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In these proceedings, we summarize our recent findings on a minimal renormalizable 𝑆𝑂 (10)
grand unified theory. With the assumption of spontaneous 𝐶𝑃 violation, the low-energy theory
becomes a constrained two-Higgs-doublet model, whose mass spectrum has an upper bound of
545 GeV. High-luminosity collider experiments may find its flavor violating signals and reveal
hidden mixing parameters, enabling new predictions for proton decay. There is a possibility that
a hint of minimal 𝑆𝑂 (10) can appear soon in near future experiments.
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1. Introduction and motivation

Grand unification theory (GUT) [1, 2] is one of the most appealing frameworks for the new
physics beyond Standard Model (SM). The SM fermions can fit neatly into the 5 and 10 represen-
tation of 𝑆𝑈 (5), or with one right-handed neutrino, into the 16 representation of 𝑆𝑂 (10). This
does not appear to be a mere coincidence [3], and naturally explains the mysterious charge quanti-
zation [4, 5]. GUT gives a profound prediction, proton decay. The proton lifetime is calculable, at
least in certain minimal scenarios [6].

Compared with 𝑆𝑈 (5), 𝑆𝑂 (10) is more attracting since it predicts massive neutrios. In
addition, the intermediate scales enable successful gauge coupling unification, without requiring
additional light states [7–10]. If one insists renormalizability, a very minimal 𝑆𝑂 (10) theory is
based on large Higgs representations. The scalar sector contains [11–13]

45𝐻 ; 126𝐻 ; complexified 10𝐻 . (1)

Clearly, the weakness is too many physical degrees of freedom, and perturbative expansion may
fail [14, 15]. Bearing this theoretical imperfection, perhaps the biggest shortcoming is that the
renormalizable 𝑆𝑂 (10) GUT itself lacks predictive power. Calculating all proton decay branching
ratios is unfortunately not possible. Moreover, it does not require any new particles that could be
tested in the upcoming colliders. There might be a particle desert all the way to an inaccessible
high energy scale.

To find a predictive scenario while keeping renormalizability, we take a novel approach by
imposing the condition that all couplings are real. CP symmetry, the combined transform of charge
conjugation C and parity P, is enhanced and serves as a fundamental symmetry of nature [16]. The
CP-odd Kobayashi-Maskawa phase [17] derives only from the complex vacuum expectation values
(VEV) for electroweak (EW) symmetry breaking, resulting in EW-scale spontaneous CP violation
(SCPV).1 Unlike the SM, the EW vacuua within SCPV must be degenerate, requiring additional
fine-tuning and an extra light Higgs doublet [18–20]. The low-energy theory has no decoupling [20]
limit, very similar to what T. Lee originally proposed in 1973 [21]. The phenomenology of the
required new Higgs doublet would not only indicate sub-TeV new physics, but also shed light on
additional flavour parameters. Related through 𝑆𝑂 (10), those parameters are precisely the missing
pieces needed to predict the proton decay branching ratios.

In these proceedings, we summarize our recent work on minimal 𝑆𝑂 (10) with SCPV [22].
Section 2 introduces the model and describes the low energy theory. The predictions and conclusions
are presented in Section 3 and 4, respectively.

2. SCPV in minimal 𝑆𝑂 (10)

The fermionic sector for minimal 𝑆𝑂 (10) is quite concise. All SM quarks, leptons, and three
right-handed neutrinos are exactly contained in three spinor representations 16𝐹 = (𝑄𝐿 , 𝑢𝑅, 𝑑𝑅) +
(ℓ𝐿 , 𝜈𝑅, 𝑒𝑅). The scalar sector, on the other hand, needs to be extended. As shown in Eq 1, the

1High scale SCPV is not possible in the minimal theory. See Section 2 for an explanation.
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simplest realistic choice for a renormalizable theory is 45𝐻 , 126𝐻 and complexified 10𝐻 [11–13].
Their transforming rules under CP can be defined as (with the 𝑆𝑂 (10) indices implicit),

45𝐻 → 45𝐻 , 126𝐻 → 126𝐻 , 10𝐻 → 10∗𝐻 . (2)

This ensures that all couplings are real when the theory is exactly CP symmetric. The adjoint 45𝐻 is
a real. 126𝐻 is complex, but its high-scale VEV ⟨(1, 1, 3, 1)⟩ can always be chosen real by a phase
redefinition [12]. Therefore, within the minimal 𝑆𝑂 (10) scenario discussed here, the only possible
VEV with a physical phase is the EW symmetry breaking one ⟨(1, 2, 2, 0)⟩ from 10𝐻 and/or 126𝐻 .
CP is only spontaneously violated, together with EW symmetry breaking. The complete symmetry
breaking chain is

𝑆𝑂 (10) × 𝐶𝑃
⟨ (1,1,1,0) ⟩∈45𝐻−−−−−−−−−−−−−→

𝑀GUT
𝑆𝑈 (3)𝐶 × 𝑆𝑈 (2)𝐿 × 𝑆𝑈 (2)𝑅 ×𝑈 (1)𝐵−𝐿 × 𝐶𝑃

⟨ (1,1,3,1) ⟩∈126𝐻−−−−−−−−−−−−−−→
𝑀𝑅

𝑆𝑈 (3)𝐶 × 𝑆𝑈 (2)𝐿 ×𝑈 (1)𝑌 × 𝐶𝑃

⟨ (1,2,2,0) ⟩∈126𝐻 ,10𝐻−−−−−−−−−−−−−−−−−→
𝑀𝑊

𝑆𝑈 (3)𝑐 ×𝑈 (1)EM.

(3)

The 𝑆𝑈 (3)𝐶 × 𝑆𝑈 (2)𝐿 × 𝑆𝑈 (2)𝑅 × 𝑈 (1)𝐵−𝐿 quantum numbers are shown in parentheses. The
intermediate symmetry can also be 𝑆𝑈 (4)𝐶 × 𝑆𝑈 (2)𝐿 × 𝑈 (1)𝑅 × 𝐶𝑃, while the other two-step
Pati-Salam type breaking patterns are not possible here [10, 23]. The gauge coupling unification
will work perfectly [8–10] when the intermediate LR (or QL) symmetry breaking scale 𝑀𝐼 is about
109 GeV (or 1011 GeV). However, we do not specify any value, because the choice of 𝑀𝐼 can be
relaxed if some of the physical states in 126𝐻 and/or 45𝐻 are fine-tuned light [13].

The SM EW symmetry breaking requires one VEV, one light Higgs doublet, and fine-tuning
once. Correspondingly, EW scale SCPV necessities two degenerate VEVs2, two light Higgs
doublets, and double fine-tuning. This is an model-independent result, known for a long time [18].
But only until recently, it has been realized that the mass spectrum for these Higgs doublets is strictly
bounded from above, regardless the size of the CP violating effect [19, 20, 27]. This leads to a
non-decoupling theory [20], with a perturbative unitarity bound in analog to the Lee-Quigg-Thacker
one of SM [28]

𝑚2
ℎ + 𝑚

2
𝐻 + 𝑚2

𝐴 ≲ 𝑀2
LQT = (700 ∼ 800 GeV)2. (4)

Here, ℎ as the discovered 125 GeV SM Higgs boson, and 𝐻, 𝐴 are the physical neutral states of
two-Higgs-doublet models (2HDM) [29]. Complete next-to leading order analysis tells that 𝑚𝐻
and 𝑚𝐴 are individually bounded by 485 GeV and 545 GeV, and the mass of the physical charged
state should be smaller than 435 GeV [20].

At tree-level, 𝐻 and 𝐴 directly couple to SM charged Ferimons with

−L
Φ𝐹𝐹

⊃ 𝑌 ℓℓ′𝐸 (𝐻 + 𝑖𝐴)ℓ𝐿ℓ′𝑅 + 𝑌𝑞𝑞
′

𝐷
(𝐻 + 𝑖𝐴)𝑑𝑞

𝐿
𝑑
𝑞′

𝑅
+ 𝑌𝑞𝑞

′

𝑈
(𝐻 + 𝑖𝐴)𝑢𝑞

𝐿
𝑢
𝑞′

𝑅
+ h.c. (5)

The flavor changing neutral currents (FCNC) arise here. Since 𝑚𝐻 , 𝑚𝐴 are at the EW scale, the
Yukawa coupling 𝑌𝐸 , 𝑌𝐷 , 𝑌𝑈 can not be too large. Fortunately, we find the suppressed Yukawa

2The degenerate vacuua leads to domain wall solutions, which is a disaster for cosmology [24]. It can be solved by a
biased term [24–26].
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Proton decay cLFV

Meson Oscillation Unitarity

Figure 1: Proton decay, charged lepton flavor violation (cLFV), and neutral meson oscillation depend on
different elements of the unitary matrix 𝑉𝐸 . The theory yields more observables than free parameters.

couplings do not conflict with minimal 𝑆𝑂 (10). On the other hand, the flavor structures are
constrained at tree level. Noticing the 𝑆𝑂 (10) Yukawa sector is

−L𝑌 = 𝑌1016𝐹10𝐻16𝐹 + 𝑌1016𝐹10∗𝐻16𝐹 + 𝑌12616𝐹126𝐻16𝐹 + h.c. (6)

Here, 𝑌10, 𝑌10 and 𝑌126 are 3 × 3 symmetric matrices at GUT scale [30]. All charged leptons and
quarks directly get masses from Eq 6, so their mass matrices are linear combinations of 𝑌10, 𝑌10 and
𝑌126. Consequently, they are all symmetric and can be diagonalized with

𝑀𝐷 = 𝐷∗𝑚𝐷𝐷
†, 𝑀𝑈 = 𝑈∗𝑚𝑈𝑈

†, 𝑀𝐸 = 𝐸∗𝑚𝐸𝐸
†;

𝑉CKM = 𝑈†𝐷, 𝑉𝐸 = 𝐸†𝐷.
(7)

The only unknown flavor mixing matrix is 𝑉𝐸 , the misalignment between the charged lepton and
down-type quark sector. Furthermore, since𝑌𝐸 , 𝑌𝐷 , 𝑌𝑈 also originate from Eq 6, they must be linear
combinations of 𝑌10, 𝑌10 and 𝑌126, too. As a result, 𝑌𝐸 , 𝑌𝐷 , 𝑌𝑈 can reduce to linear combinations
of 𝑀𝐷 , 𝑀𝑈 , 𝑀𝐸 and the flavor structure is significantly simplified. Ignoring the small 12 and 13
mixing angles in 𝑉CKM, and the small masses of the first two generations, we arrive at

𝑌 ℓℓ
′

𝐸 ∝ 𝑉ℓ𝑏𝐸 𝑉
ℓ′𝑏
𝐸 , ℓ ≠ ℓ′; 𝑌

𝑞𝑞′

𝐷
∝ 𝑉

𝜏𝑞

𝐸
𝑉
𝜏𝑞′

𝐸
, 𝑞 ≠ 𝑞′. (8)

Under these approximations, the Yukawa couplings for low-energy 2HDM follow next-to minimal
flavor violation (NMFV) [31].

3. Prediction

If 𝐴 and 𝐻 are directly produced at colliders, signals of heavy resonances decaying into 𝑒𝜇, 𝑒𝜏
and 𝜇𝜏 final states will be detected. Additionally, the non-diagonal parts of 𝑌𝐷 contribute to
neutral meson oscillations. This means the SM predicted values of 𝐾 and 𝐵𝑑 meson oscillation
frequencies should not perfectly match the measured ones. Moreover, 𝑉𝐸 the misalignment mixing
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matrix between charged leptons and quarks, also joins the expressions of the proton decay branching
ratios [32, 33]. The dependence of these physical processes on different elements of𝑉𝐸 is illustrated
in Figure 1. Altogether, there are more physical observables than free parameters, and our concrete
tree level prediction is

2Γ(𝑝 −→ 𝜋0ℓ+)
Γ(𝑝 −→ 𝜋+𝜈) − Γ(𝑝 −→ 𝐾0ℓ+)

𝜉𝐾Γ(𝑝 −→ 𝐾+𝜈)

=

(
3| (Δ𝑀𝐾 )NP |
(Δ𝑀𝐵𝑑

)NP |𝜉𝐵
−
𝑁𝑒𝜇

𝑁𝜏𝜇
−
𝑁𝑒𝜇

𝑁𝑒𝜏
+ 1

) (
𝑁𝑒𝜇

𝑁𝜏𝜇
+
𝑁𝑒𝜇

𝑁𝑒𝜏
+ 1

)−1
.

(9)

Eq 9 only contains experimental or lattice observables. Γ(𝑝 −→ 𝜋0ℓ+) and Γ(𝑝 −→ 𝐾0ℓ+) represents
the total decay rate for all leptonic final states (𝑒+ and 𝜇+). 𝑁ℓℓ′ is the total number of the excess
events of heavy resonant decaying to charged leptons, normalized by the detection efficiency.
(Δ𝑀𝐾 )NP and (Δ𝑀𝐵𝑑

)NP is difference between the SM predicted and experimentally measured
values of 𝐾 and 𝐵𝑑 meson oscillation frequency. 𝜉𝐵 ≈ 0.97 and 𝜉𝐾 ≈ 6.4 are ratios between
hadronic elements. They are well-calculated and one can find the explicit expressions in [22].
Verifying Eq 9 in future experiments would directly hint minimal 𝑆𝑂 (10). Otherwise, the minimal
theory does not hold or the one-loop corrections are overlooked.

4. Conclusion and discussion

In these proceedings, we have discussed the minimal realistic 𝑆𝑂 (10) under the assumption of
spontaneous CP violation. The low-energy theory is 2HDM and very similar to T. Lee’s original
proposal [21]. One may worry the dangers tree level FCNC of the theory, but strictly speaking,
the theory can not be trivially excluded. The absolute strengths of the Yukawa couplings are are
not faithfully predicted in general, neither within the minimal 𝑆𝑂 (10). What to be predicted is the
flavor structure. Future measurement on the induced FCNC processes may reveal a hidden flavor
mixing matrix 𝑉𝐸 . That’s exactly the missing piece to predict the proton decay branching ratios.
A tree-level correlation is explicitly shown in Eq 9. Hopefully in near future, the high-luminosity
LHC and Hyper-Kamiokande experiments can provide a hint for 𝑆𝑂 (10).
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