pati-Salam mass matrix relation M, = M, for the second
and third generations. As we will show, in this framework
the scale of quark-lepton unification is bounded by an
exotic baryon-number-violating decay channel of the
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FIG. 1. Allowed parameter space in the theory. The horizontal
axis shows the mass of the vectorlike down quark M, while the
vertical axis displays the scale of spontaneous CP violation, vcp.
The blue-shaded region is excluded by the experimental bound on
the partial lifetime of the decay mode n — K™=, 7/Br(n —
K*u~) > 3.2 x 103! years [31], corresponding to Eq. (56). The
orange-shaded region is excluded by the quality of the Nelson-
Barr mechanism, obtained by requiring Afgcp < 10719, which
leads to the bound in Eq. (32). The gray-shaded region denotes
parameter values that violate the perturbative benchmark in
Eq. (58). In this region, the Yukawa coupling 4 is driven towards
larger values in the UV and may eventually develop a Landau
pole. The dashed line shows the more conservative benchmark
|A] = 1. Also shown are projected sensitivities. The dashed blue
line corresponds to the expected reach of z/Br(n - Ktu™) >
1.1 x 10%* years from DUNE [32,33], while the dashed orange
line indicates the anticipated sensitivity to 9QCD from upcoming
hadron-EDM experiments [34-37]. As the plot shows, the
currently allowed parameter space will be probed by the next
generation of nucleon decay and EDM experiments in the
foreseeable future.
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FIG. 2. Schematic distribution of the field masses and rel-
evant energy scales of the theory. The three main scales of the
theory are shown: the electroweak scale (M), the scale of
spontaneous CP violation (vcp ~ (¢9)), and the quark-lepton
unification scale (Ag. ~ (¢5)). The matter content consists of
the SM fields, embedded in three copies of Fg, ~ (4,2,0)ps,
Fo~(4,1,1/2)ps, and Fy, ~ (4,1, —1/2)pg, together with the
Higgs doublet H ~ (1,2,1/2)ps. The theory also contains a
vectorlike down quark D C Fg~ (6,1,0)pg responsible for
(i) correcting the M; = M, relation for the two heaviest gen-
erations and (ii) solving the strong CP problem a la Nelson-Barr.
The scalar sector includes ®;5, responsible for breaking
SU4)- - SU3)- ® U(1),_,, and ®,, whose VEV triggers
spontaneous CP violation. In the high-scale Aqp, scenario (left
panel), @y breaks U(1)5_; ® U(1)g — U(1)y with (¢}) of
order the quark-lepton unification scale. Then, the hierarchy
between the quark-lepton unification scale and the electroweak
scale (Aqp/Mz ~ 10'?) generates active neutrino masses via the
type I seesaw mechanism, consistently with neutrino data. In turn,
the gap between the quark-lepton unification scale and the Planck
scale (Aqr/Mp ~ 107%) accounts for the observed down-quark
mass through nonrenormalizable operators. In the low-scale Agy,
scenario (right panel), vep < Agqr = O(10'") GeV, which is
consistent with SO(10) grand unification at Agyy = 10" GeV,
and consistent down quark masses if these are generated by
physics mediated at the GUT scale. In this scenario, neutrinos are
expected to get mass via the inverse seesaw mechanism.

neutron, for which future experimental sensitivities provide
a test of the theory.

The paper is organized as follows: we first introduce the
model in Sec. II. In Sec. III, we show how it addresses the
strong CP problem, while in Sec. IV, we discuss the origin
of fermion masses and of an O(1) CP-violating phase.
Section V is devoted to the various sources of baryon-
number violation and their phenomenological implications
in relation to the other relevant scales of the theory. In
Sec. VI, we combine the results derived throughout the
paper and discuss the resulting hierarchy of scales. The first
two figures in this manuscript provide a compact summary
of the dynamics of the theory: Fig. 1 shows the allowed
parameter space for the new vectorlike quark mass and the
scale of spontaneous CP violation, while Fig. 2 illustrates
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FIG. 3. One-loop running of the gauge couplings in the two
quark-lepton-unification scenarios. The upper panel corresponds
to high-scale quark-lepton unification, Aqr, = 10'* GeV, while
the lower panel corresponds to low-scale quark-lepton unifica-
tion, AgL =2 x 10" GeV. The lower panel running points

toward an SO(10)-like unification scale Agyr =~ 3 x 10> GeV.
Details of the gauge-coupling renormalization gorup equations
are given in Appendix C.

the hierarchy of scales in this simple UV completion of the
SM. Figure 3 shows the possibility of gauge-coupling
unification in the theory. We conclude in Sec. VII.

II. QUARK-LEPTON UNIFICATION

A simple extension of the SM gauge symmetry that
realizes quark-lepton unification is given by [38,39]
Gps = SU(4)c ® SU(2), @ U(1)g (6)

which is anomaly free for the matter content:

For ~ (472’ O)PS = (Qi,LL)T,

Fuu ~ (47 1’ 1/2)PS = (u%,yR)T7

Fae ~ (4, L, —1/2)95 = (d%, €R>T' (7)
Here, uRN(3,1,2/3)SM, eRN(l,l,_l)SM, LLN
(1,2,-1/2)qy> and vg ~ (1,1,0)gy, while Q; and dg

have been defined previously. The index a=1, 2, 3
denotes color. In Eq. (7) and in the following, the subscript
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“PS” refers to the quantum numbers under Gpg. The three
representations above constitute one SM family plus a
right-handed neutrino. Therefore, three copies of them,
together with a scalar boson H ~ (1,2, 1/2)pg, are needed
to accommodate the full SM field content.

We assume that Gpg breaks to the SM in two steps,
triggered by the VEVs of the adjoint @5 ~ (15, 1, 0)pg and
symmetric @y ~ (10, 1, 1)pg scalar representations, which
decompose under Ggy; as

(5 ¢ 0
D5 = ( + 75975,

)0
"
2
(I)IO - < s 0 >, <8)
WAL

with ¢¥ ~ (1, 1,0)gy and @9 ~ (1, 1,0)gy being singlets
under the SM gauge group. The breaking Gps — Ggm
proceeds according to the chain

Grs 5'SU(3) ® U(1),_, ® SU(2), ® U(1)g
(@io

—>>gsm- (9)

In particular, the VEV of the adjoint representation,
(®15) = v15T 5, breaks SU(4)c — SU(3)c @ U(1)p_y,
where the unbroken Abelian factor is generated by the
SU(4) Cartan generator

1

2v/6

TlS diag(l,l,l,—3), (10)

corresponding to the charge assignment

2v6
0.y =27, (1)

The VEV of the symmetric representation, (®{f) =
5446*8 (1,//2), then spontaneously breaks a linear com-
bination of U(1),_, ® U(1), to the SM hypercharge,
given by

Qy = Qr + Qp_1/2. (12)

Apart from the two breaking scales v,5 and v, the gauge
sector is fully determined by matching to the SM inputs at
the relevant scale. The vector leptoquarks associated with
the broken generators of SU(4)., X, ~(3.1,2/3)gys
and the neutral gauge boson associated with the combina-
tion orthogonal to the SM hypercharge, Z' ~ (1, 1,0)gy,

acquire masses

2 G4, 2 2 352
MX:E §”15+”10 , My = 9R+§94 vio-  (13)
At the quark-lepton unification scale, the gauge couplings
are given by

94 =V 477,'&5,

47y

=7 =0 14
Ir cos Oy cos Oy, (14)

while the SU(2), gauge coupling is g, = /47y, / sin Oy,
with 8y, being the Weinberg angle and a,,, the fine structure
constant. The quark-lepton unification angle 0¢; ,

9%% C2qy, 1

.9
sin2@,, = —2f =" ,
oL g +3g7 3 a; cos’ Oy

(15)

parametrizes the mixing between the U(1), and U(1)_,
generators. Using these relations, the gauge boson masses
can be written as

1
=6, [ ——— )02, 16
z e, (1 - Sinz eQL>UlO ( )

For later reference, we identify the quark-lepton unification
scale as Agp, ~ My ~ v;s.

Electroweak symmetry breaking occurs in the usual
manner through the VEV of the SM Higgs boson,
H ~ (1,2,1/2)ps. However, owing to the reduced number
of matter representations of the theory, only two Yukawa
couplings are allowed,

—E D YLwFQLiO-2H*FuD + YdeFQLHFde + H.C., (17)

which lead to the following relations among the fermion
mass matrices:
M,=M2 and M, =M,. (18)
The relation between the up-type quark and neutrino mass
matrices implies that neutrinos must be Majorana particles;
otherwise, the resulting neutrino masses would be phenom-
enologically unacceptable. For the symmetry-breaking pat-
tern considered here, right-handed neutrinos acquire a
Majorana mass proportional to the U(1);_; ® U(1)g —
U(1)y breaking scale through the renormalizable interaction

—L > Y,z ®:,FI CF,, + H.c., (19)

where C denotes the charge-conjugation matrix.

We note that, in this type I seesaw [40-43], the Dirac
mass matrix, M?, which plays the role of the pivot of the
seesaw, is fixed by the up-type quark masses. As a result,
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the quark-lepton unification scale must be sufficiently large
in order to generate active neutrino masses below the
experimental upper bound m, < 0.1 eV [44-46]. This, in
turn, places a lower bound on the quark-lepton unification
scale at the canonical seesaw scale, Agp. 2 v1p ~ 10 GeV.

The mass matrix relation M, = M,, while working
approximately for the third generation after renormaliza-
tion-group running [47], fails to reproduce the masses of
the lighter families. Given the high scale of
(%) = 10'* GeV, one must therefore consider the effect
of the lowest-dimensional nonrenormalizable operators
such as

1 -
LD —FQLH®15Fde + H.c.. (20)
Mp

Since (®;5) « vsdiag(1,1,1,-3), this operator splits
the down-type quark and charged lepton masses, effectively
acting as a second Higgs doublet.” The resulting correction
is of order v5/Mp; ~ O(MeV), which is naturally of the
order of the down-quark mass. However, this contribution
alone is insufficient to account for realistic fermion masses
for the second and third generations, indicating that a
modest extension of the theory is still required.

In this work, we extend the matter content of the quark-
lepton unification theory by introducing the simplest non-
trivial real fermionic representation of SU(4), as follows:

o (0
—D¢ 0

- )~ 6100 (1)
which contains a vectorlike down quark, D; ~ (3,1,—1/3) gy
and (D), = (Dg)¢ ~ (3,1,1/3)4y- In addition, we intro-
duce two scalar fields in the fundamental representation of
SUM@) ¢, @y = (P, pg) ~ (4,1,1/2)pg. Within this matter
content, Lorentz invariance and the Gpg gauge symmetry
allow the following interactions at the renormalizable level:

1
-L£> EMG(FQB)TCFgDGABCD

+ FdeFé(laq)Za + A’b(DZb) +H.c, (22)

which, on the one hand, enable realistic mass relations for the
heavier fermion generations through the mixing of the
vectorlike quark with the SM down-type quarks and, on
the other hand, provide a realization of the Nelson-Barr
mechanism for solving the strong CP problem, provided CP
is an exact symmetry of the UV Lagrangian.

’In conventional Pati-Salam constructions, a scalar multiplet in
the fundamental of SU(2), and in the adjoint of SU(4) is often
introduced to generate the desired mass splitting.

III. THE STRONG CP PROBLEM

Let us assume that CP is an exact symmetry of the
Lagrangian, so that 6gcp = 0 in Eq. (1). Although all
parameters in the Lagrangian are real, the vacuum of the
theory is not invariant under CP due to a nonzero phase
generated by a linear combination of the @, fields in the
scalar potential.” This is illustrated by the following terms
in the scalar potential:

V D il ®,, @, + Ay(®f, Dy,)2 +He..  (23)

After the @, fields acquire VEVs, (®4,) = eepy 6/ V2
(and similarly for (®g;,)), the above terms can be rewrit-
ten as
~2 3 Uézlavézlb
V' D —fiv4,04, cOS Oy + Ay —5cos 20,, (24)

with 8, = 0,4, — 6,,. Minimizing the potential with respect
to 0, fixes the surviving CP-violating phase as

/22
cos Oy = ——4+——. (25)
22404404
We note that the accidental U(1)g, _p,, Symmetry in

Eq. (23) is explicitly broken by additional terms in the
scalar potential, such as

VD [197,®1 + f2Pus Pap @iy + -, (26)
which generically modify the relation in Eq. (25).

The physical phase 8, renders the 4 x 4 down-type quark
mass matrix complex,

(Yae) 24 0"
% (/1{1 1)4(16194“ + /12 1)4[,619‘“7) M6

where (H') = 62vy/+/2 is real, with vy = 246 GeV.
Roman indices i, j =1, 2, 3 run over the three SM
families. The matrix My, is written in the flavor basis
(d,s,b,D). For later convenience, we parametrize the
linear combination of the entries MY =2 jvcpe'?i /2.
The structure of Eq. (27) allows the CKM matrix to contain
a physical CP-violating phase while ensuring
arg{det(M,)} = 0. The latter property can be seen explic-
itly by expanding the determinant along the fourth column.
As a result, éQCD =0 at tree level.

The CP phases potentially induced by the vacuum expect-
ation values of the scalar fields @5, @, and H are unphysical, as
they can be removed by gauge transformations associated with
the generators broken by the corresponding VEVs.
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Additional contributions to 9QCD arise nevertheless from
radiative corrections and higher dimensional operators
involving 6, that enter the down-type quark masses [48].

At one loop, processes such as the one illustrated below
generate complex contributions to the down-type quark
mass matrix in the broken phase [27,29],

<(I)4a> s‘

which are suppressed by the quartic interaction
AnoH TH<I>j1a<l>4h and by a loop factor. The resulting shift
in Ogcp can be estimated as

_ Ao Bvgp, (Mi
ABocp = H: 3”Cl’m( q"*), (28)

where 45 denotes the mixing coupling involving the bottom
quark. We note that even when A; = O(1), the quartic
coupling alone can ensure a sufficiently small radiative
contribution provided Ayqe < 1072, This coupling can itself
be radiatively generated at one loop by the mixing between
the new vectorlike quark and the SM down quarks, as
follows:

y 2
/1H<I>|l—loop ~ (ﬁ’%) ’ (29)

where y, is the bottom-quark Yukawa coupling. Even in
this case, Eq. (28) is naturally consistent with the exper-
imental bound 9QCD < 10719, given that the couplings Aj
remain perturbative.

We close this section by commenting on potential shifts
on 9QCD induced by higher-dimensional operators. Because
the Fg representation is real, it admits a mass term in the
Lagrangian through a super-renormalizable interaction.
Consequently, the leading corrections to 9QCD from
higher-dimensional operators arise already at dimension
five, through operators of the form

1
A—(FgB)TCFgDeABCD(DM(Dzb' (30)
PS

Requiring the induced shift in 9QCD to remain acceptably
small,

Abgcp = Im{Tr{M3;'6M,}} < 10710, (31)

one obtains the following upper bound on the spontaneous
CP breaking scale [26,27]:

APS % M6 % AéQCD %
Vep < 2 % 106 GeV (M—Pl> (m) ( 10_10 . (32)

As pointed out in Ref. [27], domain walls generated by the
breaking of a gauged discrete symmetry require a mecha-
nism to inflate them away. In order for inflation to
successfully remove these defects without subsequently
restoring CP, the reheating temperature must satisfy
Tru < vep- Many simple realizations of inflation feature
large reheating temperatures, which in turn favors larger
values of vcp. As we will show in Sec. V, a large vcp is also
required by bounds on baryon-number-violating nucleon
decays in this model. Ultimately, for a vectorlike down-
quark mass of order vcp, Eq. (32) gives the following upper
bound:

Mﬁ ~ Vcp < 1010 GeV. (33)

In the next section, we discuss the impact of the mixing
in Eq. (27) on the fermion mass spectrum and explain how
an O(1) CKM phase is generated.

IV. FERMION MASSES AND MIXING

As outlined in Sec. II, the prediction for the mass-matrix
relation M, = M? involves the Dirac masses of the neu-
trinos. The VEV of ®,,, responsible for the breaking of
U(1)p_, ® U(1)g = U(1),, generates Majorana masses
for the right-handed neutrinos, M,, = Y v o/ V2, via the
interaction in Eq. (19). Active neutrinos then acquire masses
through the type I seesaw mechanism, m, ~m?/vy.
Because the Dirac neutrino masses are fixed by the up-type
quark masses, accommodating neutrino oscillation data [49]
as well as cosmological [44,46] and laboratory [45] con-
straints requires a high scale for M, , corresponding to
v ~ 10 GeV.

The mass-matrix relation M; = M, applies to the three
SM generations at the quark-lepton unification scale.
However, as is evident from Eq. (27), the presence of a
new vectorlike down quark modifies this relation through
its mixing with the SM down-type quarks. Diagonalizing
the Hermitian matrix MdML, with M, defined in
Eq. (27), provides both the physical masses of the
down-type quarks via the eigenvalues and the CP-violating
phase of the CKM matrix via the eigenvectors.

Let us evaluate the down-type quark mass matrix M,
at the quark-lepton unification scale, Agp. Following the
procedure introduced in Ref. [29], we rotate the SM down-
type quarks to the basis in which the 3 x 3 SM Yukawa
block is diagonal. In this basis, the full 4 x 4 mass matrix
takes the form
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m, 0 0 0
0 m 0 0
O] M0 = 0 O# oo | (34)
M1 Ho 3 Mg

where the orthogonal matrices O p act trivially on the vec-
torlike quark entry, i.e. Of% = 0% =0, and O7%; = 1.
The mixing parameters are given by

3
1 kj
= Kvyqee + 2K v,,el% )0,

=3 (35)

with O; » being the 3 x 3 block O}f &~ In writing Eq. (34),
we have used the quark-lepton unification relation
My(AqL) = M. (AqL)-

Although the masses appearing in the upper 3 x 3 block
of Eq. (34) are not yet the physical masses of the SM down-
type quarks, they do correspond to the physical charged-
lepton masses, since Of M, O = diag(m,, m,, m.).

Below the Pati-Salam breaking scale, the unified Yukawa
coupling Y 4, splits into the Standard Model Yukawa matrices
for down-type quarks and charged leptons. We denote these
by Y, and Y,, respectively, which satisfy the matching
condition Y,(Aqr) = Y.(Aqr) = Ya.(AqL). To estimate
how these Yukawa matrices evolve toward low energies,
we consider the dominant contribution to the renormaliza-
tion-group running of the down-type Yukawa couplings,

dY ,(u) 2

T ==Y,

(36)

which arise from gluon quantum corrections, while in this
approximation dY,/dlnu = 0. On the other hand, the
running of the strong coupling is governed by

das(w) L (14 _g o3 (1)
dlng — 3 2’

(37)

with n; denoting the number of active quark flavors.
Integrating these equations yields the approximate relation,

i <
Mg (Aqu)

Taking threshold effects into account, the down-type quark
masses at low energies satisfy M;(2GeV) =k, M,(AqL) =
kuM,(AqL), with k) ~3.6 when only one-loop QCD
effects are included. Once the contributions proportional
to the top Yukawa coupling are taken into account, which
enter with the opposite sign relative to the gauge contribution

in the renormalization-group equations, this factor is reduced
to xy =~ 3 [47].

a,(u) ))ﬁ (38)

A (AQL

We apply a unitary transformation to block diagonalize
0T M M0, up to order O(m*u/M3). At the low scale,
this yields [29]

M? = (VZ OZMdMZOLVL)U

2 |t [* HiH2 Wips
mg (1 - M72D —m m# A]/[é —memrﬁ
~K —m.m. P2t 2( ZlP\ g Hats
- "M u''te a2 " Mf) (A AV
Kt Ktz 2( s
—-m.m, >~ —-mm,=3=  mz|1 <
ey LV T M)

(39)

The decoupled eigenvalue, (VI OI M M0,V )*, cor-
responds to the physical mass of the vectorlike down quark,
M3 ~ 3 + p3 + p3 + M2. The matrix

v, — ( 0;j ﬂ?mi/M%)>
- _.uimi/M%) 1 ’

with m; being the masses of the charged leptons, satis-
fies V V] =T+ O(m*u2/M3,).

From the structure of M? in Eq. (39), one obtains the
general alignment

(40)

2 2 .2 2 2 .2 2 2 2
my < kymg < my < kymy, < my < Kymz, (41)

where m,, mg, and m, are the renormalizable physical
down-type quark masses, corresponding to the square roots
of the three eigenvalues of M? (see Appendix A 1 for a
proof). Hence, the strange and bottom quark masses can be
successfully reproduced from their charged-lepton partners
after including renormalization-group running and mixing
with the vectorlike down quark.

However, the experimental value for the down-quark
mass satisfies m4(2 GeV) ~ 9m,, which exceeds the maxi-
mal value attainable through fermion mixing alone. As
discussed earlier, since quark-lepton unification is broken
at a high scale, higher-dimensional operators of the form in
Eq. (20) are expected on effective-field-theory grounds to
generate the splitting required between the down quark and
electron masses.

The hermitian matrix in Eq. (39) can be diagonalized by
a unitary transformation, diag(m?, m?,m?) = U;M*U,.
The unitary matrix U; then induces the physical
CP-violating phase in the CKM matrix, as follows:

Vekm = O;, U Oy, (42)
where O,; is defined through Ol MO,z =
diag(m,, m., m;). Obtaining an O(1) CKM phase requires
ui ~Mp [29,50,51] (see Appendix A 2 for details). As a
consequence, one has Mg < Mp, and the quality bound in
Eq. (32) directly constrains the ratio U%P /Mp, as follows:

055012-7



CLARA MURGUI

PHYS. REV. D 114, 055012 (2026)

2 9 0
Vcp 107 GeV <3 AQQCD ’ (43)
10° GeV M 10-10

where we have taken the Pati-Salam cutoff scale at Myp,.

V. BARYON NUMBER VIOLATION

In this theory, there are several processes that mediate
baryon number violation in one unit. However, we expect a
distinctive dominant baryon-number-violating mode,
n — Kte™, to be observable in current or near-future
nucleon decay and neutrino experiments. This decay there-
fore constitutes a smoking-gun signal of this theory.

Let us begin by considering the scalar representations

DL~ (4,1,1/2)ps = (¢§> (44)
o

The electromagnetically neutral components qbg are respon-
sible for the spontaneous CP breaking, while the colored
fields ¢, with @ =1, 2, 3 being an SU(3). index, are
scalar leptoquarks. These fields mediate AB = 1 baryon-
number-violating interactions with the SM fermions
through the interactions

i

A p— 0 DAy
> (€apy (D5)*ditl — riD5 i)
+(a< b)+He., (43)

which originate from the Yukawa terms in Eq. (22).
Throughout, Greek indices a, 5, y denote SU(3). color
indices, Roman indices i, j, k, £, m,n label fermion gen-
erations, and the labels a, b distinguish the two scalar
fields.

Integrating out the scalar leptoquarks and rotating the
fermions to their mass eigenbasis, we obtain the effective
operator

Hff 5 _Czjkfs
e

(da d )RékPLd},;’eaﬂy +H.C., (46)
GUT

where (x,y)g ; = x" CPg 1y with C the charge-conjugation
matrix and Pg; the chiral projectors. Since (x*,x”), is
symmetric in the color indices, its contraction with the
totally antisymmetric tensor €,5, vanishes unless different
flavors are involved. Consequently, strangeness changing
baryon number violation is expected. Taking i, j =1, 2
with i # j and Z = 1 induces the neutron two-body decay
channels n — K*(e™, u7).

Above, all Yukawa couplings and mixing parameters
have been collected into the c-number

z ikt s = ‘Sl kfmnj'gn/{n GUT ’ (47)
oo = 2 Emen 8 it

where s = a, b labels the two physical scalar fields.* The
normalization scale Agyr = 10" GeV is introduced as a
convenient benchmark to render Eq. (47) dimensionless.
The dependence on the fermion mixing matrices is encoded
in the parameter &;jiz,,,, defined as

Eijpemn = VE VoKV, )¥. (48)

The unitary matrices VL‘ r diagonalize the down-type quark
mass matrix in Eq. (27), as follows:

VszVR = diag(md,ms,mb,MD). (49)

Mapping this expression onto the results of Sec. IV, we
identify V, = 0, V,U,, which implies

¢ Hym Hehp
B

where m; are the charged-lepton masses. In the last step, we
have used the strong hierarchy m, < m, < m,, which

implies that U’Lf ~ &% up to small corrections of order
O(m,/m,), O(m,/m,) or O(m,/m,). We refer the reader
to Appendix A 2 for an explicit proof.

While the left-handed rotation V; contains light-heavy
mixing suppressed as ~m;u; / M3, the right-handed rotation
Vr generically features O(1) entries. This can be under-
stood as follows: let us write

MM, = D* + RR, (51)
where D? = «3,diag(m2, m3, m%,0), and the heavy direc-
tion is defined by the vector RT = (u;, uy, p3, Mg). In the
limit m; — 0, this matrix has a single nonzero eigenvalue
M? = RTR and a three-dimensional kernel. Since y; ~ M,
the eigenvector R” is a sizable admixture of the original
right-handed states (d%,Dg), so the fourth column of Vi is
manifestly unsuppressed. The three remaining eigenvec-
tors, once the small diagonal perturbation D? lifts their
degeneracy, are generically also not aligned with the flavor
basis. Therefore, V is expected to contain order-one
entries throughout.

Thus, taking into account the above considerations, and
using also that u; ~ M, we estimate

O&r) =~ (52)

The operator in Eq. (46) is rather peculiar. Although it
naively appears to be of dimension six, it mediates nucleon

*In general, these two fields mix via terms in the scalar
potential. Then, the Yukawa couplings in Eq. (47) are mapped to
those appearing in Eq. (45) by a rotation.
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decay into a lepton; however, it is well known that
dimension-six baryon-number-violating operators preserve
B — L [52,53]. Indeed, the effective interaction in Eq. (46)
is secretly dimension seven, arising from integrating out
both the scalar leptoquark ¢4 and the vectorlike down
quark. The additional heavy scale Mp is implicitly
encoded in the mixing factors appearing in Eq. (48).
Operators mediating AB = 1 and A(B — L) = 2 transitions
have been studied extensively in the literature [54-57], and
can arise, for example, in SO(10) models with B —L
breaking [58]. In generic UV completions, one would
also expect the presence of lower-dimensional, B — L-
preserving operators. By contrast, in theories of quark-
lepton unification, and in particular in this Pati-Salam
realization of the Nelson-Barr mechanism, a single class
of decay channels, n - K™ (e, u)”, is expected to domi-
nate, providing a distinctive smoking-gun signal of the
theory. All other baryon-number-violating modes are para-
metrically suppressed.

The neutron decay rate for this channel is given by [59]

m2 2 A2|C|2
(1225 Wk s 53

GUT

my,

r =
32r

The factor A accounts for the renormalization-group run-
ning of the Wilson coefficient of the operator in Eq. (46)
under QCD, as follows:

» <as<ﬂﬁ>>%<as<mb>>%<as<mt> > ny

O (mb) Ay (mt) as(”CP) ’
evolving from the UV scale vcp down to the hadronic scale
1y ~2 GeV, where matrix elements are evaluated on the
lattice. Under isospin symmetry, the matrix element sat-

isfies (K"|(ds)gdy|n) = —(K°|(us)gur|p) [60], which
has been computed on the lattice and is given by [56]

(KO|(us) gty | p) = 0.103(3)(11) GeV2.  (54)

As a crude estimate,

2 .2 2 .2
o~ M g - Mbme 4 (55)
M4 4 GUT 8 GUT>
o, Vcp Ucp

where we have taken the Yukawa couplings in Eq. (47) to
be of order A~ Mp/vcp, since u~ Mp is required to
generate an O(1) CKM phase. Moreover, &~ m,/Mp
according to Eq. (52), because # = 1. In the final step
of Eq. (55), we have used that Mg, ~ vcp, as expected for a
generic scalar potential (see Appendix B for an explicit
discussion).

In Fig. 1, we estimate the viable parameter space of this
theory in the M, vs vcp plane. The constraints included in
the figure are described below.

The current lower bounds on the partial mean lifetimes
of the decay modes n — K'(e,u)” are set by the
Fréjus experiment [31], yielding 7/Br(n - Kte™) >
3.2 x 10*! years and 7/Br(n — K*u~) > 5.7 x 10°! years
at 90% confidence level (CL). Such decays constrain the
ratio v¢p/ M) to satisfy

4/10° GeV
Scp Y > 0.34. (56)
10”7 GeV Mp

Parameter values that violate this bound correspond to an
excessively fast nucleon decay rate and are therefore
excluded. The excluded region is shown in blue in Fig. 1.

The limits on the decay modes n — K (e™,u”) are a
couple of orders of magnitude weaker than the leading
bounds on nucleon decay [61], and have not been updated
for more than three decades. This situation is partly due to
the experimental challenges associated with these modes,
as discussed below. In addition, experimental programs
have historically focused on the so-called normal AB =
AL decay modes [54], such as p — e*z%, which arise in
minimal grand unified theories such as SU(5).

Super-Kamiokande (SK) does not have a published
bound on n —» K*£~, with £ = e, u. In these two-body
neutron decays, the kaon momentum is below the
Cherenkov threshold in water, up to nuclear smearing
effects. The K is therefore not observed directly; instead,
the event must be reconstructed from its decay products
together with the accompanying charged lepton. Although
one might expect SK to be sensitive to n — KTe™ at a level
comparable to its searches for p — DK' [62], the two
modes have rather different experimental systematics. The
latter benefits from a well-developed kaon-decay tag,
including the monoenergetic muon from K+ — p™v and,
in oxygen, prompt nuclear deexcitation ys. By contrast,
n — KTe~ contains an additional prompt charged lepton.
Depending on the K™ decay mode, this can lead to a two-
ring or three-ring topology, often with overlapping e-like
rings, making event reconstruction and the rejection of
atmospheric-neutrino  backgrounds considerably more
challenging than in canonical clean modes. A dedicated
SK analysis would therefore be needed to determine
whether a comparable sensitivity can be achieved, and
could potentially improve substantially on the existing
Fréjus bound.

Future sensitivity is expected to improve, however, at
Hyper-Kamiokande [63], primarily because of its much
larger exposure compared to Super-Kamiokande, together
with improved reconstruction and tagging of kaon decay
products. Nevertheless, Hyper-Kamiokande remains a
water Cherenkov detector, so the sub-Cherenkov K™ poses
the same basic topological challenge as in Super-
Kamiokande. By contrast, the Deep Underground
Neutrino Experiment (DUNE) [64] benefits from liquid-
argon imaging, which allows for a more detailed
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reconstruction of the K™ and its decay chain. The Jiangmen
Underground Neutrino Observatory (JUNO) [65], on the
other hand, should also be sensitive to kaon modes because
liquid scintillator can exploit the delayed K decay signature.

In Fig. 1, we show as a dashed blue line the projected
DUNE  sensitivity, 7/Br(n — e K*) > 1.1 x 10** yr,
obtained assuming an exposure of 400 kiloton - yr at
90% CL [32,33]. There is not yet an official dedicated n —
K'e™ projection in the literature for JUNO. However,
scaling from the projected sensitivity to p — VK™ [66]
suggests a possible reach around 10°* years, subject to a
dedicated efficiency and background study. Hyper-
Kamiokande quotes a projected sensitivity of order
10** years for this channel [63]. This projection should
be interpreted with some caution: if the search is limited by
multiring atmospheric-neutrino backgrounds, the improve-
ment relative to a possible SK analysis may be smaller than
suggested by exposure scaling alone.

Another constraint in the M — vcp plane arises from
requiring the Yukawa couplings to remain perturbative. The
leading contributions to the running of A come from QCD
corrections and, when sizable, from the A couplings
themselves, leading to

a1
~ (2T~ 4 57
i =22 nay), (57)

where we have assumed |4,| ~ |1,| = |A|. The same leading
behavior applies to the color components ¢, which mediate
the diquark and leptoquark interactions, and to the neutral
component ¢9, which generates the bridge mass. As a
perturbative benchmark, we demand that the Yukawa
self-interaction does not overcome the QCD screening term
atlow energies, so that the norm of the coupling vector is not
driven towards larger values in the UV. From Eq. (57), this
implies |4| < \/4rma, at low energies, which in turn gives

MD < /A Vcp. (58)

The region of parameter space that does not satisfy the
condition in Eq. (58) is shaded in gray. We also show the
more conservative benchmark 1| = 1 as a dashed line.

The parameter space of the theory is also constrained by
the quality of the Nelson-Barr mechanism, which imposes
an upper bound on the ratio U%P/M p by demanding
Abgcp < 10719, as given in Eq. (43). The region excluded
by this requirement is shown in orange in Fig. 1.

In this context, a sensitivity improvement of roughly 2
orders of magnitude in 9QCD is anticipated in upcoming
hadron EDM experiments [34]. We indicate this reach by
an orange dashed line in Fig. 1, corresponding to the
projected sensitivity of next-generation experiments such
as n2EDM (neutron electric dipole moment) at Paul
Scherrer Institute [35,36], TRIUMF ultra cold advanced
neutron source at Tri-University Meson Facility [37],

pEDM (proton electric dipole moment experiment) at
Brookhaven National Laboratory [67], and charged particle
electric dipole moment at CERN [68], which aim to probe
values as small as Ogcp < 10712,

Remarkably, the combined reach of near-future nucleon
decay and hadronic EDM experiments will be sufficient to
decisively test this minimal Pati-Salam realization of the
Nelson-Barr mechanism.

Additional baryon-number-nonconserving processes
are induced by the presence of the fermionic multiplet
F¢, and also by the scalar @ . In particular, the kinetic term
of the antisymmetric fermionic representation contains
a diquark coupling involving the vector leptoquarks
X5 ~(3,1,2/3)gy. This precludes assigning a consistent
baryon number to X,, as illustrated by the following
interactions:

£ (e, (DViy" D + dyyher )X, + Heeo (59)

V2

The exchange of X therefore mediates AB =1
processes. However, these effects are strongly suppressed.
First, the vector leptoquark mass is expected to be
My ~/2ma;Aq. ~ 10'* GeV, which is already close to
the most stringent bounds from baryon number violation.
Second, mixing between the vectorlike down quark and
the SM down-type quarks further suppresses the decay rate
by at least a factor (m,/Mp)* < O(107%), even when
saturating current lower bounds on vectorlike quark
masses [69]. Therefore, no observable signal generated
from these processes is expected in current or foreseeable
nucleon decay experiments.

Turning to the scalar @ ~ (10, 1, 1)pg, besides the SM
singlet responsible for breaking U(1)z_; ® U(1)p —
U(1)y, this representation contains a scalar diquark qﬁ'j‘g ~
(6,1,4/3)gy and a scalar leptoquark ¢, ~ (3,1,2/3)q\s
see Eq. (8). In addition to generating Majorana masses for
the right-handed neutrinos, the Yukawa interaction
Y, g FICF,®;, also induces

=LY g[(u?, uﬂ)quTOaﬂ + (u*, V) pplog] + Hee.. (60)

Although ¢, participates only in purely leptoquark inter-
actions, scalar potential terms such as those shown in
Eq. (26) induce mixing between ¢, and ¢$. Due to the
hierarchy between their VEVs, v, ~ vep < v, the result-
ing mixing angle is suppressed by O < vep/v10, as shown
in Appendix B. On top of this, the high-scale type I seesaw
with its Dirac scale fixed by the top mass implies a
tiny mixing angle between right-handed and active neu-
trinos, which further suppresses AB = 1 processes involv-
ing neutrinos in the final states. Consequently, no
additional decay channels are expected to compete with
the n - K* (e, u)” mode discussed above.
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VI. THE HIERARCHY OF SCALES

A characteristic feature of this theory is that the scale of
spontaneous CP violation, vcp, and the mass of the new
vectorlike down quark, M, are restricted to a relatively
narrow window of roughly 2 orders of magnitude around
10° GeV, as one reads from Fig. 1. This follows from the
interplay of two independent constraints. On the one hand,
the quality of the Nelson-Barr mechanism imposes an
upper bound on the ratio vZp/Mp; see Eq. (43). On the
other hand, the nonobservation of baryon-number violation
sets a lower bound on the ratio vg,/Mp, as given
in Eq. (56).

The resulting separation from the electroweak scale is
substantial and, as in many UV extensions involving high
mass scales, is accompanied by the usual naturalness
concerns.”

What about the remaining scales of the theory? In
principle, the scale of quark-lepton unification could be
lowered by modifying the neutrino sector. Following
Ref. [39], one may introduce a pair of gauge-singlet
fermions, N, leading to the interactions

—L D> uNTCN + JxF, ,N®, +H.c., (61)

which generate active-neutrino masses via the inverse
seesaw mechanism [71,72]

my, ~ ﬂmtz/ (/IR UCP)Z- (62)

This construction would, in principle, allow for a lower
quark-lepton unification scale for an arbitrarily small p.

However, independently of the neutrino mass generation
mechanism, requiring realistic down-quark masses from
nonrenormalizable operators sets the ratio of the quark-
lepton unification scale to the Pati-Salam cutoff scale,
Aqr/Mp ~y, = O(107°). This in turn fixes the quark-
lepton unification scale to be Ag. = O(10'*) GeV, in
agreement with the scale required by the canonical type
I seesaw mechanism. The theory therefore exhibits a
strongly hierarchical pattern of scales, as summarized
schematically in the left panel of Fig. 2.

Alternatively, a lower quark-lepton unification scale
could be accommodated if the nonrenormalizable operators
generating the down-quark masses are suppressed by a
cutoff below the Planck scale. Indeed, we may ask whether
Gqu can be embedded in a grand unified theory (GUT). In
this case, the cutoff of the effective quark-lepton unification
theory should be interpreted as the GUT scale, Apg ~ Agyr-
This remains compatible with the Nelson-Barr construction
provided that the higher-dimensional operators responsible

’Indeed, even the simplest theories for quark-lepton unification
at the low scale already face naturalness issues [70].

for inducing a shift in 9QCD [see Eq. (30)] are still generated
only at the Planck scale.

The result obtained by running the gauge couplings of
the Standard Model below Ay, and the gauge couplings of
GqL above Aqy, for the benchmark scales vcp = 10° GeV
and Agr, = vj9 = 10'* GeV, is shown in the upper panel of
Fig. 3. See Appendix C for details. The running suggests
that gauge coupling unification is approached but not
achieved. This situation is analogous to the familiar case
of minimal SU(5) [73], and could be remedied by threshold
corrections, for example through mass splittings among the
scalar multiplets involved in the breaking, or among addi-
tional states belonging to larger SO(10) representations.

Nevertheless, since in the gauge-coupling unification
picture the GUT suppressed operators

1 -
—FQLH(I)ISFde +H.C., (63)
Agur

can generate the down-quark mass, and neutrinos can get
mass via the inverse seesaw mechanism explained above,
the requirement of a high scale Aq, can be relaxed.

Given that vcp is fixed by the baryon-number and
Nelson-Barr quality constraints, Ag;, is then determined
by requiring gauge-coupling unification. As shown in
Fig. 3, we find Ag. =2x 10" GeV, and Agyr =
3 x 10" GeV. These scales are also consistent with the
requirement that (®,5)/Agur reproduces the down-quark
Yukawa coupling. The resulting unification scale is close to
the range probed by baryon-number-violating processes, in
particular proton decay, and may be in mild tension with
current bounds depending on the heavy gauge-boson
spectrum and the details of the GUT UV completion.
This conclusion is sensitive to threshold effects: mass
splittings among the heavy UV states can shift the apparent
unification scale and may relax the proton-decay con-
straints. The alternative hierarchy of scales is illustrated in
the right panel of Fig. 2.

In addition to the usual naturalness problem of the SM
Higgs, which we do not attempt to resolve here, the gap
between the two high scales of the theory, vcp and either a
high A; g or Agur, introduces further sources of tuning. In
the high-scale quark-lepton unification scenario, as dis-
cussed in Appendix B, components of the scalar fields @,
and @, with identical SM quantum numbers mix through
the scalar potential, thereby linking the CP-breaking scale
to the quark-lepton unification scale. Higher-dimensional
operators involving both representations and insertions of
the adjoint @5 with inverse powers of Mp, set lower
bounds on the couplings in the scalar potential, and tend to
favor a CP-breaking scale of wvep = O(10'!) GeV.
Achieving consistency with the viable parameter space
shown in Fig. 1 then requires, at least, a tuning at the
percent level in the scalar potential. Radiatively generated
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mass terms in the spirit of the so-called finite naturalness
[70,74] intensify the tuning.

In the scenario where a GUT scale is considered, the
tension described above disappears but analogous tensions
are expected between the scalars and radiative corrections
from the bosonic fields with masses at the GUT scale.

A final comment concerns the implications of this
hierarchy of scales for baryogenesis. Generating a mat-
ter-antimatter asymmetry is particularly nontrivial in the-
ories where CP is a symmetry of the UV Lagrangian [26].
In the present framework, heavy right-handed neutrinos are
present and a CP-violating phase is generated at the scale
vep = 107 GeV. This opens the possibility of realizing
leptogenesis, although its detailed implementation depends
on the right-handed-neutrino spectrum and on the size of
the CP-violating invariants in the lepton sector.

If a hierarchical spectrum is realized in the heavy
neutrino sector, the Dirac Yukawa couplings, which are
fixed by the up-quark sector accordingly to the SU(4)
relation for the mass matrices M? = M,,, may still allow for
leptogenesis via the out-of-equilibrium decay of the lightest
heavy neutrino, provided its decay rate is suppressed by m2.
In the high-scale quark-lepton unification scenario, the
Dirac neutrino mass matrices are real. Nevertheless, the
CP-violating phase can be transmitted to the heavy
Majorana neutrino sector through the mixing of gbg and
@Y, (see Appendix B for details). Yet, the resulting CP
asymmetry is expected to be suppressed, since the physical
phase originates from the interplay between the renorma-
lizable coupling Y, and the effective Yukawa generated
from higher dimensional operators,

1
Y, @i FiCF oy + 4 ®jFL,CO5F,, +He.  (64)

Parametrically, this leads to a suppression of the CP
asymmetry of order y, = O(1075) in the CP asymmetry.
By contrast, in the GUT scenario, the CP-violating phase
enters in the neutrino mass matrix through the mixing
between vy and the new fermionic gauge singlets N. In this
case, an O(1) CP-violating invariant in the heavy neutrino
sector can be expected. A dedicated study of leptogenesis,
or of alternative for baryogenesis mechanisms within this
framework, is left for future work.

At present, a suppressed Dirac CP phase in the PMNS
matrix is not decisively excluded. Although global fits and
long-baseline appearance data tend to prefer values of Scp
near —z/2, the result remains correlated with the neutrino
mass ordering, 6,3, and experimental systematics [75-77].
In addition, Tokai to Kamioka (T2K) and Neutrinos at the
main injector Off-axis v, appearance (NOvA) show a mild
tension in their preferred regions of dcp [78], and CP-
conserving values for normal ordering remain allowed in
parts of the parameter space [75,78]. Future data from T2K,
NOvA, Hyper-Kamiokande, and DUNE may therefore help

discriminate between scenarios with suppressed and unsup-
pressed low-energy leptonic CP violation.

VII. CONCLUDING REMARKS

In this paper, we have presented a UV completion of the
minimal simplified model in which the strong CP problem
is solved a la Nelson-Barr. In this theory, each generation of
the Standard Model quarks and leptons is unified into
representations of SU(4). This symmetry, which predicts
the equality of the SM down quark and charged lepton
masses at the quark-lepton unification scale, plays a crucial
role in enforcing the texture required to kill contributions to
9QCD from quark masses at tree level. This is achieved once
the fermionic sector is extended in the minimal nontrivial
way, namely, by the inclusion of an antisymmetric repre-
sentation, which contains a vectorlike down-type quark.

The vectorlike down quark plays a twofold role: it
enables a realistic description of the second and third
generation of fermion masses, while simultaneously pro-
viding the minimal ingredient required for the implemen-
tation of the Nelson-Barr mechanism.

In contrast to minimal realizations of quark-lepton
unification, baryon number is not conserved in this theory.
The combined requirements of a high-quality Nelson-Barr
and the nonobservation of baryon number violation sig-
nificantly restrict the viable parameter space, fixing the
scale of spontaneous CP violation and the new vectorlike
down quark to be around 10° GeV.

Although the scale of the new states is too high to
produce observable effects in flavor observables, the theory
predicts a distinctive and, in principle, experimentally
accessible signal of baryon number violation: the decay
mode n - K*¢£~, with £ = e, u. The predicted rate lies
within the reach of upcoming nucleon decay and neutrino
experiments. Since the existing bound on this channel dates
back to Fréjus, it would be especially interesting to revisit
this mode with Super-Kamiokande data, where a dedicated
treatment of the relevant backgrounds could substantially
improve the present sensitivity.

The relation between the quark-lepton unification scale
and the scale suppressing the nonrenormalizable operators
responsible for down-quark masses leads to two possible
scenarios in the UV. If these operators are suppressed by the
Planck scale, the observed down-quark masses point to a
high quark-lepton unification scale of Agy, = O(10'*) GeV.
Alternatively, if the effective cutoff is identified with an
intermediate GUT scale, the framework can be embedded in
a grand unified theory for Ag. = O(10'") GeV. The two
scenarios may also lead to different expectations for low-
energy leptonic CP violation, which could be tested by future
long-baseline experiments such as T2K, NOvA, Hyper-
Kamiokande, and DUNE.

Overall, this theory provides a concrete and instructive
example of how the Nelson-Barr mechanism can arise
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naturally in well-motivated extensions of the Standard
Model, while leading to sharp phenomenological predic-
tions that may be tested in the near future.
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APPENDIX A: A BIT OF ALGEBRA
In this Appendix, we play around the diagonalization
of Md./\/l;rl

1. Bounded eigenvalues

The mass matrix in Eq. (39), M?, can be rewritten as®

M2 = D - |L)(L], (A1)
where D = «j,diag(m2, m2, m?) and L) =

Kn(mpep,myey, moe3)’, with e; =p;/Mp. This form
makes explicit that M? differs from a diagonal matrix by
a rank-one operator.

The spectrum of M? is the set of real numbers / satisfying
det(M? — ) = 0. Using the matrix determinant lemma,
and assuming A # kj,m; , one finds

det(M2 — AT) = det(D — A1) £(4), (A2)

where

6 . . . . .
In this section, we use Dirac notation to streamline the
distinction between vectors, matrices, and c-numbers.

f() = (1= (L|(D-D)~[L))

i=1

Therefore, Eq. (A2) tells us that, for 1# K%,,mfpi, the
eigenvalues of M? are given by the zeros of f(1).

The function f(1) has the following properties:

(i) Asymptotically, lim;_, ., f(1) = 1.

(i) Near each pole A = K%,,m?i, as follows:

lim  f(4) = %o.

/1—>(KMmfi)

(iii) f(4) is strictly monotonically decreasing on each
interval of its domain separated by the poles,

/ . |Li|2

= (kymy, =

Hence, as the diagram below shows,

—0o0 Karme "i?umu K3 m?2 400
e e —
+ -t -+ -+ +
o ‘ ‘ ‘
zero Z€ero : zero >0

properties (i), (ii), and (iii) imply that f(4) has exactly one
zero in each interval between successive poles.
Consequently, the eigenvalues of M? interlace with those
of D, yielding

<m? <xim? (A4)

.. . 2 2 . . .
Equalities occur precisely when kj,m; is itself an eigen-

value of M?. In particular, this happens if and only if L; = 0
for nondegenerated m%i.

2. Texture of the diagonalizing matrix

The unitary matrix that diagonalizes M? is defined by

Ui M2U, = diag(A(), 22, 20)). (A5)
The eigenvalues A% as discussed in the main text,
correspond to the SM down-type quark masses squared.
In this section, we derive the texture of U; by exploiting the
strong hierarchy m, < m, < m,.

We begin by rewriting M? in the form given in Eq. (A1).
From the eigenvalue equation, M?m®) = A |m(K)), we
obtain the component-wise relation

(G2 — 28)m* = (Lim®)L,. (A6)
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Here |m®)) denotes the normalized eigenvector of M?
associated with the eigenvalue A(¥). It therefore corresponds
to the kth column of the diagonalizing matrix U; .

We now assume that (L|m®) #0.” In this case, the
eigenvector components satisfy

k KMmfiS‘
m§ ) X :

A o

where the proportionality constant is given by (L|m()).
Equation (A7) strongly constrains the structure of the
diagonalizing matrix U;: each column is aligned with
the vector |L), with relative weights determined by the
denominators k3,m> — A*). As a consequence, the ratios

m,(k) / m;k) are fully fixed by the charged lepton masses,
down-type quark masses, and the parameters ¢;.

Let us examine more closely the structure of U; by
exploiting our knowledge of the eigenvalues of M?.
Focusing on the third column, Eq. (A7) implies that

(3) 2 2 903
MiZio  mee kymi = A0

~ . A8
mG - mees Gy — A (A8)

The largest eigenvalue satisfies 1) ~«%,m2. This is

encouraged by the approximate bottom-z Yukawa unifica-
tion, since the ratio between the bottom and 7 masses,
my(2 GeV) ~2.35m,(2 GeV), becomes close to unity
when the Yukawa couplings are evolved to the quark-
lepton unification scale. Therefore, 1) must differ from
k3;m? by an order-one factor, so that |es| = O(1).
Perturbation theory on M? tells us that

2 2 2 2|2 2 2
Kymz — 1(3) - KMm‘L'|€3| + O(KMm;t)v (A9)
so that, using the hierarchy m, < m, < m,, we obtain

3
m5:>1,2 _

‘. (A10)
m{’ m,

Proceeding similarly for the second column of U,,

taking into account that A?) = m? = O(x},m?) and using

Eq. (A7), we find

" As discussed in the previous section, if (L|m®)) = 0, then the
corresponding eigenstate is completely decoupled from the rank-
one perturbation and the eigenvalue remains fixed at K%,,m%_ with
L i = 0

2
m!? M€y Ky, -2

m
o~ =0(1)—==~,
m(zz) m, € k3ym2 — A% M my
(2) 2 .2 12
m A
?2) = 2 Klzwmg a5 = o) B (Al1)
m; m, € Ky my — A m;

Finally, for the first column, although A cannot be

directly identified with the down-quark mass (as discussed

in the main text), we can still use the bound A" < k3,m?

derived in the previous section. It then follows that

(1)
Miys  mee mi— A m,

= 0(1)

m(l1> N my€q m%;[ —),(1) mge

(A12)

i

We therefore conclude that the diagonalizing matrix U, is
approximately diagonal, with off-diagonal entries para-
metrically suppressed by ratios of the charged lepton
masses, as follows:

o(1) o(’"—) o)

m, m,
m, nmy

.- o(z) on ofz)

ofx) ofz) ow

For completeness, we briefly discuss the fate of the CKM

phase. At first sight, one might worry that the structure of

Eq. (A1) could eliminate all CP-violating phases. Indeed,
under a redefinition of the left-handed down quark fields,

(A13)

d; — Pd; with P =diag(e®,e®,e®), (Al4)
the mass matrix transforms as
M? - PTM2P = D? — (P*]L))(PT]L))T, (A15)

where we have used that P and D? are diagonal matrices
and therefore commute. As a result, the three phases @; can
be chosen to absorb the phases of the parameters
€; = |e;le™%, rendering M? real. In other words, one can
always choose a weak basis in which the light down-quark
sector of M? is CP conserving, and the diagonalizing
matrix U; is real and orthogonal.

However, the transformation P acts on the entire Q;
doublet. In the same basis, the up-quark mass matrix
transforms as

M, = P™™,,. (A16)
Therefore, even if M, is initially real, it becomes complex
after redefinition. The phases then cannot be removed
simultaneously from both quark sectors and, therefore, a
physical CKM phase remains.
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We can now check whether the texture of U; in
Eq. (A13) is sufficient to reproduce the observed magnitude
of the CKM matrix elements. Comparing Eq. (42) with the
structure of U;, one can infer the parametric size of
the entries of the orthogonal matrix O,;. This leads to
the schematic texture

B = .
Or=|w B u |, (A17)
. n H
where
= 0(0.01), =0(0.1), and HE=0O(1).
Decomposing the CKM matrix as
Vekw = Verm + 8Vekus (A18)

where Vg = O, diag(U;)O,, and 8V gy contains the
off-diagonal entries of U; suppressed by the ratios of
charged lepton masses multiplied by entries of O,,; and O .
Although Vg may contain complex phases, these cor-
respond to row and column rephasings and therefore do not
contribute to the Jarlskog invariant, J. Consequently, the
leading contributions to J come from interference terms
involving at least one insertion of 6Vcky. Since these
contain the suppressed off-diagonal elements of U, , order-
one phases in U; are required to reproduce its experimental
value of J ~3 x 1075 [1].

APPENDIX B: SCALAR MIXING

There is a choice of basis in the scalar potential where the
vacuum expectation value of one of the ®,,, ;, scalar fields is
real, so that the physical CP-violating phase e resides
entirely in a single @, field. Let us consider, for simplicity,
the scalar @, with a real VEV.

The most general renormalizable scalar potential involv-
ing the electromagnetically neutral components of ®, and
@, consistent with the UV symmetries of the theory, Gpg,
can then be written as

/110

V = —ui| 31 — ol o> + |¢4‘4 + |¢ Sl

LA
=P 10 + (BI)

s ?a<¢2>2+h.c>.
Assuming the standard normalization (¢}) = vep/V/2

and (#),) = v,o/V2 as defined in the main text, the

minimization conditions of the potential are

(B2)

=43 v10 + 22410030 + (f + Aa10v10) vEp = O,

—4u + 2fvio + Aaroviy + 2408 =0.  (B3)

Given that w9 > vcp, condition (B2) fixes vy =

\/2/A1oi19 in a natural way. Condition (B3), however,
implies that the parameters f and A4;y must be small to
establish a hierarchical lower CP-breaking scale.

In the absence of additional symmetries, these param-
eters are generically bounded from below by Planck-
suppressed operators induced by gravity, such as

Ml ) (I)15<I)4CI>10<1310 + ! <I> D3 D7
+ Mlpl QD Tr{®d}} + -, (B4)
Parametrically, these contributions induce
f~ é darg = —2 and 42 = A—]3“Q B5
Mo, ) 410 Mo, > Hy Mo, . ( )
Given that wvjp~ A, substituting these estimates
into Eq. (B3) yields a CP-breaking scale wvcp~

O(ALg/ALg/Mpy) ~ 10" GeV, which lies approximately
1 order of magnitude above what the maximum value
allowed by the quality of the Nelson-Barr mechanism [see
Eq. (43)].% Reconciling these scales therefore requires a
tuning at the percent level in the scalar potential.
Turning to the masses of the neutral scalars in ®, and
@, after imposing the minimization conditions, the mass
matrix for the CP-even scalar fields takes the form

2403 (blo + /1410> O

v? , (B6)
N (L +am0)0s  An—4L6
o T 4410 ) Oo 10 =37, %

where 04 = vep/vy. Using the gravity-induced estimates
above, one finds f/v1o ~ a1 ~ ALg/Mp; ~ y 4, With y, the
down-quark Yukawa coupling. The two small expansion
parameters of the system are therefore O ~ y,; ~ 107,

At leading order in these parameters, perturbation theory
gives

Mé4 ~ /141)(2:13, and Mé]o ~ /110’[]%0, (B7)
with 64 quantifying the mixing angle between the two
scalar fields. An analogous mass spectrum and mixing
angle are expected for the scalar leptoquarks ¢g and ¢f,.

We note that the tension in the scalar potential to achieve
the gap between Ag; and vcp worsens once radiative
corrections to Mé4 are taken into account. In particular,

heavy gauge bosons such as the vector leptoquarks X* and
the neutral Z’ associated with the breaking of SU(4). and
Up_; ® Ug, respectively, generate finite contributions of

A similar result is obtained if v19 and vcp are determined
using Egs. (B3) and (B2), respectively, the latter with parameters
generated by higher-dimensional operators.
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the form [70]

A
2 A 2 LQ
5M<D4 | 1—loop ™~ 4 ] <M2 > s

which naturally suggest Mg, = O(10'? GeV).
APPENDIX C: RUNNING OF THE
GAUGE COUPLINGS

At one-loop, the running of the gauge couplings is

given by
bi H
——1In ,
272' M ref

where b; denotes the one-loop pf-function coefficient
appropriate to the particle content between the scale
M ¢ and the scale p.

The symmetry-breaking chain relevant for the running is

o' (u) = o (Mier) (C1)

SU4)-x SU(2), x U(1),
(®1s) ¥ SUB) x SU(2), x U(1), x U(1) 5,

D) or (D
) o B U (3) x SU(2), x U(1),y.

(€2)
Accordingly, above the scale (®5) = Agp, the couplings
to be run are ay, a,, and ag. Between Aq, and the scale at
which the U(1), x U(1),_, symmetry is broken to hyper-
charge, denoted by Agy, the theory is described by the 3211
gauge group,
G311 =SUB)c ®SU2), @ U(1)z @ U(1)_;. (C3)
and the couplings are a3, a,, ag, and ag_; . Below Agy, the
running is that of the SM gauge couplings a3, @,, and ay,
up to the additional thresholds specified below.

At the first threshold, AQL, the matching conditions are

a3(AqL) = as(AqL).

3
ag-(AqL) = 5054(AQL)- (C4)
Here, the normalization is chosen according to Eq. (12). At
the second threshold, Agy, the hypercharge coupling is
matched according to

o' (Asm) = o' (Asm) + a5l (Asm)- (C5)
In the limit in which the two thresholds are taken to be
degenerate, Ag, = Agy, the intermediate 3211 regime has
no logarithmic running. In that case, the matching reduces
to the combined condition

@ (M) = a7 (Aqu) +565" (Agu). (C6)

The SU(2), factor is unaffected by these symmetry-
breaking steps, and therefore a, is continuous across the
thresholds.

The b; coefficients at one-loop are fixed by group theory
and given by

bi:_

+§ZT,-(R

ZT (Ry) Hd (Ry)

J#i
S)Hd/(R

J#i

(C7)

where C,(G;) is the quadratic Casimir of the adjoint
representation, T;(R) is the Dynkin index of the represen-
tation R under the group factor G;, and d;.; denotes the
multiplicity of the representation under the remaining
group factors. The sums run over Weyl fermions (f) and
complex scalars (s).

The p-function coefficients depend on the energy inter-
val. Below v¢p, the running is that of the SM, b?,M =41/6,
bsM = -19/6, b3M = —

For the high-scale quark-lepton unification scenario,
between vep and Agy ~ Aqp, the vectorlike down quarks
in Fg and the two copies of @, contribute to the SM f
functions. We denote the corresponding coefficients by

b5® = b + Aby|r +2Abylg, .
bSP = b3V,

bg:P - b§M + Ab3|F6 + 2Ab3|¢,4. (C8)

For the field content considered here, Fg = D; & (D°),,
and @, = O @ DY, F, = Abylg, = 4/9,
Abs|p, = 2/3, Abslg, = 1/6. Above Aqy, the running is
performed in the G, theory, with coefficients

19 49
b =—— br=—.  (C9)

L
b = -8, < R =

In the low-scale quark-lepton scenario, there is an

intermediate regime with gauge group Gsyq;. In this
interval, the relevant coefficients are
19
b3211 — —6, b3211 =—_—_,
3 2 6
49 10
=T b= (C10)

The coupling ap_; is therefore run independently in this
scenario. The hypercharge coupling is recovered only at the
lower threshold through the matching condition above.
Above Ay, the coefficients in Eq. (C9) change by
subtracting the contribution from @y~ (10,1,1), i.e.

AbS |y, =1, AbS |, =0, and ABZ"|, = 10/3.
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