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1 Introduction

Grand unification theories (GUTs) [1, 2] offer an appealing framework for new physics beyond
the Standard Model (SM). One of their key successes is the explanation of the quantization of
hypercharge in units of the weak isospin, which implies the quantization of electric charge in
a way that neutron and neutrinos are electrically neutral. No fundamental principles within
the SM can forbid deviations from this pattern [3, 4], but it has been tested to extremely high
precision; for instance, the neutron charge is constrained to be smaller than about 10−21 e [5].
This puzzle reflects the arbitrariness in constructing anomaly-free representations of the SM
gauge group GSM = SU(3)C × SU(2)L × U(1)Y , while, by contrast, the quantum numbers of
SM fermions do not appear random in reality, but directly point to an extended symmetry:
each generation, with a right-handed neutrino, fits neatly into the spinor representation 16F

of SO(10). ‘Unifiability’ is a rare feature among all possible anomaly-free assignments of
GSM representation [6], and strongly suggests that the fundamental gauge group of nature is
a single semi-simple group GGUT, such as SU(5) or SO(10) containing GSM as a subgroup.
Moreover, various fits to gauge coupling unification for SO(10) suggest that the GUT breaking
scale MGUT lies around 1016 GeV [7–10], in principle making the GUT idea testable by future
proton decay experiments [11, 12]. GUTs predict that gauge coupling unify. With the
measured values of the SM gauge couplings one finds that this feature holds qualitatively,
as the couplings converge to each other at high energies, but fails quantitatively [13, 14].
Quantitative gauge coupling unification can be achieved in multiple ways by “populating the
desert” between the electroweak scale and MGUT. For example, in supersymmetric GUTs
the superpartners of the SM particles with O(1− 100 TeV) masses make gauge unification
possible, but one can also employ mass splittings among the members of the large Higgs
multiplets to modify the renormalization group (RG) evolution of the couplings near MGUT.
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This paper addresses the unification of Yukawa couplings. This topic has two key elements,
the number of Higgs multiplets coupling to fermions and the light degrees of freedom invoked
to change the RG evolution of the Yukawa couplings between the electroweak scale and MGUT.
Unfortunately, the most economical SU(5) or SO(10) Yukawa sectors fail in reproducing the
observed fermion masses and mixing angles. It is instructive to study the wrong prediction
of the b − τ mass relation. New particles are required to achieve realistic fermion masses
and mixings — either heavier than MGUT (entering as effective operators [15–17]) or lighter
(such as additional scalars containing Higgs doublets [18–21] or vector-like fermions [22, 23]).
The predictions of the most minimal GUTs are replaced by fits within minimal realistic
models which contain additional free parameters; see refs. [10, 20, 24–31] for examples of
non-supersymmetric GUTs. Here with most minimal we mean GUTs in which only one Higgs
multiplet couples to fermions, in the case of SO(10) the corresponding representations can be
10H , 120H , or 126H . As a common feature of the proposed minimal realistic models, many
robust and discriminative predictions of the most minimal GUT are lost.

However, it would be premature to claim that most minimal GUTs are unrealistic: the
loophole is the assumption of a particle desert between the electroweak and GUT scales,
usually deduced from naturalness criteria [32]. The impact of the deviation of the desert
picture on Yukawa unification is best studied in supersymmetric GUTs, in which the infrared
(IR) theory is the Minimal Supersymmetric Standard Model (MSSM). The threshold correction
to the matching relation between SM and MSSM Yukawa couplings can be enhanced when
tan β, the ratio of the vacuum expectation values (VEVs) of the two MSSM Higgs doublets, is
large [33–38]. This fact changes the predictions of minimal GUT, and together with successful
gauge coupling unification, has been viewed as indirect support for low-scale supersymmetry.
However, the SUSY GUT is far from minimal. It requires many more physical particles
than the non-SUSY one, and the huge number of physical degrees of freedom brings a new
puzzle that perturbative expansion could fail [39, 40]. Recently, the authors of refs. [41, 42]
proposed a new idea, that the wrong b − τ mass relation in minimal SU(5) can be resolved
by introducing a large mass hierarchy among the particles within the same scalar multiplet.
This hierarchy requires that some particles lie far below the MGUT, and suggests the desert
picture together with the naturalness criterion should be reconsidered. The wrong fermion
mass pattern does not necessarily falsify the minimal GUT; rather, it implies that SM alone
cannot serve as a viable IR theory. Some scalar particles from the GUT sector need to be
included in the light spectrum. In some cases, such particles also lead to successful gauge
coupling unification; see, for instance, refs. [16, 17, 43–45].

From a different perspective, doubts on the particle desert picture are nurtured by
experimental data on flavor-changing B meson decays. For more than a decade several
observables related to b → sµ+µ− or b → cτν decays have been found to deviate form
their SM predictions. The current status of the “flavor anomalies” is as follows: b → cτν is
probed through the ratios of branching ratios R(D(∗)) = BR(B → D(∗)τν)/BR(B → D(∗)ℓν)
(ℓ = e, µ) and polarisation data with very robust theory predictions, because the only non-
perturbative quantity involved is a ratio of form factors multiplying a term suppressed by
the mass ratio m2

τ /m2
B. An analysis exploiting experimental information on form factor

shapes finds the combined b → cτν data deviating from the SM predictions by 4.4σ [46].
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A recent paper calculating form factors from first principles finds compatible results with
slightly larger theory uncertainties. Moreover, if one tried to change the form factor ratio in
R(D∗) to a level that the data are reproduced, predictions of measured polarisation data in
B → D∗ℓν decays with light leptons ℓ = e, µ would instead severely deviate from their SM
predictions [47]. BaBar, Belle, Belle II and LHCb contribute to the b → cτν anomaly with
mutually consistent measurements [48–55] (combined in ref. [56]). The b → sµ+µ− anomaly is
supported by measurements of various branching ratios and angular distributions of b-flavored
hadrons by LHCb [57–73] and, more recently, also by CMS [74]. Moreover, all data are
compatible with effects of equal size in b → se+e−,i.e. lepton-flavor universality in the first two
generations [72, 73]. The combination of all data prefers beyond-SM (BSM) scenarios with a
significance above 5σ [75] if the SM prediction of [76] is used. The latter has been challenged
by several alternative calculational approaches [77–82] and while more conservative estimates
of hadronic uncertainties reduce the significance of BSM physics, there is no convincing way
to bring the data into good agreement with the SM predictions. Statistically, it is unlikely
that all these anomalies will disappear in the future [83], and their BSM explanation requires
particles not far above the TeV scale. Specifically, leptoquarks (LQs) with masses between
1 TeV and 50 TeV are well-suited to remedy the flavor anomalies without harming predictions
of observables which are in agreement with their SM predictions [84–102].

The state-of-the art is to postulate the required light LQs ad-hoc, which remains unsatis-
factory until these particles are embedded into a meaningful theory addressing fundamental
puzzles of the SM. Thus it is a natural idea to analyze whether the (multi-)TeV scale lepto-
quarks are beneficial to GUTs, as we do in this paper. Although LQs can arise naturally in
many partial unification frameworks, such as Pati-Salam (PS) theories [103], their masses
and interactions with fermions remain puzzling. If the LQs are vector bosons, their masses
originate from spontaneous gauge symmetry breaking and are their mass is protected by
gauge symmetry. However, if PS unification is realized at the multi-TeV scale, the LQ-fermion
coupling structure needs to respect an approximate U(2)n flavor symmetry to evade the
bounds from processes involving light flavors, such as KL → µe [104–109]. Additional vector-
like Fermions and/or extended gauge groups are typically needed to achieve TeV-scale partial
unification while preserving U(2)n at low energies [110–115]. On the other hand, scalar LQs
can naturally preserve the chiral U(2)n symmetry, but their masses are unprotected and suffer
from the same fine-tuning problem as the SM-Higgs boson [116]. This conceptual puzzle
becomes an explicit problem in a (partial) unification framework whose scale is much higher
than a TeV. In our view, the LQ explanation for B anomalies could become more convincing if
LQs originate from a most minimal GUT. Their light masses and specific coupling structures
could emerge as a consistency requirement for successful Yukawa unification, so that the
benefits of successful unification and explanation of flavor anomalies outweigh the nuisance
of additional unprotected scalar masses.

In this work, we indeed demonstrate that the light scalar particles correcting the b − τ

mass relation could be the same TeV-scale LQs responsible for the B anomalies. We study
a minimal SO(10) model, whose Yukawa sector includes merely one scalar multiplet, 126H .
The SM Higgs doublet and the TeV-scale LQs all live within this 126H representation. This
minimal set-up then contains merely one Yukawa coupling matrix, and seemingly cannot
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reproduce the observed fermion masses and mixing patterns. Yet, the TeV-scale LQs break
the desert picture and modify the renormalization group (RG) equations. At the end, we
find the masses of the top quark, bottom quark, and τ lepton to emerge correctly at low
energy, although the theory contains just two free parameters — the Yukawa coupling at
the GUT scale, yt(MGUT), and the Higgs VEV ratio tan β. The LQ-fermion couplings
emerge as infrared (IR) fixed points (see ref. [101] for a model-independent study of fixed-
points), and the correlations among couplings of different LQ types potentially make the
explanation of the B anomalies much less ad-hoc. Although a single scalar multiplet in
the Yukawa sector cannot provide flavor mixing angles, we find that in the presence of the
TeV-scale LQs, flavor conservation becomes an unstable solution of the RG equations. Flavor
mixing can thus serve as an emergent phenomenon when zooming out to larger distance
scales. In this work, we do not attempt a global fit to all data, as our result appears to
be fairly model-independent and does not rely on the specific choice of the LQ types. A
complete explanation of the B anomalies, particularly the new flavor mixing angles, typically
requires further modifications and refinements to the light scalar spectrum of 126H . Rather
than searching for an existence proof, our main goal is to analyze a simple scenario that
captures the essential physics and to demonstrate that TeV-scale LQs offer a promising path
towards a consistent minimal GUT. Our result makes the LQ explanation to B anomalies
more convincing: although fine-tuning scalar LQ masses is still needed, it now arises as a
consistency requirement imposed by unification.

The paper is structured as follows. In section 2, we revisit the minimal ways to construct
the SO(10) Yukawa sector. We explain why 126H is preferred and discuss its shortcomings.
Next, we discuss the LQ spectrum in 126H , specify the LQ-fermion interactions, and summarize
the effective operators relevant for b → c, s transitions. In the following subsection, we present
an overview on how these LQs can address the B anomalies and examine what additional
constrains are imposed by SO(10). In section 3, we analyze how TeV-scale LQs can improve
the RG evolution for the Yukawa couplings between light scalars and third-generation fermions.
We show how the b − τ mass relationship is improved and how the LQ-fermion couplings
exhibit fixed point behaviors. Since addressing B anomalies requires large flavor mixing
angles that are unphysical in SM, we then propose a possible solution to this newly arising
problem. In section 4, we summarize our main findings and outline the further work needed
to strengthen our idea. To demonstrate the model-independence of our results, we show in
appendix A that b − τ unification can also be achieved with different light LQ spectra.

2 Minimal SO(10) GUT

2.1 The landscape

We start by revisiting the SO(10) theories with the simplest Yukawa sector [117]. As
introduced, the spinor representation of SO(10) contains exactly one generation of SM
fermions plus a right-handed neutrino:

16F = (QL, uc
R, dc

R) + (ℓL, νc
R, ec

R). (2.1)
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As a chiral theory, Fermions in 16F get masses via coupling to the scalars developing non-zero
VEVs. An approach is to add a vector 10H :

−LY10 = Y1010H16F 16c
F , 10H = Γiϕi. (2.2)

Here, Γi (i = 1, . . . 10) are the Gamma matrices in the SO(10) space. The GUT-scale
prediction is robust but a bit boring: degenerate masses for top quark, bottom quark, charged
τ lepton, and Dirac-type τ neutrino. This is clearly inconsistent with the low energy data.
Alternatively, one can replace the vector 10H with a rank-three tensor 120H :

−LY120 = Y120120H16F 16c
F , 120H = ΓiΓjΓkϕ[ijk]. (2.3)

However, the ten-dimensional Dirac algebra tells that Y120 is anti-symmetric in flavor space.
Y120 vanishes in the single generation limit. In case of three generations, Y120 cannot generate
heavy masses for the third-generation fermions if the first two generations remain light. This
situation is even worse than the one in 10H .

For a long time, people believed that the mentioned failure comes from minimal model
construction. In our opinion, this trouble somehow stems from the structures of 10H , 120H ,
which lack complexity. The last remaining choice, the rank-five (self-dual) tensor 126H ,
improves the situation much. The Yukawa sector now reads:

−LY126 = Y126126H16F 16c
F , 126H = ΓiΓjΓkΓlΓmϕ[ijklm]. (2.4)

Firstly, 126H is tailor-made for tiny neutrino masses. 126H contains a vacuum singlet under
GSM and can give the right-handed neutrino νR a high-scale mass term. Upon integrating
out νR, the dim-5 Weinberg operator [118] can generate a tiny mass for the active neutrino
living in ℓL [119, 120]. In addition, 126H contains two Higgs doublets with opposite SU(2)R

isospin. As a result, one of the Higgses only couples to QLuR, LLνR and the other one only
couples to QLbR, QLeR. A hierarchical ratio mt/mb is now possible, as long as the ratio tan β

of the two Higgs doublets VEVs is large. Furthermore, Y126 is symmetric and can be assigned
third-generation specific, which gives the desired hierarchy structure among the charged
fermion masses of the three generations. Indeed, eq. (2.4) cannot account for quark mixing
and is unlikely to yield the precise quantities for the first- and second-generation fermion
masses. However, we do not think these shortcomings require extending the Yukawa sector
immediately. If one neglects Yukawa couplings much smaller than unity, the light-flavor
structure contains merely vanishing or unphysical observables. Large neutrino mixing is
not problematic either, because the Yukawa couplings enter the left-handed neutrino mass
matrix MνL non-linearly. The relation MνL ∝ Y126 could break down even with higher-order
corrections. Therefore, the O(1) predictions of 126H are approximately correct. In the
following, we refer to the theory whose Yukawa sector can be well-approximated by eq. (2.4)
as ‘minimal SO(10) GUT’.

However, the b−τ mass relation remains an issue: 126H predicts mτ = 3mb at MGUT [117],
but the experimental measurements, combined with the SM RG equations, indicate mτ =
1.67mb at MGUT [121, 122]. This discrepancy cannot be ignored. Therefore, we have to
conclude that the low-energy theory of minimal SO(10) contains all SM fields with couplings
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Reshaped landscape

The landscape: 
a SM-like theorythe SM

GUT Swampland

Minimal GUT

LQs at TeV

Figure 1. The small solid ellipse represents the landscape of minimal SO(10), which is a SM-like
theory. The red star marks the SM itself. It is not consistent with the minimal theory and therefore
lies in the GUT swampland (shown with the large solid ellipse). The dashed ellipse illustrates the
reshaped landscape induced by TeV-scale LQs, within which the SM is now included.

close to — but still not reasonably agreeing with — the measured quantities. The landscape
of this minimal theory is a SM-like theory, while the SM itself lies in the swampland, as
illustrated in figure 1. Can the SM be included inside the landscape without modifying the
deep-UV physics? Our conjecture is: if some scalar particles living in 126H , such as LQs,
are fine-tuned to be light, they can change the RG equation and reshape the boundary of
the minimal SO(10) landscape, which may include the SM.

2.2 Leptoquarks in 126H

To discuss the LQ spectrum, we decompose the spectrum of 126H with the Pati-Salam type
subgroup SU(4)c × SU(2)L × SU(2)R by [123]:

126H = (6c, 1L, 1R) + (10c, 3L, 1R) + (10c, 1L, 3R) + (15c, 2L, 2R). (2.5)

The SU(4)c group takes the anomaly-free U(1)B−L charge as the ‘fourth color’, implying
that leptons and quarks can convert into each other. Here, the scalar LQs are identified
as the color triplet mediators:

(6c, 1L, 1R) ⊃ S1(3, 1,−1/3) + S′
1(3, 1, 1/3),

(10c, 3L, 1R) ⊃ S3(3, 3,−1/3),
(10c, 1L, 3R) ⊃ S̄1(3, 1,−2/3) + S′′

1 (3, 1, 1/3) + S̃1(3, 1, 4/3),
(15c, 2L, 2R) ⊃ R2(3, 2,−7/6) + R̃2(3, 2,−1/6) + R′

2(3, 2, 7/6) + R̃′
2(3, 2, 1/6).

(2.6)
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We follow the LQ notation of ref. [85] up to charge conjugation, with the numbers in the
parentheses indicating their representations under GSM. S̄1, S′′

1 , and S̃1 form an SU(2)R

triplet, while S′
1 is an SU(2)R singlet. They carry symmetric and antisymmetric SU(2)R

indices, respectively, and can be written in a compact form as:

Ŝ3 =
(

S1 S′′
1 /

√
2

S′′
1 /

√
2 S̃1

)
Ŝ1 =

(
0 S′

1/
√
2

−S′
1/
√
2 0

)
(2.7)

Both Ŝ3 and Ŝ1 have QB−L = 1/3. The pairs (R2, R̃2) and (R′
2, R̃′

2) are two distinct SU(2)R

doublets, with QB−L = 2/3 and QB−L = −2/3 respectively. Their Yukawa interactions
with fermions are given by:

−LLQ
Y = Y LL

3 QLS3Lc
L + Y RR

3 Qc
RŜ3LR + Y LL

1 QLS1Lc
L + Y RR

1 Qc
RŜ1LR

+ Y LR
2 QL(R′

2, R̃′
2)LR + Y RL

2 Qc
R(R2, R̃2)Lc

L + h.c.
(2.8)

Here,c denotes the standard charge conjugation operator, QR = (uR, dR), LR = (ℓR, νR)
are SU(2)R doublets, and flavor indices are implicit. Eq. (2.8) shows R-type LQs couple to
quarks and leptons with opposite chiralities, while the S-type LQs — S3, S1 for left-handed
fields and Ŝ3, Ŝ1 for right-handed fields — are chirality-specific.

The Yukawa couplings Y1,2,3 are 3×3 matrices in flavor space. At the GUT scale, they are
aligned with the quark mass matrices and therefore inherit an approximate U(2) structure:

Y1,2,3 ∝ Y126 ∼

 ϵ 0 0
0 ϵ′ 0
0 0 1

 , at GUT scale. (2.9)

Here, ϵ ≪ ϵ′ ≪ 1, following the known hierarchy of quark masses. This structure, if well
preserved at low energies, yields the approximate U(2) symmetry needed to suppress the
processes such as KL → µe. In this unification framework, the U(2) LQ-fermions coupling
structures are no longer ad-hoc, but emerge naturally since they have the same origin as quark
masses. In the following discussion, we focus on third-generation specific LQ couplings and
include the second generation only when they are needed for the flavor-violating transitions.

In the energy regime far below 1 TeV, LQs in eq. (2.8) can be safely integrated out, and
then the scalar-type effective operators with the form (qℓ)(ℓ′q′) are generated at tree-level.
We apply a Fierz transformation to convert these operators into the standard basis, as
summarized in table 1. These operators follow the general discussion shown in ref. [85] and
can also be directly inferred from the chirality structure of the LQ-fermion couplings. It
is worth noting that the left-right symmetry is not manifest in the table, because νR and
the top quark are not included. Moreover, the scalar- and tensor-type operators require
sizable R2 − (R′

2)c and S1 − (S′
1)c (or S1 − (S′′

1 )c) mixing. Without such mixings, a single
LQ in the generic basis cannot couple simultaneously to both QL and QR, and thus leads
to merely the vector-type operators.

2.3 Addressing the B anomalies

TeV scale LQs are related to the long-standing anomalies observed in semi-leptonic B decays.
The S3 LQ contributes to all the b → c, s transitions with SM-like operators. If S3 is the

– 7 –
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S3 S1 S̃1

b → cτν (cLγµbL)(τLγµνL)

(cRσµνbL)(τRσµννL)

(cLγµbL)(τLγµνL)

(cRbL)(τRνL)

—

b → sττ (sLγµbL)(τLγµτL) — (sRγµbR)(τRγµτR)

b → sνν (sLγµbL)(νLγµνL) (sLγµbL)(νLγµνL) —

R2 R̃2

b → cτν
(cRσµνbL)(τRσµννL)

(cRbL)(τRνL)
—

b → sττ (sLγµbL)(τRγµτR) (sRγµbR)(τLγµτL)

b → sνν — (sRγµbR)(νLγµνL)

Table 1. Effective operators induced by LQ exchange, expressed in the standard basis. We assume
maximal mixing among the LQs with same quantum numbers under GSM. Top quarks and right-
handed neutrinos are omitted. Except for charm and strange quarks, we do not include other second-
and first-generation fermions either.

unique LQ responsible for the R(D(∗)) anomaly, Cν
L, the coefficient of (sLγµbL)(νLγµνL) is

fixed by SU(2)L invariance. The predicted value for Cν
L is too large to be compatible with

the current bounds on b → sνν transitions. A simple way out is to combine S3 with S1,
whose contributions to Cν

L can partly cancel [90, 95] the one of the former LQ. Assuming a
cancellation of about 60% in Cν

L, and including the operators induced by S1, R(D(∗)) can be
consistently explained at 1σ level [124]. The constraints on Cν

L can be relaxed since the recent
Belle-II data with the inclusive tagging method indicates Br(B → Kνν) exceeds the SM
prediction by a factor of 5.4. Yet Br(B → K∗νν) still imposes a tight bound and necessitates
the right-handed operator (sRγµbR)(νLγµνL) generated by R̃2. If its coefficient Cν

R takes
a proper value, it can suppress the B → K∗ amplitude while allowing a sizable B → K

rate [125, 126]. SU(2)L invariance also implies b → sττ transitions. The current limit on
Br(B → Kττ) is weak due the experimental difficulty in identifying τ leptons. Interestingly,
if closing the τ loop and attaching it to an off-shell photon, the penguin diagram can induce
b → sℓℓ (ℓ = e, µ) via lepton flavor universal operators [127]. The coefficient CU

9 ∼ −1
can account for the B → Kℓℓ anomalies without violating the bound from R(K(∗)) [128].
Although Bs − B̄s mixing constraints disfavor the best-fit value for CU

9 , moderate cancellation
by additional operators containing right-handed quarks can relax this tension [75, 129]. Such
operators can be generated by S̃1 or R̃2.
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The R2 LQ can also explain the R(D(∗)) anomaly with the (cRσννbL)(τRσνννL) and
(cRbL)(τRνL) operators [84, 130, 131], and it does not lead to the b → sνν transition. This
solution requires an O(1) R2 − (R′

2)c mixing angle, which brings an inhomogeneous term
to the RG equation for the τ lepton mass [101]:

16π2 d

d lnµ
mτ = . . . − 6mt(Y LR

2 )33(Y RL
2 )33. (2.10)

The (3, 3) elements of Y LR
2 and Y RL

2 are both O(1) and therefore can lead to an unsuppressed
additive correction to the τ lepton mass. This situation is somehow similar to the SUSY
threshold correction to the bottom quark mass in the large tan β regime [33–35]. Here, the
physical correction to mτ is further enhanced by a logarithmic factor log(MGUT/mR2) ∼ 30.
The predicted mτ is then too large and cannot be consistent with the observed value in a
minimal theory. Moreover, R2 carries a large hyper-charge 7/6 and significantly accelerates
the running of g1, the U(1)Y coupling. With the RG equations of SM, g1 already increases
rapidly and meets the other gauge couplings at around 1013 GeV [13, 14], a scale too low
to satisfy proton decay constrains. Light R2 would worsen this problem [132, 133], making
gauge coupling unification even more challenging.

The S1 LQ is constrained to be as heavy as the GUT scale, because it always couples
to a pair of quarks in the minimal GUT framework [134] and induces proton decay. On the
other hand, the diquark couplings of S3, S1, S̃1 are absent at tree level. This absence is not
accidental but a consequence of the U(1)PQ symmetry contained in eq. (2.4).

16F → 16F eiθ, 126H → 126He2iθ. (2.11)

As a phase rotation of complex fields, this symmetry also emerges in the gauge sector. Taking
S3 as an example, although the SM gauge symmetry allows it to couple to both (QLLc

L)
and (Qc

LQL), the minimal Yukawa sector does not contain the Qc
LS3QL term because it is

not invariant under U(1)PQ. To suppress these diquark couplings also at the loop level, the
PQ symmetry should also be well preserved in the scalar potential. The η2(126H)4 and
γ2(45H)2(126H)2 terms [135] explicitly break the PQ symmetry. To ensure that the proton
decay amplitude is suppressed by M2

GUT, the magnitudes of γ2 and η2 can be much larger than
about O

(
mS

MGUT

)2
, where the mS denotes lightest mass among S3, S1 and S̃1.1 If mS ∼TeV,

γ2 and η2 are constrained extremely small. By itself, this does not directly introduce a new
hierarchy puzzle, since γ2 = η2 = 0 enhances the PQ symmetry. However, the Hu − Hd

mixing term is proportional to γ2M2
GUT. To achieve a sizable mixing angle β, the mass of Hd

cannot be far larger than √
γ2MGUT ≲ O(mS). This requires additional fine-tuning, while it

enriches the low-energy spectrum with an extra Higgs doublet. Its charged component can
contribute to b → cτν [136–139] and further relax the tension between explaining R(D(∗))
and avoiding B → Kνν constrains.

To conclude, 126H contains six types of LQs: S3, S1, S1, S̃1 and R2, R̃2. Among them, S1
is excluded from being light due to the proton decay constrains. R2 is disfavored by both
Yukawa and gauge coupling unification. S1 only couples to νR. On the other hand, S3, S̃1 and

1Since the hierarchy could be large, we omit the possible loop factors, which can relax the bound by
(16π2)n, where n is the loop order.
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R̃2 can address the B anomalies, and a consistent explanation typically requires a combination
of two or all of them. It is worth to remark here that the precise flavor data is not strongly
correlated to Yukawa unification. The coefficients for the effective operators addressing
the B anomalies are suppressed by 1/M2

LQ. Here, MLQ represents the mass of the relevant
LQ. Varying MLQ around the TeV scale (to fit the B anomalies) only brings sub-leading
noise to the b − τ mass relationship, because the effects of RG evolution is proportional to
log(MLQ/MGUT). Therefore, we do not examine in detail the regions preferred by the precise
flavor data, but only stress the B anomalies are data-driven motivations for light LQs.

3 Improved RG evolution

3.1 b − τ masses

To quantify the modified b − τ mass relation, we first specify the relevant energy scales.
Proton decay constraints and hints from gauge coupling unification imply that the breaking
scale of SO(10) generally lies around 1016 GeV [7–10]. The intermediate scale can be defined
by the heaviest right-handed neutrino mass mνR , satisfying the relation:

mνL =
m2

νD

mνR

= (3mt)2

mνR

< 0.064 eV [140] (0.45 eV [141]). (3.1)

Considering the cosmological constraint from the combination of DESI and CMB [140], mνR

is larger than around 1015 GeV. The limit from KATRIN [141] is weaker by a factor of about
7 but it is model-independent. In either case, the intermediate scale mνR remains high2 and
fairly close to 1016 GeV. The low energy spectrum contains SM particles and the TeV-scale
scalar particles originating from 126H , including an additional Higgs doublet as well as
S3, S̃1, R̃2. We consider a simpler scenario without S̃1 as well, although it may not achieve
a global fit as good as the full three-LQ case. For completeness, we also analyze the S3, S̃1
scenario to highlight model-independence. Since the precise mass values are not the focus
of this work, we simply assume a common mass of 1 TeV for all light LQs and the Higgs
doublet, and set the masses of all other BSM particles to MGUT ≡ 1016 GeV. This two-scale
approximation is valid at the leading-log order. A more specified mass distribution cannot
introduce large hierarchies which would significantly change the RG evolution.

The Yukawa couplings relevant for the running are defined by:

−LY = ytQ3
LtRHu + ybQ

3
LbRHd + yτ L3

LτRHd

+ y1bc
RτRS̃1 + y2bc

RL3c
L R̃2 + y3Q3c

L L3
LS3 + h.c.

(3.2)

Here, Q3
L = (tL, bL) and L3

L = (τL, ντL) are third-generation specific, as we do not include
light flavors at this stage. All these Yukawa couplings can be chosen real. At MGUT, they
are related by the group structure of 126H :

yb = yt, yτ = −3yb, y1 = y2 = y3 = 2
√
3yt, at GUT scale. (3.3)

These relations serve as the initial condition of RG evolution from IR to UV. The new factor
2
√
3 can be interpreted as a generalized Clebsch-Gordan coefficient, and we take this number

2This only holds with the non-minimal Yukawa sector.
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from ref. [134]. This factor enhances the LQ Yukawa coupling over the top quark one by
more than a factor of three, yielding a large impact on the running.

The explicit RG equations are form refs. [101, 142, 143]. We reduce them by keeping
only the third-generation related couplings:

16π2 d

d lnµ
yt = yt

(
−17g2

1
12 − 9g2

2
4 − 8g2

3 + 9y2
t

2 + y2
b

2 + 3y2
3

2

)
,

16π2 d

d lnµ
yb = yb

(
−5g2

1
12 − 9g2

2
4 − 8g2

3 + y2
t

2 + 9y2
b

2 + y2
τ + y2

1
2 + y2

2 + 3y2
3

2

)
,

16π2 d

d lnµ
yτ = yτ

(
−15g2

1
4 − 9g2

2
4 + 5y2

τ

2 + 3y2
b + 3y2

1
2 + 3y2

2
2 + 9y2

3
2

)
,

16π2 d

d lnµ
y1 = y1

(
−2g2

1 − 4g2
3 + y2

b + y2
τ

2 + 3y2
1 + y2

2

)
,

16π2 d

d lnµ
y2 = y2

(
−13g2

1
20 − 9g2

2
4 − 4g2

3 + y2
b + y2

τ

2 + y2
1
2 + 7y2

2
2 + 9y2

3
2

)
,

16π2 d

d lnµ
y3 = y3

(
−g2

1
2 − 9g2

2
2 − 4g2

3 + y2
t

2 + y2
b

2 + y2
τ

2 + 3y2
2

2 + 8y2
3

)
.

(3.4)

Here, g1, g2, and g3 are the coupling strengths of U(1)Y , SU(2)L, and SU(3)c, respectively.
No inhomogeneous terms arise because the U(1)PQ symmetry ensures each LQ only couples
to a single type of fermion bilinear. This feature further simplifies the RG equation compared
to the general case [101]. The beta function for every coupling is always proportional to
itself. Moreover, the running receives negative contributions from the gauge interactions
and positive contributions from Yukawa couplings.

The IR observables are the third-generation charged fermions’ masses at 1 TeV, defined by:

mt =
1√
2

ytv sin β, mb =
1√
2

ybv cosβ, mτ = 1√
2

yτ v cosβ, v ≡ 246 GeV. (3.5)

Their specific values at 1 TeV can be found in ref. [144]

mt = 151.1± 1.6 GeV, mb = 2.414± 0.024 GeV, mτ = 1.7780± 0.0014 GeV. (3.6)

As a result, there are merely two free input parameters in the system: the GUT-scale value
of yt and the Higgs VEV ratio cotβ. They are constrained by mt and mb. The τ lepton mass
then becomes a prediction and thus must reasonably agree with the experimental value.

We illustrate how light LQs from 126H change the mass running in figure 2. We assume
exact Yukawa unification at MGUT (eq. (3.3) holds exactly) and fix the two input parameters
to yt(MGUT) = 0.56 and tan β = 42. The solid lines indicate how the b, τ, t masses evolve
from 1016 GeV down to 102 GeV. For 1 TeV < µ < 1016 GeV, we use the running equation
shown in eq. (3.4). Below 1 TeV, we directly interpolate the SM running data included in the
SMDR package. [121]. The resulting b, τ, t masses at 1 TeV can agree reasonably well with
the values extracted from the SM. While the matching at 1 TeV would be perfect if the solid
lines were continuous, the gaps visible in the plots are not problematic. At leading-log level,
TeV-scale LQs can reduce the b − τ mass tension from an O(1) discrepancy to a suppressed
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mτ/3

yt(MGUT) = 0.56 tanβ = 42
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˜
+S1
˜

mt

yt(MGUT) = 0.56 tanβ = 42

5 10 15
0

50

100

150

200

log10(μ/GeV)

G
eV
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Figure 2. RG evolution of the third-generation charged fermions masses from 102 to 1016 GeV. The
solid (dotted) lines indicate the scenario with (without) LQs at TeV scale. We fix yt(MGUT) = 0.56
to get the correct value of mt and Yukawa unification implies tan β = 42. The gray vertical lines
indicate MGUT and the light LQ threshold.

O(ϵ) mismatch. For comparison, we also show the evolution without TeV-scale LQs, by
plotting the SM running parameters from ref. [121] with dots for µ > 1TeV. The red and
blue dotted curves still diverge significantly at 1016 GeV, indicating the relation mb = mτ /3
cannot be reached if the theory below MGUT is SM alone.

We also explore scenarios with only S3 + R̃2 and only S3 + S̃1. For both scenarios we
are able to find values for yt(MGUT) and tan β leading to successful Yukawa unification at
1016 GeV and reasonably good matching relationships at 1 TeV. Related plots are shown in
appendix A. This universal feature suggests that the improved b − τ unification is not an
accidental outcome of a particular LQ choice, but rather a model-independent effect from
colored scalar fields. We understand the underlying reason as follows. If the IR theory is
simply the SM, (mτ /3) is too small and remains nearly a constant. mb decreases as the
energy scale µ goes up, mainly due to QCD effects, but not fast enough to meet (mτ /3) at
MGUT. As shown in eq. (3.4), the additional homogeneous terms in the β-function of yτ

are always positive and rapidly drive yτ towards a Landau-pole at UV. Although a similar
behavior is also seen for yb, its growth is slower because yτ receives an extra enhancement
by a factor of Nc = 3.

3.2 LQ-fermion couplings

The LQ-fermion couplings y1, y2, y3 are also outcomes from the RG evolution. They are
correlated at MGUT by eq. (3.3) and evolve together with yt, yb, yτ according to eq. (3.4). Since
yt(MGUT) is fixed by the measured value of mt, y1, y2 and y3 in the range 1 TeV < µ < MGUT
become predictions of the minimal GUT, as shown in the left panel of figure 3. A fixed-point
behavior [145, 146] emerges: all LQ-fermion couplings drop rapidly near MGUT and remain
nearly constant for µ ≲ 105 ∼ 1010 GeV. This behavior is similar to what recently found in
ref. [101], that the LQ-fermions couplings approach IR fixed-points of 0.5 ∼ 1.0. Interestingly,
the LQ-type considered here is different, suggesting that this feature is a rather general
consequence from RG evolution.
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Figure 3. RG evolution of the LQ-fermion coupling y1, y2 and y3 (green, red, and blue, respectively)
from 102 to 1016 GeV. The right panel shows the scenario without S̃1 in the light spectrum, with
yt(MGUT) = 0.62. All other parameters are as in figure 2.

Eq. (3.4) contains no inhomogeneous terms, so the IR fixed points can be solved analytically.
Neglecting g1, g2 for simplicity and assuming g3 varies sufficiently slowly, we find the fixed
point solution:

y1 = 0.88g3, y2 = 0.55g3, y3 = 0.51g3, at deep IR. (3.7)

As a result, LQ-fermion couplings are numerically close to g3 and yt at TeV-scale. Together
with ref. [101], this supports the scalar LQ explanation of the B anomalies, because O(1)
couplings are typically required to account for the data. Moreover, we find y2 and y3 almost
coincide at all scales. Although this is an accidental result, it can be understood by setting
y2 = y3 and neglecting g1, g2, yt, yb in eq. (3.4):

16π2 d ln y2
d lnµ

=
(
−4g2

3 + y2
τ

2 + 19y2
3

2

(
1 + y2

1 − 3y2
3

19y2
3

))
,

16π2 d ln y3
d lnµ

=
(
−4g2

3 + y2
τ

2 + 19y2
3

2

)
.

(3.8)

This implies d ln y2
d ln µ ≈ d ln y3

d ln µ so that the ratio y2
y3

remains nearly a constant under the evolution.
A similar result is observed when S̃1 is not in the light spectrum (y1 = 0), as shown in the
right panel of figure 3. We consider the unification prediction y2 = y3 as a critical ingredient
for a consistent explanation of the B anomalies. As explained in subsection 2.3, the S3
and R̃2 contributions to B → K∗νν have to moderately cancel each other. Although the
cancellation also requires near degenerate masses and closed bL − sL and bR − sR mixing
angles, the minimal GUT prediction y2 = y3 makes it much less ad-hoc.

3.3 Emerging flavor mixing angles

The implementation of flavor mixing still needs to be discussed. Although the b → c, s

transitions generally require sizable non-diagonal Yukawa couplings, eq. (2.4) contains only
one Yukawa matrix Y126, and one can always choose a flavor diagonal basis. Consequently,
no flavor mixing can arise at any scale in the minimal set-up. Thus where does the necessary
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flavor mixing come from? One may construct extended models that introduce sizable off-
diagonal LQ Yukawa couplings while leaving the other sectors unaffected or only mildly
modified. Such an approach, nevertheless, is ad hoc and sacrifices the elegance of minimality.

From a different perspective, it is also necessary to include flavor mixing for a complete
analysis. One physical reason is that the flavor-conserving limit is not protected by gauge
symmetry, but comes out as a result of minimality, i.e. because the theory contains only
one unique Yukawa coupling matrix. Since MGUT is close to the Planck scale, new particles
related to gravity are believed to lie not far beyond MGUT with additional Yukawa couplings.
Potential flavor violating corrections can arise from additional scalars that couple to the
fermions via loops [147–149], or higher-dimensional operators [15] generated by vector-like
fermions or other gravity related GUT multiplets. A second reason is our new finding in this
work that although the flavor-conserving limit is stable under the SM RGEs [150–152], it
becomes unstable when light LQs are introduced. If flavor conservation is not exact at MGUT,
the RG flow can amplify deviations and generate larger flavor violating interactions at low
energies.3 The flavor mixing can manifest itself as an emergent phenomenon with a small
seed at deep UV, while complexity arises dynamically through the evolution towards the IR.

Due to the two reasons mentioned above, we must include the most general and relevant
flavor violating effects in a model independent way. The minimal GUT predicts the flavor
conserving interaction eq. (3.2) only — an over-restrictive result. Despite this, no matter
which theory lies behind it, all possible 2nd-to-3rd generation quark flavor violating effects
can be captured by the following four new interacting terms:

Lϵ
Y = ϵctytQ2

LtRHu + ϵsbybQ
2
LbRHd + ϵbsybQ

3
LsRHd + ϵbs

1 y1sc
RτRS̃1 + h.c. (3.9)

Here, Q2
L = (cL, sL) denotes the second-generation left-handed quark doublet. The flavor basis

is chosen such that the S3 and R̃2 couplings are aligned to Q3
L and bR, respectively, which can

be done without loss of generality. Once Hu, Hd acquire VEVs the diagonalisation of the quark
mass matrix provides the needed flavor-changing couplings for S3 and R̃2. Since the tR − cR

rotation remains unphysical, we do not need to include the Q3
LcRHu term. Mixings involving

leptons or first-generation fermions are omitted, as they are irrelevant for the b → s and
b → c processes under consideration. In the quark sector with only 2nd and 3rd generations,
eq. (3.9) serves as the maximally possible flavor extension, as long as no other light scalar
particles are included. (Our approach to add the maximally allowed flavor-breaking term
Lϵ

Y is a well-established methodology, in analogy with the soft SUSY-breaking Lagrangian
for the MSSM which is also chosen maximal to cover all possible SUSY-breaking scenarios.)
Therefore, we do not specify the underlying mechanism of flavor breaking, but instead explore
eq. (3.9) since it is generic and covers all possible models.

We believe it is important to remark here, that adding general flavor mixing terms in
eq. (3.9) does not render the GUT scale relation mτ = 3mb arbitrary. This relation is predicted
by the diag(1, 1, 1,−3) vacuum structure of the Higgs fields in the adjoint representation of
SU(4)c, which is the relevant symmetry to unify quarks and leptons. mτ = 3mb originates
from the Higgs field with SU(4)c × SU(2)L × SU(2)R quantum numbers (15, 2, 2). To change
mτ = 3mb at the GUT scale, one needs a (1, 2, 2) Higgs field or an effective operator containing

3A similar example is the amplification of the neutrino mixing angles in the MSSM [153–157] by the RGEs.
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Figure 4. Feynman diagrams illustrating the LQ contributions to the running of yb and (ϵbsyb). The
self-energy correction to Q3

L, arising from S3, is universal to both yb and (ϵbsyb). S̃1 and R̃2 couple to
bR only so only contribute to yb. sR receives no self-energy corrections.

(15, 1, 1) × (15, 2, 2). By contrast, any extensions to the minimal Yukawa sector leads to
flavor violation. For instance, two (15, 2, 2) Higgs fields (which can originate from two 126H)
incorporate flavor but still predict mτ /mb = 3. Furthermore, we will argue that the RG
evolution which is responsible for the enhancement of flavor mixing does not change mτ /mb

because of SU(4)c symmetry. Contrary to the case of flavor mixing, large corrections to
mτ /mb can only originate from the mass splitting of particles inside the SU(4)c multiplets,
which is realized with TeV-scale leptoquarks in our work, or a non-minimal SO(10) Yukawa
sector with large couplings, while small perturbations at the GUT scale cannot change this.

Since eq. (3.9) contains the general flavor mixing effects, renormalization does not lead
to new physical counterterms, ensuring that eq. (3.2) and eq. (3.9) are well defined at all
scales. We then study how the flavor violating corrections evolve from Λ, the scale at which
the new dynamics correcting the minimal GUT ansatz arises (typically Λ ≳ MGUT), toward
the TeV scale where the light LQs lie. Taking ϵbs as an example, the RG equations from
MGUT to TeV scale are given by:

16π2 d

d lnµ
(ϵbsyb) = ϵbsyb

(
−5g2

1
12 − 9g2

2
4 − 8g2

3 + y2
t

2 + 9y2
b

2 + y2
τ + 3y2

3
2

)
. (3.10)

Here, we set ϵbs
1 = 0 for simplicity, and neglect higher order flavor-violating terms. Comparing

with the yb running in eq. (3.4), the
(

y2
1
2 + y2

2

)
term is absent in eq. (3.10). This is because the

LQ couplings are third-generation specific and do not contribute to the self-energy corrections
for sR, as shown in figure 4. During the evolution from UV to IR, (ϵbsyb) decreases more
slowly than yb, and the mixing parameter ϵbs effectively increases. This behavior is further
enhanced by the negative terms arising in its explicit RG equation:

16π2 d

d lnµ
ϵbs = −ϵbs

(
y2

1
2 + y2

2

)
. (3.11)

If ϵbs is zero at a given scale, it remains exactly zero for all scales µ since the right-hand side
of eq. (3.11) vanishes. However, any slight deviation of ϵbs from zero would be driven towards
sizable values as µ decreases. As a consequence, the sR − bR mixing is enhanced in the IR

relative to the UV value by a factor of
(

MGUT
TeV

) y2
1+2y2

2
32π2 . This leads to a flavor misalignment
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Figure 5. RG evolution of ϵbs with yt(MGUT) = 0.58. The dashed line lies in the region where the
Yukawa couplings become non-perturbative and thus may not reflect the physical reality.

between the Higgs-Yukawa and LQ sectors. Upon choosing the physical basis in which the
Hd Yukawa coupling is diagonal, the enhanced flavor mixings are then transferred to the
S̃1 and R̃2 couplings.4 The physical bottom quark mass also receives a correction which
is quadratic in ϵbs from the diagonalization of the down-type quark mass matrix. Similar
corrections also apply to mτ . Both together may further refine the b − τ unification, which is
welcome to fix e.g. the small mismatches in figure 2 and the S3, S̃1 scenario of figure 6.

We illustrate our idea in figure 5. Keeping yt(MGUT) = 0.58 as the initial condition, the
solid line shows the evolution of ϵbs. The preservation of flavors is clearly not a stable solution
of the RG equations, because ϵbs increases as µ decreases. The drawback is that the evolution
below MGUT is too slow: achieving ϵbs ≈ 0.5 at the TeV scale typically requires its GUT scale
value be at least 0.35, which one may consider to be too large for a perturbation. However, we
find ϵbs changes sufficiently fast above MGUT. One reason is that the (6c, 1L, 1R), (10c, 1L, 3R),
and (15c, 2L, 2R) multiplets contained in 126H all contribute to the bR self-energy above the
threshold. We include their effects according to the matching condition and RG equations
from refs. [158–160]. Another reason is that the absolute value of the Yukawa coupling
becomes large. Using the one-loop running equations for gauge and Yukawa couplings above
MGUT [161–163], we find Y126 increases rapidly and approaches the non-perturbative regime
when µ ≳ 1017 GeV.5 When ϵbs lies in the non-perturbative region, we show it with a dashed
line and emphasize that this is only for illustration and may not reflect the physical reality. It
is worth noticing that this enhancement originates from the self-energy corrections to a single

4There are additional contributions to the flavor misalignment. The flavor-violating LQ interaction itself,
chosen zero in eq. (3.9), also receives radiative correction. The beta-function contains an inhomogeneous term
proportional to ϵbsy2

b . It is much smaller than the ϵbs
(

y2
1
2 + y2

2

)
contribution, because eq. (3.3) tells that y2

b

is 12 times smaller than y2
1 or y2

2 at MGUT. For simplicity, we neglect this sub-leading effect.
5Large Y126 induces a sizable g10 through two-loop effects, while a sizable g10 in turn slows down the

running of Y126 or can even drive it to decrease. If the scalar self-couplings are excluded, asymptotic freedom
can be restored in the deep UV [162].
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16F , which are therefore universal to all 3rd generation quarks and leptons. The RG evolution
from about 10MGUT to MGUT cannot amplify any perturbation to mτ /mb = 3, due to the
protection by SU(4)c symmetry. In conclusion, if physics at the scale Λ ≳ 10MGUT gives a
tiny correction to our minimal theory, the RG effects yield sizable flavor mixings in the IR in
general, while TeV-scale LQ are still needed to achieve realistic b − τ mass relationship.

Instead of invoking unknown dynamics above the GUT scale, a more convincing approach
is to add more terms to eq. (3.11) and change the evolution below MGUT. This can be
achieved by requiring more light scalar components in 126H , such as di-quarks [164–167],
which also speed up the running of all Yukawa couplings. As a result, ϵbs increases more
rapidly on the path from UV to IR and permits a much lower value at the GUT scale. From a
phenomenological perspective, the di-quarks have also been discussed to explain the b → sℓℓ

anomalies [167] and they may furthermore contribute to the interpretation of the observed
CP asymmetry in D0 → π+π− and D0 → K+K− decays [168–171]. We leave a detailed
analysis in this direction for future work.

The behavior of left-handed quark mixing ϵsb and ϵct is similar. However, there is an
additional element ensuring the preservation of the small Vcb ∼ −Vts ∼ 0.04 in the RG
evolution: bL − sL mixing should be well aligned with tL − cL mixing. This further requires
ϵsb = ϵct to a good precision at MGUT, which can be achieved and protected by SU(2)R

symmetry that connects tRHu to bRHd. Since SU(2)L gauge symmetry stays unbroken until
low energies, the evolution for ϵsb and ϵct is identical. We think that this feature is worth a
general comment: explaining B anomalies requires misaligned b − s mixing for Hd and LQ
Yukawa couplings. In the SM, however, neither bL − sL nor bR − sR mixing is physical; the
only observable is the difference between bL − sL and tL − cL mixing. In other words, the
SM quark mixing pattern and beyond-SM flavor structure could have intrinsically different
origins, with different relevant symmetries.

4 Conclusion and outlook

In this article, we demonstrate that TeV-scale LQs addressing the B anomalies can also
resolve the wrong b − τ mass relation in GUTs with simple Yukawa sectors. Among the
six types of LQs contained in 126H , S̃1, R̃2, S3 can explain the b → c, s anomalies while
remaining compatible with grand unification. Fixing exact Yukawa unification at 1016 GeV
and m

S̃1
= m

R̃2
= mS3 = 1 TeV, the running masses mt, mb, mτ can match well with low-

scale observations. This is a predictive result because the theory contains only two arbitrary
inputs at leading-log level: tan β and yt(MGUT). We also show that scenarios without S̃1 or
R̃2 can still lead to successful third-generation Yukawa unification. This implies that the
successful prediction of mass ratios is not tied to a specific choice of LQ types. Although our
minimal SO(10) theory predicts no flavor mixing, we demonstrate that the flavor-conserving
solution becomes unstable when perturbed by small flavor-violating terms at the GUT scale
(or slightly above) once TeV-scale LQs are introduced.

Our central goal is to show how Yukawa unification is improved by the LQs. Further
identifying an explicit example that helps to understand the B anomalies certainly strengthens
our approach. A relevant set of new parameters describe the deviations from a minimal
Yukawa sector is needed to obtain flavor mixing. As an important generic result, we find that
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flavour violation in the LQ couplings increases by RG effects while small flavour mixing in the
SM Higgs Yukawa sector stays small under the RG flow by SU(2) symmetry. Nevertheless,
flavor mixing angles large enough to explain the anomalies can emerge from tiny, SM-like flavor
violation at the GUT scale only when the 126H spectrum is further modified. In particular,
the light colored states — such as di-quarks and color-octets — are typically required to
further enhance the RG evolution of the flavor mixing angles determining the flavor-changing
LQ couplings in the IR. These light colored states living in 126H can simultaneously improve
successful gauge coupling unification [45], because the light S3 LQ accelerates the running
of g2, which must be balanced by a corresponding speed-up of g3 induced by other light
colored states.

The successful b − τ unification and enhancement for flavor mixings raises the question
whether TeV-scale LQ can improve the unification of all three generation SM fermions. In
principle, light LQs can reduce the number of Higgs multiplets needed compared to the usual
GUT set-up. The TeV-scale theory then contains less free parameters compared to the generic
frameworks, and some LQ couplings to the 2nd generation fermions may be related to known
fermion masses and mixings. This could result in correlations among flavor observables related
to lighter fermions, for instance, g − 2 of the muon and CP violation for D mesons. However,
second-generation fermion masses and related observables are not robustly predicted, because
they can be significantly changed by tiny corrections to the minimal theory.

Finally we remark that the physical implication of this work goes beyond unified theories.
The original Froggatt-Nielsen paper [172] introduced two distinct ideas to address the SM
fermion mass pattern: (a) RG running effects and (b) UV model building. The idea (a) is
further developed using the framework of fixed points [145, 146], suggesting that the IR, rather
than the UV, structure of the theory determines the SM flavor parameters. However, the RG
equations of the SM alone do not lead to a simple UV flavor structure, which underpins idea
(b), UV model building. Thanks to the recent progress at the high-intensity frontier by LHCb
and B factories and in lattice QCD calculations, particularly the successful measurements
and predictions of R(D(∗)), we now have data-driven motivations to extend the SM to a larger
IR theory with LQs with TeV-scale masses. The situation has changed compared to 20 years
ago and the RG approach to the flavor puzzle deserves new attention. Although light LQs
bring a new hierarchy problem, we argue that the RG approach is somehow a more promising
path than UV model-building, because the emergence of complexity from simple structures
at small distance scales, as we observe in our RG evolution, is a universal phenomenon and
not limited to particle physics.Well-known examples can be found in condensed matter [173]
or other complex systems [174, 175].
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Figure 6. RG evolution in two alternative scenarios to demonstrate model independence. Top:
S3 + R̃2 with yt(MGUT) = 0.62, tan β = 49. Bottom: S3 + S̃1 with yt(MGUT) = 0.59, tan β = 46.
All others setting are same as in figure 2.

A Model independence

We show scenarios with S3 + R̃2 and S3 + S̃1 in figure 6 to demonstrate that our results do
not depend on the specific choice of LQ type but are rather universal. We take the same
technical setup as the three-LQ scenario, but now find successful Yukawa unification for
yt(µGUT) = 0.62, tan β = 49, y1 ≡ 0 in the S3 + R̃2 case, and for yt(µGUT) = 0.59, tan β =
46, y2 ≡ 0 in the S3 + S̃1 case. Interestingly, the S3 + R̃2 scenario, which may serve as
the minimal LQ model to address the B anomaly, yields a better TeV-scale match than
the three-LQ result. In contrast, S3 + S̃1 scenario might be unable to fully account for the
R(D(∗)) anomaly without violating the B → K∗νν constraint, its matching result is also
slightly worse. Despite this, all scenarios provide consistent indication that TeV-scale LQs
make the b − τ mass relationship no longer a major concern for minimal SO(10).

Data Availability Statement. This article has no associated data or the data will not
be deposited.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

– 19 –



J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

References

[1] H. Georgi and S.L. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32 (1974)
438 [INSPIRE].

[2] H. Fritzsch and P. Minkowski, Unified interactions of leptons and hadrons, Annals Phys. 93
(1975) 193 [INSPIRE].

[3] R. Foot, H. Lew and R.R. Volkas, Electric charge quantization, J. Phys. G 19 (1993) 361
[Erratum ibid. 19 (1993) 1067] [hep-ph/9209259] [INSPIRE].

[4] K.S. Babu and R.N. Mohapatra, Is there a connection between quantization of electric charge
and a Majorana neutrino?, Phys. Rev. Lett. 63 (1989) 938 [INSPIRE].

[5] G. Bressi et al., Testing the neutrality of matter by acoustic means in a spherical resonator,
Phys. Rev. A 83 (2011) 052101 [arXiv:1102.2766] [INSPIRE].

[6] J. Herms and M. Ruhdorfer, How common are grand unified theories?, Phys. Rev. D 112 (2025)
115041 [arXiv:2408.11089] [INSPIRE].

[7] N.G. Deshpande, E. Keith and P.B. Pal, Implications of LEP results for SO(10) grand
unification, Phys. Rev. D 46 (1993) 2261 [INSPIRE].

[8] N.G. Deshpande, E. Keith and P.B. Pal, Implications of LEP results for SO(10) grand
unification with two intermediate stages, Phys. Rev. D 47 (1993) 2892 [hep-ph/9211232]
[INSPIRE].

[9] S. Bertolini, L. Di Luzio and M. Malinsky, Intermediate mass scales in the non-supersymmetric
SO(10) grand unification: a reappraisal, Phys. Rev. D 80 (2009) 015013 [arXiv:0903.4049]
[INSPIRE].

[10] T. Ohlsson and M. Pernow, Fits to non-supersymmetric SO(10) models with type I and II
seesaw mechanisms using renormalization group evolution, JHEP 06 (2019) 085
[arXiv:1903.08241] [INSPIRE].

[11] Hyper-Kamiokande collaboration, Hyper-Kamiokande design report, arXiv:1805.04163
[INSPIRE].

[12] P.S.B. Dev et al., Searches for baryon number violation in neutrino experiments: a white paper,
J. Phys. G 51 (2024) 033001 [arXiv:2203.08771] [INSPIRE].

[13] U. Amaldi, W. de Boer and H. Furstenau, Comparison of grand unified theories with electroweak
and strong coupling constants measured at LEP, Phys. Lett. B 260 (1991) 447 [INSPIRE].

[14] P. Langacker and M.-X. Luo, Implications of precision electroweak experiments for Mt, ρ0,
sin2 θW and grand unification, Phys. Rev. D 44 (1991) 817 [INSPIRE].

[15] J.R. Ellis and M.K. Gaillard, Fermion masses and Higgs representations in SU(5), Phys. Lett.
B 88 (1979) 315 [INSPIRE].

[16] A. Preda, G. Senjanovic and M. Zantedeschi, SO(10): a case for hadron colliders, Phys. Lett. B
838 (2023) 137746 [arXiv:2201.02785] [INSPIRE].

[17] A. Preda, G. Senjanović and M. Zantedeschi, Minimal SO(10) near the edge: the importance of
being effective, Phys. Rev. D 111 (2025) 015036 [arXiv:2410.19408] [INSPIRE].

– 20 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevLett.32.438
https://inspirehep.net/literature/92111
https://doi.org/10.1016/0003-4916(75)90211-0
https://doi.org/10.1016/0003-4916(75)90211-0
https://inspirehep.net/literature/1774
https://doi.org/10.1088/0954-3899/19/3/005
https://doi.org/10.48550/arXiv.hep-ph/9209259
https://inspirehep.net/literature/337955
https://doi.org/10.1103/PhysRevLett.63.938
https://inspirehep.net/literature/278994
https://doi.org/10.1103/PhysRevA.83.052101
https://doi.org/10.48550/arXiv.1102.2766
https://inspirehep.net/literature/889521
https://doi.org/10.1103/q4nj-8gbd
https://doi.org/10.1103/q4nj-8gbd
https://doi.org/10.48550/arXiv.2408.11089
https://inspirehep.net/literature/2820254
https://doi.org/10.1103/PhysRevD.46.2261
https://inspirehep.net/literature/332625
https://doi.org/10.1103/PhysRevD.47.2892
https://doi.org/10.48550/arXiv.hep-ph/9211232
https://inspirehep.net/literature/336136
https://doi.org/10.1103/PhysRevD.80.015013
https://doi.org/10.48550/arXiv.0903.4049
https://inspirehep.net/literature/816124
https://doi.org/10.1007/JHEP06(2019)085
https://doi.org/10.48550/arXiv.1903.08241
https://inspirehep.net/literature/1725959
https://doi.org/10.48550/arXiv.1805.04163
https://inspirehep.net/literature/1672899
https://doi.org/10.1088/1361-6471/ad1658
https://doi.org/10.48550/arXiv.2203.08771
https://inspirehep.net/literature/2053590
https://doi.org/10.1016/0370-2693(91)91641-8
https://inspirehep.net/literature/314885
https://doi.org/10.1103/PhysRevD.44.817
https://inspirehep.net/literature/314338
https://doi.org/10.1016/0370-2693(79)90476-3
https://doi.org/10.1016/0370-2693(79)90476-3
https://inspirehep.net/literature/142990
https://doi.org/10.1016/j.physletb.2023.137746
https://doi.org/10.1016/j.physletb.2023.137746
https://doi.org/10.48550/arXiv.2201.02785
https://inspirehep.net/literature/2006985
https://doi.org/10.1103/PhysRevD.111.015036
https://doi.org/10.48550/arXiv.2410.19408
https://inspirehep.net/literature/2873969


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[18] H. Georgi and C. Jarlskog, A new lepton-quark mass relation in a unified theory, Phys. Lett. B
86 (1979) 297 [INSPIRE].

[19] B. Bajc, G. Senjanovic and F. Vissani, b-tau unification and large atmospheric mixing: a case
for noncanonical seesaw, Phys. Rev. Lett. 90 (2003) 051802 [hep-ph/0210207] [INSPIRE].

[20] K.S. Babu, B. Bajc and S. Saad, Yukawa sector of minimal SO(10) unification, JHEP 02
(2017) 136 [arXiv:1612.04329] [INSPIRE].

[21] A. Preda, G. Senjanović and M. Zantedeschi, SO(10) theory on the plateau: the importance of
being renormalizable, arXiv:2502.21180 [INSPIRE].

[22] I. Dorsner, S. Fajfer and I. Mustac, Light vector-like fermions in a minimal SU(5) setup, Phys.
Rev. D 89 (2014) 115004 [arXiv:1401.6870] [INSPIRE].

[23] K.S. Babu, B. Bajc and S. Saad, New class of SO(10) models for flavor, Phys. Rev. D 94 (2016)
015030 [arXiv:1605.05116] [INSPIRE].

[24] B. Bajc, A. Melfo, G. Senjanovic and F. Vissani, Yukawa sector in non-supersymmetric
renormalizable SO(10), Phys. Rev. D 73 (2006) 055001 [hep-ph/0510139] [INSPIRE].

[25] A.S. Joshipura and K.M. Patel, Fermion masses in SO(10) models, Phys. Rev. D 83 (2011)
095002 [arXiv:1102.5148] [INSPIRE].

[26] A. Dueck and W. Rodejohann, Fits to SO(10) grand unified models, JHEP 09 (2013) 024
[arXiv:1306.4468] [INSPIRE].

[27] V.S. Mummidi and K.M. Patel, Leptogenesis and fermion mass fit in a renormalizable SO(10)
model, JHEP 12 (2021) 042 [arXiv:2109.04050] [INSPIRE].

[28] N. Chen, Y.-N. Mao and Z. Teng, Bottom quark and tau lepton masses in a toy SU(6) model,
Eur. Phys. J. C 83 (2023) 259 [arXiv:2112.14509] [INSPIRE].

[29] K.M. Patel, Minimal spontaneous CP-violating GUT and predictions for leptonic CP phases,
Phys. Rev. D 107 (2023) 075041 [arXiv:2212.04095] [INSPIRE].

[30] N. Haba, Y. Shimizu and T. Yamada, Neutrino mass in non-supersymmetric SO(10) GUT,
Phys. Rev. D 108 (2023) 095005 [arXiv:2304.06263] [INSPIRE].

[31] N. Chen, Y.-N. Mao and Z. Teng, The Standard Model quark/lepton masses and the
Cabibbo-Kobayashi-Maskawa mixing in an SU(8) theory, JHEP 12 (2024) 137
[arXiv:2402.10471] [INSPIRE].

[32] H. Georgi, Towards a grand unified theory of flavor, Nucl. Phys. B 156 (1979) 126 [INSPIRE].

[33] L.J. Hall, R. Rattazzi and U. Sarid, The top quark mass in supersymmetric SO(10) unification,
Phys. Rev. D 50 (1994) 7048 [hep-ph/9306309] [INSPIRE].

[34] M. Carena, S. Pokorski and C.E.M. Wagner, On the unification of couplings in the minimal
supersymmetric Standard Model, Nucl. Phys. B 406 (1993) 59 [hep-ph/9303202] [INSPIRE].

[35] M. Carena, D. Garcia, U. Nierste and C.E.M. Wagner, Effective Lagrangian for the t̄bH+

interaction in the MSSM and charged Higgs phenomenology, Nucl. Phys. B 577 (2000) 88
[hep-ph/9912516] [INSPIRE].

[36] J.L. Diaz-Cruz, H. Murayama and A. Pierce, Can supersymmetric loops correct the fermion
mass relations in SU(5)?, Phys. Rev. D 65 (2002) 075011 [hep-ph/0012275] [INSPIRE].

[37] J. Girrbach et al., Flavor physics in an SO(10) grand unified model, JHEP 06 (2011) 044
[Erratum ibid. 07 (2011) 001] [arXiv:1101.6047] [INSPIRE].

– 21 –

https://doi.org/10.1016/0370-2693(79)90842-6
https://doi.org/10.1016/0370-2693(79)90842-6
https://inspirehep.net/literature/140938
https://doi.org/10.1103/PhysRevLett.90.051802
https://doi.org/10.48550/arXiv.hep-ph/0210207
https://inspirehep.net/literature/599808
https://doi.org/10.1007/JHEP02(2017)136
https://doi.org/10.1007/JHEP02(2017)136
https://doi.org/10.48550/arXiv.1612.04329
https://inspirehep.net/literature/1503192
https://doi.org/10.48550/arXiv.2502.21180
https://inspirehep.net/literature/2895733
https://doi.org/10.1103/PhysRevD.89.115004
https://doi.org/10.1103/PhysRevD.89.115004
https://doi.org/10.48550/arXiv.1401.6870
https://inspirehep.net/literature/1278884
https://doi.org/10.1103/PhysRevD.94.015030
https://doi.org/10.1103/PhysRevD.94.015030
https://doi.org/10.48550/arXiv.1605.05116
https://inspirehep.net/literature/1459286
https://doi.org/10.1103/PhysRevD.73.055001
https://doi.org/10.48550/arXiv.hep-ph/0510139
https://inspirehep.net/literature/694795
https://doi.org/10.1103/PhysRevD.83.095002
https://doi.org/10.1103/PhysRevD.83.095002
https://doi.org/10.48550/arXiv.1102.5148
https://inspirehep.net/literature/890795
https://doi.org/10.1007/JHEP09(2013)024
https://doi.org/10.48550/arXiv.1306.4468
https://inspirehep.net/literature/1239166
https://doi.org/10.1007/JHEP12(2021)042
https://doi.org/10.48550/arXiv.2109.04050
https://inspirehep.net/literature/1919166
https://doi.org/10.1140/epjc/s10052-023-11387-0
https://doi.org/10.48550/arXiv.2112.14509
https://inspirehep.net/literature/1998177
https://doi.org/10.1103/PhysRevD.107.075041
https://doi.org/10.48550/arXiv.2212.04095
https://inspirehep.net/literature/2612909
https://doi.org/10.1103/PhysRevD.108.095005
https://doi.org/10.48550/arXiv.2304.06263
https://inspirehep.net/literature/2651124
https://doi.org/10.1007/JHEP12(2024)137
https://doi.org/10.48550/arXiv.2402.10471
https://inspirehep.net/literature/2759109
https://doi.org/10.1016/0550-3213(79)90497-8
https://inspirehep.net/literature/140392
https://doi.org/10.1103/PhysRevD.50.7048
https://doi.org/10.48550/arXiv.hep-ph/9306309
https://inspirehep.net/literature/355557
https://doi.org/10.1016/0550-3213(93)90161-H
https://doi.org/10.48550/arXiv.hep-ph/9303202
https://inspirehep.net/literature/353120
https://doi.org/10.1016/S0550-3213(00)00146-2
https://doi.org/10.48550/arXiv.hep-ph/9912516
https://inspirehep.net/literature/512510
https://doi.org/10.1103/PhysRevD.65.075011
https://doi.org/10.48550/arXiv.hep-ph/0012275
https://inspirehep.net/literature/539025
https://doi.org/10.1007/JHEP06(2011)044
https://doi.org/10.48550/arXiv.1101.6047
https://inspirehep.net/literature/886413


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[38] T. Deppisch, S. Schacht and M. Spinrath, Confronting SUSY SO(10) with updated lattice and
neutrino data, JHEP 01 (2019) 005 [arXiv:1811.02895] [INSPIRE].

[39] A. Milagre and L. Lavoura, Unitarity constraints on large multiplets of arbitrary gauge groups,
Nucl. Phys. B 1004 (2024) 116542 [arXiv:2403.12914] [INSPIRE].

[40] B. Bajc and F. Sannino, Asymptotically safe grand unification, JHEP 12 (2016) 141
[arXiv:1610.09681] [INSPIRE].

[41] K.M. Patel and S.K. Shukla, Quantum corrections and the minimal Yukawa sector of SU(5),
Phys. Rev. D 109 (2024) 015007 [arXiv:2310.16563] [INSPIRE].

[42] S.K. Shukla, Revisiting SU(5) Yukawa sectors through quantum corrections, arXiv:2411.06906
[INSPIRE].

[43] I. Dorsner and P. Fileviez Perez, Unification without supersymmetry: neutrino mass, proton
decay and light leptoquarks, Nucl. Phys. B 723 (2005) 53 [hep-ph/0504276] [INSPIRE].

[44] B. Bajc and G. Senjanovic, Seesaw at LHC, JHEP 08 (2007) 014 [hep-ph/0612029] [INSPIRE].

[45] T. Goto, S. Mishima and T. Shindou, Flavor physics in SU(5) GUT with scalar fields in the 45
representation, Phys. Rev. D 108 (2023) 095012 [arXiv:2308.13329] [INSPIRE].

[46] S. Iguro, T. Kitahara and R. Watanabe, Global fit to b → cτν anomalies as of Spring 2024,
Phys. Rev. D 110 (2024) 075005 [arXiv:2405.06062] [INSPIRE].

[47] M. Fedele et al., Discriminating B → D∗ℓν form factors via polarization observables and
asymmetries, Phys. Rev. D 108 (2023) 055037 [arXiv:2305.15457] [INSPIRE].

[48] BaBar collaboration, Evidence for an excess of B̄ → D(∗)τ−ν̄τ decays, Phys. Rev. Lett. 109
(2012) 101802 [arXiv:1205.5442] [INSPIRE].

[49] BaBar collaboration, Measurement of an excess of B̄ → D(∗)τ−ν̄τ decays and implications for
charged Higgs bosons, Phys. Rev. D 88 (2013) 072012 [arXiv:1303.0571] [INSPIRE].

[50] Belle collaboration, Measurement of R(D) and R(D∗) with a semileptonic tagging method,
Phys. Rev. Lett. 124 (2020) 161803 [arXiv:1910.05864] [INSPIRE].

[51] LHCb collaboration, Test of lepton flavour universality using B0 → D∗−τ+ντ decays with
hadronic τ channels, Phys. Rev. D 108 (2023) 012018 [Erratum ibid. 109 (2024) 119902]
[arXiv:2305.01463] [INSPIRE].

[52] Belle collaboration, Measurement of the branching ratio of B̄ → D(∗)τ−ν̄τ relative to
B̄ → D(∗)ℓ−ν̄ℓ decays with hadronic tagging at Belle, Phys. Rev. D 92 (2015) 072014
[arXiv:1507.03233] [INSPIRE].

[53] Belle collaboration, Measurement of the τ lepton polarization and R(D∗) in the decay
B̄ → D∗τ−ν̄τ , Phys. Rev. Lett. 118 (2017) 211801 [arXiv:1612.00529] [INSPIRE].

[54] Belle collaboration, Measurement of the τ lepton polarization and R(D∗) in the decay
B̄ → D∗τ−ν̄τ with one-prong hadronic τ decays at Belle, Phys. Rev. D 97 (2018) 012004
[arXiv:1709.00129] [INSPIRE].

[55] Belle-II collaboration, Test of lepton flavor universality with measurements of R(D+) and
R(D∗+) using semileptonic B tagging at the Belle II experiment, Phys. Rev. D 112 (2025)
032010 [arXiv:2504.11220] [INSPIRE].

[56] HFLAV collaboration, Averages of b-hadron, c-hadron, and τ -lepton properties as of 2021,
Phys. Rev. D 107 (2023) 052008 [arXiv:2206.07501] [INSPIRE].

– 22 –

https://doi.org/10.1007/JHEP01(2019)005
https://doi.org/10.48550/arXiv.1811.02895
https://inspirehep.net/literature/1702415
https://doi.org/10.1016/j.nuclphysb.2024.116542
https://doi.org/10.48550/arXiv.2403.12914
https://inspirehep.net/literature/2769993
https://doi.org/10.1007/JHEP12(2016)141
https://doi.org/10.48550/arXiv.1610.09681
https://inspirehep.net/literature/1495298
https://doi.org/10.1103/PhysRevD.109.015007
https://doi.org/10.48550/arXiv.2310.16563
https://inspirehep.net/literature/2714229
https://doi.org/10.48550/arXiv.2411.06906
https://inspirehep.net/literature/2847086
https://doi.org/10.1016/j.nuclphysb.2005.06.016
https://doi.org/10.48550/arXiv.hep-ph/0504276
https://inspirehep.net/literature/681620
https://doi.org/10.1088/1126-6708/2007/08/014
https://doi.org/10.48550/arXiv.hep-ph/0612029
https://inspirehep.net/literature/733363
https://doi.org/10.1103/PhysRevD.108.095012
https://doi.org/10.48550/arXiv.2308.13329
https://inspirehep.net/literature/2691062
https://doi.org/10.1103/PhysRevD.110.075005
https://doi.org/10.48550/arXiv.2405.06062
https://inspirehep.net/literature/2785325
https://doi.org/10.1103/PhysRevD.108.055037
https://doi.org/10.48550/arXiv.2305.15457
https://inspirehep.net/literature/2662565
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.48550/arXiv.1205.5442
https://inspirehep.net/literature/1115826
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.48550/arXiv.1303.0571
https://inspirehep.net/literature/1222328
https://doi.org/10.1103/PhysRevLett.124.161803
https://doi.org/10.48550/arXiv.1910.05864
https://inspirehep.net/literature/1758794
https://doi.org/10.1103/PhysRevD.108.012018
https://doi.org/10.48550/arXiv.2305.01463
https://inspirehep.net/literature/2682591
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.48550/arXiv.1507.03233
https://inspirehep.net/literature/1382593
https://doi.org/10.1103/PhysRevLett.118.211801
https://doi.org/10.48550/arXiv.1612.00529
https://inspirehep.net/literature/1501479
https://doi.org/10.1103/PhysRevD.97.012004
https://doi.org/10.48550/arXiv.1709.00129
https://inspirehep.net/literature/1621272
https://doi.org/10.1103/fmn3-h8fy
https://doi.org/10.1103/fmn3-h8fy
https://doi.org/10.48550/arXiv.2504.11220
https://inspirehep.net/literature/2912132
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.48550/arXiv.2206.07501
https://inspirehep.net/literature/2100284


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[57] LHCb collaboration, Angular analysis of the B0 → K∗0e+e− decay in the low-q2 region, JHEP
04 (2015) 064 [arXiv:1501.03038] [INSPIRE].

[58] LHCb collaboration, Angular analysis and differential branching fraction of the decay
B0

s → ϕµ+µ−, JHEP 09 (2015) 179 [arXiv:1506.08777] [INSPIRE].

[59] ATLAS collaboration, Study of the rare decays of B0
s and B0 mesons into muon pairs using

data collected during 2015 and 2016 with the ATLAS detector, JHEP 04 (2019) 098
[arXiv:1812.03017] [INSPIRE].

[60] CMS collaboration, Angular analysis of the decay B+ → K+µ+µ− in proton-proton collisions
at

√
s = 8TeV, Phys. Rev. D 98 (2018) 112011 [arXiv:1806.00636] [INSPIRE].

[61] LHCb collaboration, Angular moments of the decay Λ0
b → Λµ+µ− at low hadronic recoil, JHEP

09 (2018) 146 [arXiv:1808.00264] [INSPIRE].

[62] CMS collaboration, Measurement of properties of B0
s → µ+µ− decays and search for

B0 → µ+µ− with the CMS experiment, JHEP 04 (2020) 188 [arXiv:1910.12127] [INSPIRE].

[63] BELLE collaboration, Test of lepton flavor universality and search for lepton flavor violation
in B → Kℓℓ decays, JHEP 03 (2021) 105 [arXiv:1908.01848] [INSPIRE].

[64] CMS collaboration, Angular analysis of the decay B+ → K∗(892)+µ+µ− in proton-proton
collisions at

√
s = 8TeV, JHEP 04 (2021) 124 [arXiv:2010.13968] [INSPIRE].

[65] LHCb collaboration, Strong constraints on the b → sγ photon polarisation from
B0 → K∗0e+e− decays, JHEP 12 (2020) 081 [arXiv:2010.06011] [INSPIRE].

[66] LHCb collaboration, Angular analysis of the B+ → K∗+µ+µ− decay, Phys. Rev. Lett. 126
(2021) 161802 [arXiv:2012.13241] [INSPIRE].

[67] LHCb collaboration, Analysis of neutral B-meson decays into two muons, Phys. Rev. Lett. 128
(2022) 041801 [arXiv:2108.09284] [INSPIRE].

[68] LHCb collaboration, Test of lepton universality in beauty-quark decays, Nature Phys. 18 (2022)
277 [arXiv:2103.11769] [INSPIRE].

[69] LHCb collaboration, Angular analysis of the rare decay B0
s → ϕµ+µ−, JHEP 11 (2021) 043

[arXiv:2107.13428] [INSPIRE].

[70] LHCb collaboration, Tests of lepton universality using B0 → K0
Sℓ+ℓ− and B+ → K∗+ℓ+ℓ−

decays, Phys. Rev. Lett. 128 (2022) 191802 [arXiv:2110.09501] [INSPIRE].

[71] LHCb collaboration, Branching fraction measurements of the rare B0
s → ϕµ+µ− and

B0
s → f ′

2(1525)µ+µ− decays, Phys. Rev. Lett. 127 (2021) 151801 [arXiv:2105.14007]
[INSPIRE].

[72] LHCb collaboration, Test of lepton universality in b → sℓ+ℓ− decays, Phys. Rev. Lett. 131
(2023) 051803 [arXiv:2212.09152] [INSPIRE].

[73] LHCb collaboration, Measurement of lepton universality parameters in B+ → K+ℓ+ℓ− and
B0 → K∗0ℓ+ℓ− decays, Phys. Rev. D 108 (2023) 032002 [arXiv:2212.09153] [INSPIRE].

[74] CMS collaboration, Angular analysis of the B0 → K∗(892)0µ+µ− decay in proton-proton
collisions at

√
s = 13TeV, Phys. Lett. B 864 (2025) 139406 [arXiv:2411.11820] [INSPIRE].

[75] B. Capdevila, A. Crivellin and J. Matias, Review of semileptonic B anomalies, Eur. Phys. J.
ST 1 (2023) 20 [arXiv:2309.01311] [INSPIRE].

[76] A. Khodjamirian, T. Mannel, A.A. Pivovarov and Y.-M. Wang, Charm-loop effect in
B → K(∗)ℓ+ℓ− and B → K∗γ, JHEP 09 (2010) 089 [arXiv:1006.4945] [INSPIRE].

– 23 –

https://doi.org/10.1007/JHEP04(2015)064
https://doi.org/10.1007/JHEP04(2015)064
https://doi.org/10.48550/arXiv.1501.03038
https://inspirehep.net/literature/1338587
https://doi.org/10.1007/JHEP09(2015)179
https://doi.org/10.48550/arXiv.1506.08777
https://inspirehep.net/literature/1380188
https://doi.org/10.1007/JHEP04(2019)098
https://doi.org/10.48550/arXiv.1812.03017
https://inspirehep.net/literature/1707605
https://doi.org/10.1103/PhysRevD.98.112011
https://doi.org/10.48550/arXiv.1806.00636
https://inspirehep.net/literature/1676212
https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.1007/JHEP09(2018)146
https://doi.org/10.48550/arXiv.1808.00264
https://inspirehep.net/literature/1684712
https://doi.org/10.1007/JHEP04(2020)188
https://doi.org/10.48550/arXiv.1910.12127
https://inspirehep.net/literature/1761656
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.48550/arXiv.1908.01848
https://inspirehep.net/literature/1748231
https://doi.org/10.1007/JHEP04(2021)124
https://doi.org/10.48550/arXiv.2010.13968
https://inspirehep.net/literature/1826544
https://doi.org/10.1007/JHEP12(2020)081
https://doi.org/10.48550/arXiv.2010.06011
https://inspirehep.net/literature/1822447
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.48550/arXiv.2012.13241
https://inspirehep.net/literature/1838196
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.48550/arXiv.2108.09284
https://inspirehep.net/literature/1908214
https://doi.org/10.1038/s41567-023-02095-3
https://doi.org/10.1038/s41567-023-02095-3
https://doi.org/10.48550/arXiv.2103.11769
https://inspirehep.net/literature/1852846
https://doi.org/10.1007/JHEP11(2021)043
https://doi.org/10.48550/arXiv.2107.13428
https://inspirehep.net/literature/1894428
https://doi.org/10.1103/PhysRevLett.128.191802
https://doi.org/10.48550/arXiv.2110.09501
https://inspirehep.net/literature/1946134
https://doi.org/10.1103/PhysRevLett.127.151801
https://doi.org/10.48550/arXiv.2105.14007
https://inspirehep.net/literature/1865990
https://doi.org/10.1103/PhysRevLett.131.051803
https://doi.org/10.1103/PhysRevLett.131.051803
https://doi.org/10.48550/arXiv.2212.09152
https://inspirehep.net/literature/2615983
https://doi.org/10.1103/PhysRevD.108.032002
https://doi.org/10.48550/arXiv.2212.09153
https://inspirehep.net/literature/2684465
https://doi.org/10.1016/j.physletb.2025.139406
https://doi.org/10.48550/arXiv.2411.11820
https://inspirehep.net/literature/2850101
https://doi.org/10.1140/epjs/s11734-023-01012-2
https://doi.org/10.1140/epjs/s11734-023-01012-2
https://doi.org/10.48550/arXiv.2309.01311
https://inspirehep.net/literature/2693484
https://doi.org/10.1007/JHEP09(2010)089
https://doi.org/10.48550/arXiv.1006.4945
https://inspirehep.net/literature/859545


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[77] C. Bobeth, M. Chrzaszcz, D. van Dyk and J. Virto, Long-distance effects in B → K∗ℓℓ from
analyticity, Eur. Phys. J. C 78 (2018) 451 [arXiv:1707.07305] [INSPIRE].

[78] N. Gubernari, M. Reboud, D. van Dyk and J. Virto, Dispersive analysis of B → K(∗) and
Bs → ϕ form factors, JHEP 12 (2023) 153 [Erratum ibid. 01 (2025) 125] [arXiv:2305.06301]
[INSPIRE].

[79] M. Bordone, G. Isidori, S. Mächler and A. Tinari, Short- vs. long-distance physics in
B → K(∗)ℓ+ℓ−: a data-driven analysis, Eur. Phys. J. C 84 (2024) 547 [arXiv:2401.18007]
[INSPIRE].

[80] G. Isidori, Z. Polonsky and A. Tinari, Explicit estimate of charm rescattering in B0 → K0ℓ̄ℓ,
Phys. Rev. D 111 (2025) 093007 [arXiv:2405.17551] [INSPIRE].

[81] G. Isidori, Z. Polonsky and A. Tinari, Charm rescattering in B0 → K0ℓ̄ℓ: an improved analysis,
Eur. Phys. J. C 85 (2025) 1221 [arXiv:2507.17824] [INSPIRE].

[82] T. Hurth, F. Mahmoudi, Y. Monceaux and S. Neshatpour, Data-driven analyses and
model-independent fits for present b → sℓℓ results, Phys. Rev. D 112 (2025) 113003
[arXiv:2508.09986] [INSPIRE].

[83] A. Crivellin and B. Mellado, Anomalies in particle physics and their implications for physics
beyond the Standard Model, Nature Rev. Phys. 6 (2024) 294 [arXiv:2309.03870] [INSPIRE].

[84] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Testing leptoquark models in
B̄ → D(∗)τ ν̄, Phys. Rev. D 88 (2013) 094012 [arXiv:1309.0301] [INSPIRE].

[85] I. Doršner et al., Physics of leptoquarks in precision experiments and at particle colliders, Phys.
Rept. 641 (2016) 1 [arXiv:1603.04993] [INSPIRE].

[86] B. Dumont, K. Nishiwaki and R. Watanabe, LHC constraints and prospects for S1 scalar
leptoquark explaining the B̄ → D(∗)τ ν̄ anomaly, Phys. Rev. D 94 (2016) 034001
[arXiv:1603.05248] [INSPIRE].

[87] X.-Q. Li, Y.-D. Yang and X. Zhang, Revisiting the one leptoquark solution to the R(D(∗))
anomalies and its phenomenological implications, JHEP 08 (2016) 054 [arXiv:1605.09308]
[INSPIRE].

[88] B. Bhattacharya et al., Simultaneous explanation of the RK and RD(∗) puzzles: a model
analysis, JHEP 01 (2017) 015 [arXiv:1609.09078] [INSPIRE].

[89] C.-H. Chen, T. Nomura and H. Okada, Excesses of muon g − 2, RD(∗) , and RK in a leptoquark
model, Phys. Lett. B 774 (2017) 456 [arXiv:1703.03251] [INSPIRE].

[90] A. Crivellin, D. Müller and T. Ota, Simultaneous explanation of R(D(∗)) and b → sµ+µ−: the
last scalar leptoquarks standing, JHEP 09 (2017) 040 [arXiv:1703.09226] [INSPIRE].

[91] Y. Cai, J. Gargalionis, M.A. Schmidt and R.R. Volkas, Reconsidering the one leptoquark
solution: flavor anomalies and neutrino mass, JHEP 10 (2017) 047 [arXiv:1704.05849]
[INSPIRE].

[92] M. Jung and D.M. Straub, Constraining new physics in b → cℓν transitions, JHEP 01 (2019)
009 [arXiv:1801.01112] [INSPIRE].

[93] U. Aydemir, T. Mandal and S. Mitra, Addressing the RD(∗) anomalies with an S1 leptoquark
from SO(10) grand unification, Phys. Rev. D 101 (2020) 015011 [arXiv:1902.08108] [INSPIRE].

[94] O. Popov, M.A. Schmidt and G. White, R2 as a single leptoquark solution to RD(∗) and RK(∗) ,
Phys. Rev. D 100 (2019) 035028 [arXiv:1905.06339] [INSPIRE].

– 24 –

https://doi.org/10.1140/epjc/s10052-018-5918-6
https://doi.org/10.48550/arXiv.1707.07305
https://inspirehep.net/literature/1611302
https://doi.org/10.1007/JHEP12(2023)153
https://doi.org/10.48550/arXiv.2305.06301
https://inspirehep.net/literature/2658389
https://doi.org/10.1140/epjc/s10052-024-12869-5
https://doi.org/10.48550/arXiv.2401.18007
https://inspirehep.net/literature/2753546
https://doi.org/10.1103/PhysRevD.111.093007
https://doi.org/10.48550/arXiv.2405.17551
https://inspirehep.net/literature/2790876
https://doi.org/10.1140/epjc/s10052-025-14973-6
https://doi.org/10.48550/arXiv.2507.17824
https://inspirehep.net/literature/2954193
https://doi.org/10.1103/bc5h-8jm3
https://doi.org/10.48550/arXiv.2508.09986
https://inspirehep.net/literature/2960183
https://doi.org/10.1038/s42254-024-00703-6
https://doi.org/10.48550/arXiv.2309.03870
https://inspirehep.net/literature/2694382
https://doi.org/10.1103/PhysRevD.88.094012
https://doi.org/10.48550/arXiv.1309.0301
https://inspirehep.net/literature/1252083
https://doi.org/10.1016/j.physrep.2016.06.001
https://doi.org/10.1016/j.physrep.2016.06.001
https://doi.org/10.48550/arXiv.1603.04993
https://inspirehep.net/literature/1428667
https://doi.org/10.1103/PhysRevD.94.034001
https://doi.org/10.48550/arXiv.1603.05248
https://inspirehep.net/literature/1429667
https://doi.org/10.1007/JHEP08(2016)054
https://doi.org/10.48550/arXiv.1605.09308
https://inspirehep.net/literature/1466323
https://doi.org/10.1007/JHEP01(2017)015
https://doi.org/10.48550/arXiv.1609.09078
https://inspirehep.net/literature/1488577
https://doi.org/10.1016/j.physletb.2017.10.005
https://doi.org/10.48550/arXiv.1703.03251
https://inspirehep.net/literature/1516798
https://doi.org/10.1007/JHEP09(2017)040
https://doi.org/10.48550/arXiv.1703.09226
https://inspirehep.net/literature/1519827
https://doi.org/10.1007/JHEP10(2017)047
https://doi.org/10.48550/arXiv.1704.05849
https://inspirehep.net/literature/1593772
https://doi.org/10.1007/JHEP01(2019)009
https://doi.org/10.1007/JHEP01(2019)009
https://doi.org/10.48550/arXiv.1801.01112
https://inspirehep.net/literature/1645917
https://doi.org/10.1103/PhysRevD.101.015011
https://doi.org/10.48550/arXiv.1902.08108
https://inspirehep.net/literature/1721097
https://doi.org/10.1103/PhysRevD.100.035028
https://doi.org/10.48550/arXiv.1905.06339
https://inspirehep.net/literature/1735233


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[95] A. Crivellin, D. Müller and F. Saturnino, Flavor phenomenology of the leptoquark singlet-triplet
model, JHEP 06 (2020) 020 [arXiv:1912.04224] [INSPIRE].

[96] I. Bigaran, J. Gargalionis and R.R. Volkas, A near-minimal leptoquark model for reconciling
flavour anomalies and generating radiative neutrino masses, JHEP 10 (2019) 106
[arXiv:1906.01870] [INSPIRE].

[97] S. Bansal, R.M. Capdevilla and C. Kolda, Constraining the minimal flavor violating leptoquark
explanation of the RD(∗) anomaly, Phys. Rev. D 99 (2019) 035047 [arXiv:1810.11588]
[INSPIRE].

[98] S. Iguro, M. Takeuchi and R. Watanabe, Testing leptoquark/EFT in B̄ → D(∗)lν̄ at the LHC,
Eur. Phys. J. C 81 (2021) 406 [arXiv:2011.02486] [INSPIRE].

[99] M. Ciuchini et al., Constraints on lepton universality violation from rare B decays, Phys. Rev.
D 107 (2023) 055036 [arXiv:2212.10516] [INSPIRE].

[100] P.S.B. Dev, S. Goswami, C. Majumdar and D. Pachhar, Neutrinoless double beta decay from
scalar leptoquarks: interplay with neutrino mass and flavor physics, JHEP 01 (2025) 004
[arXiv:2407.04670] [INSPIRE].

[101] M. Fedele, F. Wuest and U. Nierste, Renormalisation group analysis of scalar leptoquark
couplings addressing flavour anomalies: emergence of lepton-flavour universality, JHEP 11
(2023) 131 [arXiv:2307.15117] [INSPIRE].

[102] I. Bigaran, R. Capdevilla and U. Nierste, Radiative corrections relating leptoquark-fermion
couplings probed at low and high energy, JHEP 05 (2025) 123 [arXiv:2408.06501] [INSPIRE].

[103] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275
[INSPIRE].

[104] R. Barbieri et al., U(2) and minimal flavour violation in supersymmetry, Eur. Phys. J. C 71
(2011) 1725 [arXiv:1105.2296] [INSPIRE].

[105] G. Isidori and D.M. Straub, Minimal flavour violation and beyond, Eur. Phys. J. C 72 (2012)
2103 [arXiv:1202.0464] [INSPIRE].

[106] R. Barbieri, D. Buttazzo, F. Sala and D.M. Straub, Flavour physics from an approximate U(2)3

symmetry, JHEP 07 (2012) 181 [arXiv:1203.4218] [INSPIRE].

[107] G. Blankenburg, G. Isidori and J. Jones-Perez, Neutrino masses and LFV from minimal
breaking of U(3)5 and U(2)5 flavor symmetries, Eur. Phys. J. C 72 (2012) 2126
[arXiv:1204.0688] [INSPIRE].

[108] D.A. Faroughy, G. Isidori, F. Wilsch and K. Yamamoto, Flavour symmetries in the SMEFT,
JHEP 08 (2020) 166 [arXiv:2005.05366] [INSPIRE].

[109] S. Antusch, A. Greljo, B.A. Stefanek and A.E. Thomsen, U(2) is right for leptons and left for
quarks, Phys. Rev. Lett. 132 (2024) 151802 [arXiv:2311.09288] [INSPIRE].

[110] L. Di Luzio, A. Greljo and M. Nardecchia, Gauge leptoquark as the origin of B-physics
anomalies, Phys. Rev. D 96 (2017) 115011 [arXiv:1708.08450] [INSPIRE].

[111] M. Bordone, C. Cornella, J. Fuentes-Martin and G. Isidori, A three-site gauge model for flavor
hierarchies and flavor anomalies, Phys. Lett. B 779 (2018) 317 [arXiv:1712.01368] [INSPIRE].

[112] A. Greljo and B.A. Stefanek, Third family quark–lepton unification at the TeV scale, Phys. Lett.
B 782 (2018) 131 [arXiv:1802.04274] [INSPIRE].

[113] L. Calibbi, A. Crivellin and T. Li, Model of vector leptoquarks in view of the B-physics
anomalies, Phys. Rev. D 98 (2018) 115002 [arXiv:1709.00692] [INSPIRE].

– 25 –

https://doi.org/10.1007/JHEP06(2020)020
https://doi.org/10.48550/arXiv.1912.04224
https://inspirehep.net/literature/1769264
https://doi.org/10.1007/JHEP10(2019)106
https://doi.org/10.48550/arXiv.1906.01870
https://inspirehep.net/literature/1738559
https://doi.org/10.1103/PhysRevD.99.035047
https://doi.org/10.48550/arXiv.1810.11588
https://inspirehep.net/literature/1700751
https://doi.org/10.1140/epjc/s10052-021-09125-5
https://doi.org/10.48550/arXiv.2011.02486
https://inspirehep.net/literature/1828492
https://doi.org/10.1103/PhysRevD.107.055036
https://doi.org/10.1103/PhysRevD.107.055036
https://doi.org/10.48550/arXiv.2212.10516
https://inspirehep.net/literature/2616314
https://doi.org/10.1007/JHEP01(2025)004
https://doi.org/10.48550/arXiv.2407.04670
https://inspirehep.net/literature/2804944
https://doi.org/10.1007/JHEP11(2023)131
https://doi.org/10.1007/JHEP11(2023)131
https://doi.org/10.48550/arXiv.2307.15117
https://inspirehep.net/literature/2683156
https://doi.org/10.1007/JHEP05(2025)123
https://doi.org/10.48550/arXiv.2408.06501
https://inspirehep.net/literature/2817742
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/literature/89207
https://doi.org/10.1140/epjc/s10052-011-1725-z
https://doi.org/10.1140/epjc/s10052-011-1725-z
https://doi.org/10.48550/arXiv.1105.2296
https://inspirehep.net/literature/899189
https://doi.org/10.1140/epjc/s10052-012-2103-1
https://doi.org/10.1140/epjc/s10052-012-2103-1
https://doi.org/10.48550/arXiv.1202.0464
https://inspirehep.net/literature/1087277
https://doi.org/10.1007/JHEP07(2012)181
https://doi.org/10.48550/arXiv.1203.4218
https://inspirehep.net/literature/1094195
https://doi.org/10.1140/epjc/s10052-012-2126-7
https://doi.org/10.48550/arXiv.1204.0688
https://inspirehep.net/literature/1102916
https://doi.org/10.1007/JHEP08(2020)166
https://doi.org/10.48550/arXiv.2005.05366
https://inspirehep.net/literature/1795907
https://doi.org/10.1103/PhysRevLett.132.151802
https://doi.org/10.48550/arXiv.2311.09288
https://inspirehep.net/literature/2723178
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.48550/arXiv.1708.08450
https://inspirehep.net/literature/1620467
https://doi.org/10.1016/j.physletb.2018.02.011
https://doi.org/10.48550/arXiv.1712.01368
https://inspirehep.net/literature/1641092
https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.48550/arXiv.1802.04274
https://inspirehep.net/literature/1654805
https://doi.org/10.1103/PhysRevD.98.115002
https://doi.org/10.48550/arXiv.1709.00692
https://inspirehep.net/literature/1621458


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[114] J. Fuentes-Martin et al., Flavor hierarchies, flavor anomalies, and Higgs mass from a warped
extra dimension, Phys. Lett. B 834 (2022) 137382 [arXiv:2203.01952] [INSPIRE].

[115] J. Davighi, G. Isidori and M. Pesut, Electroweak-flavour and quark-lepton unification: a family
non-universal path, JHEP 04 (2023) 030 [arXiv:2212.06163] [INSPIRE].

[116] R.N. Mohapatra and G. Senjanović, Higgs boson effects in grand unified theories, Phys. Rev. D
27 (1983) 1601 [INSPIRE].

[117] R.N. Mohapatra and B. Sakita, SO(2n) grand unification in an SU(N) basis, Phys. Rev. D 21
(1980) 1062 [INSPIRE].

[118] S. Weinberg, Baryon and lepton nonconserving processes, Phys. Rev. Lett. 43 (1979) 1566
[INSPIRE].

[119] P. Minkowski, µ → eγ at a rate of one out of 109 muon decays?, Phys. Lett. B 67 (1977) 421
[INSPIRE].

[120] R.N. Mohapatra and G. Senjanovic, Neutrino mass and spontaneous parity nonconservation,
Phys. Rev. Lett. 44 (1980) 912 [INSPIRE].

[121] S.P. Martin and D.G. Robertson, Standard model parameters in the tadpole-free pure MS
scheme, Phys. Rev. D 100 (2019) 073004 [arXiv:1907.02500] [INSPIRE].

[122] G.-Y. Huang and S. Zhou, Precise values of running quark and lepton masses in the Standard
Model, Phys. Rev. D 103 (2021) 016010 [arXiv:2009.04851] [INSPIRE].

[123] R. Slansky, Group theory for unified model building, Phys. Rept. 79 (1981) 1 [INSPIRE].

[124] A. Crivellin, S. Iguro and T. Kitahara, Correlating the B anomalies to K → πνν and
B → Kνν via leptoquarks, Phys. Rev. D 112 (2025) 095016 [arXiv:2505.05552] [INSPIRE].

[125] R. Bause, H. Gisbert and G. Hiller, Implications of an enhanced B → Kνν̄ branching ratio,
Phys. Rev. D 109 (2024) 015006 [arXiv:2309.00075] [INSPIRE].

[126] X.-G. He, X.-D. Ma and G. Valencia, Revisiting models that enhance B+ → K+νν̄ in light of
the new Belle II measurement, Phys. Rev. D 109 (2024) 075019 [arXiv:2309.12741] [INSPIRE].

[127] A. Crivellin, C. Greub, D. Müller and F. Saturnino, Importance of loop effects in explaining the
accumulated evidence for new physics in B decays with a vector leptoquark, Phys. Rev. Lett. 122
(2019) 011805 [arXiv:1807.02068] [INSPIRE].

[128] M. Algueró et al., To (b)e or not to (b)e: no electrons at LHCb, Eur. Phys. J. C 83 (2023) 648
[arXiv:2304.07330] [INSPIRE].

[129] A. Crivellin et al., Lepton-flavour violating B decays in generic Z ′ models, Phys. Rev. D 92
(2015) 054013 [arXiv:1504.07928] [INSPIRE].

[130] D. Bečirević et al., Scalar leptoquarks from grand unified theories to accommodate the B-physics
anomalies, Phys. Rev. D 98 (2018) 055003 [arXiv:1806.05689] [INSPIRE].

[131] K. Cheung et al., Revisit to the b → cτν transition: in and beyond the SM, Nucl. Phys. B 965
(2021) 115354 [arXiv:2002.07272] [INSPIRE].

[132] I. Dorsner and P. Fileviez Perez, Unification versus proton decay in SU(5), Phys. Lett. B 642
(2006) 248 [hep-ph/0606062] [INSPIRE].

[133] I. Dorsner and I. Mocioiu, Predictions from type II see-saw mechanism in SU(5), Nucl. Phys. B
796 (2008) 123 [arXiv:0708.3332] [INSPIRE].

[134] K.M. Patel and S.K. Shukla, Anatomy of scalar mediated proton decays in SO(10) models,
JHEP 08 (2022) 042 [arXiv:2203.07748] [INSPIRE].

– 26 –

https://doi.org/10.1016/j.physletb.2022.137382
https://doi.org/10.48550/arXiv.2203.01952
https://inspirehep.net/literature/2046399
https://doi.org/10.1007/JHEP04(2023)030
https://doi.org/10.48550/arXiv.2212.06163
https://inspirehep.net/literature/2613878
https://doi.org/10.1103/PhysRevD.27.1601
https://doi.org/10.1103/PhysRevD.27.1601
https://inspirehep.net/literature/178593
https://doi.org/10.1103/PhysRevD.21.1062
https://doi.org/10.1103/PhysRevD.21.1062
https://inspirehep.net/literature/142791
https://doi.org/10.1103/PhysRevLett.43.1566
https://inspirehep.net/literature/144673
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/literature/4994
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/literature/143802
https://doi.org/10.1103/PhysRevD.100.073004
https://doi.org/10.48550/arXiv.1907.02500
https://inspirehep.net/literature/1742653
https://doi.org/10.1103/PhysRevD.103.016010
https://doi.org/10.48550/arXiv.2009.04851
https://inspirehep.net/literature/1816049
https://doi.org/10.1016/0370-1573(81)90092-2
https://inspirehep.net/literature/10204
https://doi.org/10.1103/4dpx-h5vm
https://doi.org/10.48550/arXiv.2505.05552
https://inspirehep.net/literature/2919782
https://doi.org/10.1103/PhysRevD.109.015006
https://doi.org/10.48550/arXiv.2309.00075
https://inspirehep.net/literature/2692817
https://doi.org/10.1103/PhysRevD.109.075019
https://doi.org/10.48550/arXiv.2309.12741
https://inspirehep.net/literature/2701995
https://doi.org/10.1103/PhysRevLett.122.011805
https://doi.org/10.1103/PhysRevLett.122.011805
https://doi.org/10.48550/arXiv.1807.02068
https://inspirehep.net/literature/1681015
https://doi.org/10.1140/epjc/s10052-023-11824-0
https://doi.org/10.48550/arXiv.2304.07330
https://inspirehep.net/literature/2651765
https://doi.org/10.1103/PhysRevD.92.054013
https://doi.org/10.1103/PhysRevD.92.054013
https://doi.org/10.48550/arXiv.1504.07928
https://inspirehep.net/literature/1365290
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.48550/arXiv.1806.05689
https://inspirehep.net/literature/1678077
https://doi.org/10.1016/j.nuclphysb.2021.115354
https://doi.org/10.1016/j.nuclphysb.2021.115354
https://doi.org/10.48550/arXiv.2002.07272
https://inspirehep.net/literature/1781286
https://doi.org/10.1016/j.physletb.2006.09.034
https://doi.org/10.1016/j.physletb.2006.09.034
https://doi.org/10.48550/arXiv.hep-ph/0606062
https://inspirehep.net/literature/718613
https://doi.org/10.1016/j.nuclphysb.2007.12.004
https://doi.org/10.1016/j.nuclphysb.2007.12.004
https://doi.org/10.48550/arXiv.0708.3332
https://inspirehep.net/literature/759081
https://doi.org/10.1007/JHEP08(2022)042
https://doi.org/10.48550/arXiv.2203.07748
https://inspirehep.net/literature/2052516


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[135] S. Bertolini, L. Di Luzio and M. Malinsky, Seesaw scale in the minimal renormalizable SO(10)
grand unification, Phys. Rev. D 85 (2012) 095014 [arXiv:1202.0807] [INSPIRE].

[136] A. Crivellin, C. Greub and A. Kokulu, Explaining B → Dτν, B → D∗τν and B → τν in a
2HDM of type III, Phys. Rev. D 86 (2012) 054014 [arXiv:1206.2634] [INSPIRE].

[137] A. Crivellin, A. Kokulu and C. Greub, Flavor-phenomenology of two-Higgs-doublet models with
generic Yukawa structure, Phys. Rev. D 87 (2013) 094031 [arXiv:1303.5877] [INSPIRE].

[138] S. Iguro, Revival of H− interpretation of RD(∗) anomaly and closing low mass window, Phys.
Rev. D 105 (2022) 095011 [arXiv:2201.06565] [INSPIRE].

[139] M. Blanke, S. Iguro and H. Zhang, Towards ruling out the charged Higgs interpretation of the
RD(∗) anomaly, JHEP 06 (2022) 043 [arXiv:2202.10468] [INSPIRE].

[140] DESI collaboration, DESI DR2 results. II. Measurements of baryon acoustic oscillations and
cosmological constraints, Phys. Rev. D 112 (2025) 083515 [arXiv:2503.14738] [INSPIRE].

[141] KATRIN collaboration, Direct neutrino-mass measurement based on 259 days of KATRIN
data, Science 388 (2025) adq9592 [arXiv:2406.13516] [INSPIRE].

[142] B. Grzadkowski, M. Lindner and S. Theisen, Nonlinear evolution of Yukawa couplings in the
double Higgs and supersymmetric extensions of the Standard Model, Phys. Lett. B 198 (1987)
64 [INSPIRE].

[143] G.C. Branco et al., Theory and phenomenology of two-Higgs-doublet models, Phys. Rept. 516
(2012) 1 [arXiv:1106.0034] [INSPIRE].

[144] S. Antusch and V. Maurer, Running quark and lepton parameters at various scales, JHEP 11
(2013) 115 [arXiv:1306.6879] [INSPIRE].

[145] B. Pendleton and G.G. Ross, Mass and mixing angle predictions from infrared fixed points,
Phys. Lett. B 98 (1981) 291 [INSPIRE].

[146] C.T. Hill, Quark and lepton masses from renormalization group fixed points, Phys. Rev. D 24
(1981) 691 [INSPIRE].

[147] E. Witten, Neutrino masses in the minimal O(10) theory, Phys. Lett. B 91 (1980) 81 [INSPIRE].

[148] B. Bajc and G. Senjanovic, Radiative seesaw: a case for split supersymmetry, Phys. Lett. B 610
(2005) 80 [hep-ph/0411193] [INSPIRE].

[149] B. Bajc and G. Senjanovic, Radiative seesaw and degenerate neutrinos, Phys. Rev. Lett. 95
(2005) 261804 [hep-ph/0507169] [INSPIRE].

[150] E. Ma and S. Pakvasa, Variation of mixing angles and masses with q2 in the standard six quark
model, Phys. Rev. D 20 (1979) 2899 [INSPIRE].

[151] K. Sasaki, Renormalization group equations for the Kobayashi-Maskawa matrix, Z. Phys. C 32
(1986) 149 [INSPIRE].

[152] B. Grzadkowski and M. Lindner, Nonlinear evolution of Yukawa couplings, Phys. Lett. B 193
(1987) 71 [INSPIRE].

[153] K.S. Babu, C.N. Leung and J.T. Pantaleone, Renormalization of the neutrino mass operator,
Phys. Lett. B 319 (1993) 191 [hep-ph/9309223] [INSPIRE].

[154] M. Tanimoto, Renormalization effect on large neutrino flavor mixing in the minimal
supersymmetric standard model, Phys. Lett. B 360 (1995) 41 [hep-ph/9508247] [INSPIRE].

[155] K.R.S. Balaji, A.S. Dighe, R.N. Mohapatra and M.K. Parida, Generation of large flavor mixing
from radiative corrections, Phys. Rev. Lett. 84 (2000) 5034 [hep-ph/0001310] [INSPIRE].

– 27 –

https://doi.org/10.1103/PhysRevD.85.095014
https://doi.org/10.48550/arXiv.1202.0807
https://inspirehep.net/literature/1087436
https://doi.org/10.1103/PhysRevD.86.054014
https://doi.org/10.48550/arXiv.1206.2634
https://inspirehep.net/literature/1118049
https://doi.org/10.1103/PhysRevD.87.094031
https://doi.org/10.48550/arXiv.1303.5877
https://inspirehep.net/literature/1225272
https://doi.org/10.1103/PhysRevD.105.095011
https://doi.org/10.1103/PhysRevD.105.095011
https://doi.org/10.48550/arXiv.2201.06565
https://inspirehep.net/literature/2011852
https://doi.org/10.1007/JHEP06(2022)043
https://doi.org/10.48550/arXiv.2202.10468
https://inspirehep.net/literature/2036775
https://doi.org/10.1103/tr6y-kpc6
https://doi.org/10.48550/arXiv.2503.14738
https://inspirehep.net/literature/2902314
https://doi.org/10.1126/science.adq9592
https://doi.org/10.48550/arXiv.2406.13516
https://inspirehep.net/literature/2800485
https://doi.org/10.1016/0370-2693(87)90160-2
https://doi.org/10.1016/0370-2693(87)90160-2
https://inspirehep.net/literature/248140
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.1016/j.physrep.2012.02.002
https://doi.org/10.48550/arXiv.1106.0034
https://inspirehep.net/literature/902365
https://doi.org/10.1007/JHEP11(2013)115
https://doi.org/10.1007/JHEP11(2013)115
https://doi.org/10.48550/arXiv.1306.6879
https://inspirehep.net/literature/1240521
https://doi.org/10.1016/0370-2693(81)90017-4
https://inspirehep.net/literature/9825
https://doi.org/10.1103/PhysRevD.24.691
https://doi.org/10.1103/PhysRevD.24.691
https://inspirehep.net/literature/156595
https://doi.org/10.1016/0370-2693(80)90666-8
https://inspirehep.net/literature/143453
https://doi.org/10.1016/j.physletb.2005.01.074
https://doi.org/10.1016/j.physletb.2005.01.074
https://doi.org/10.48550/arXiv.hep-ph/0411193
https://inspirehep.net/literature/664522
https://doi.org/10.1103/PhysRevLett.95.261804
https://doi.org/10.1103/PhysRevLett.95.261804
https://doi.org/10.48550/arXiv.hep-ph/0507169
https://inspirehep.net/literature/687452
https://doi.org/10.1103/PhysRevD.20.2899
https://inspirehep.net/literature/141263
https://doi.org/10.1007/BF01441364
https://doi.org/10.1007/BF01441364
https://inspirehep.net/literature/232390
https://doi.org/10.1016/0370-2693(87)90458-8
https://doi.org/10.1016/0370-2693(87)90458-8
https://inspirehep.net/literature/245151
https://doi.org/10.1016/0370-2693(93)90801-N
https://doi.org/10.48550/arXiv.hep-ph/9309223
https://inspirehep.net/literature/35796
https://doi.org/10.1016/0370-2693(95)01107-2
https://doi.org/10.48550/arXiv.hep-ph/9508247
https://inspirehep.net/literature/397991
https://doi.org/10.1103/PhysRevLett.84.5034
https://doi.org/10.48550/arXiv.hep-ph/0001310
https://inspirehep.net/literature/523466


J
H
E
P
0
2
(
2
0
2
6
)
0
8
2

[156] K.R.S. Balaji, R.N. Mohapatra, M.K. Parida and E.A. Paschos, Large neutrino mixing from
renormalization group evolution, Phys. Rev. D 63 (2001) 113002 [hep-ph/0011263] [INSPIRE].

[157] C. Hagedorn, J. Kersten and M. Lindner, Stability of texture zeros under radiative corrections
in see-saw models, Phys. Lett. B 597 (2004) 63 [hep-ph/0406103] [INSPIRE].

[158] C.S. Aulakh and A. Girdhar, SO(10) à la Pati-Salam, Int. J. Mod. Phys. A 20 (2005) 865
[hep-ph/0204097] [INSPIRE].

[159] D. Meloni, T. Ohlsson and S. Riad, Renormalization group running of fermion observables in
an extended non-supersymmetric SO(10) model, JHEP 03 (2017) 045 [arXiv:1612.07973]
[INSPIRE].

[160] U. Aydemir, D. Minic, C. Sun and T. Takeuchi, B-decay anomalies and scalar leptoquarks in
unified Pati-Salam models from noncommutative geometry, JHEP 09 (2018) 117
[arXiv:1804.05844] [INSPIRE].

[161] M.T. Vaughn, Asymptotic freedom constraints on grand unified gauge theories, Z. Phys. C 2
(1979) 111 [INSPIRE].

[162] M.T. Vaughn, Renormalization group constraints on unified gauge theories. 2. Yukawa and
scalar quartic couplings, Z. Phys. C 13 (1982) 139 [INSPIRE].

[163] G.-X. Fang, Z.-W. Wang and Y.-L. Zhou, Asymptotic grand unification in SO(10) with one
extra dimension, JHEP 08 (2025) 042 [arXiv:2505.08068] [INSPIRE].

[164] J.M. Arnold, M. Pospelov, M. Trott and M.B. Wise, Scalar representations and minimal flavor
violation, JHEP 01 (2010) 073 [arXiv:0911.2225] [INSPIRE].

[165] G.F. Giudice, B. Gripaios and R. Sundrum, Flavourful production at hadron colliders, JHEP 08
(2011) 055 [arXiv:1105.3161] [INSPIRE].

[166] K.M. Patel and S.K. Shukla, Spectrum of color sextet scalars in realistic SO(10) GUT, Phys.
Rev. D 107 (2023) 055008 [arXiv:2211.11283] [INSPIRE].

[167] A. Crivellin and M. Kirk, Diquark explanation of b → sℓ+ℓ−, Phys. Rev. D 108 (2023) L111701
[arXiv:2309.07205] [INSPIRE].

[168] LHCb collaboration, Observation of CP violation in charm decays, Phys. Rev. Lett. 122 (2019)
211803 [arXiv:1903.08726] [INSPIRE].

[169] LHCb collaboration, Measurement of the time-integrated CP asymmetry in D0 → K−K+

decays, Phys. Rev. Lett. 131 (2023) 091802 [arXiv:2209.03179] [INSPIRE].

[170] W. Altmannshofer, R. Primulando, C.-T. Yu and F. Yu, New physics models of direct CP
violation in charm decays, JHEP 04 (2012) 049 [arXiv:1202.2866] [INSPIRE].

[171] S. Iguro, U. Nierste, E. Overduin and M. Schüßler, SU(3)F sum rules for CP asymmetries of
Ds decays, Phys. Rev. D 111 (2025) 035023 [arXiv:2408.03227] [INSPIRE].

[172] C.D. Froggatt and H.B. Nielsen, Hierarchy of quark masses, Cabibbo angles and CP violation,
Nucl. Phys. B 147 (1979) 277 [INSPIRE].

[173] K.G. Wilson, The renormalization group: critical phenomena and the Kondo problem, Rev.
Mod. Phys. 47 (1975) 773 [INSPIRE].

[174] S. Wolfram, Origins of randomness in physical systems, Phys. Rev. Lett. 55 (1985) 449
[INSPIRE].

[175] S. Wolfram, A class of models with the potential to represent fundamental physics, Complex
Syst. 29 (2020) 107 [arXiv:2004.08210] [INSPIRE].

– 28 –

https://doi.org/10.1103/PhysRevD.63.113002
https://doi.org/10.48550/arXiv.hep-ph/0011263
https://inspirehep.net/literature/537254
https://doi.org/10.1016/j.physletb.2004.06.094
https://doi.org/10.48550/arXiv.hep-ph/0406103
https://inspirehep.net/literature/652086
https://doi.org/10.1142/S0217751X0502001X
https://doi.org/10.48550/arXiv.hep-ph/0204097
https://inspirehep.net/literature/585133
https://doi.org/10.1007/JHEP03(2017)045
https://doi.org/10.48550/arXiv.1612.07973
https://inspirehep.net/literature/1505747
https://doi.org/10.1007/JHEP09(2018)117
https://doi.org/10.48550/arXiv.1804.05844
https://inspirehep.net/literature/1668132
https://doi.org/10.1007/BF01474125
https://doi.org/10.1007/BF01474125
https://inspirehep.net/literature/133108
https://doi.org/10.1007/BF01547677
https://inspirehep.net/literature/167922
https://doi.org/10.1007/JHEP08(2025)042
https://doi.org/10.48550/arXiv.2505.08068
https://inspirehep.net/literature/2920750
https://doi.org/10.1007/JHEP01(2010)073
https://doi.org/10.48550/arXiv.0911.2225
https://inspirehep.net/literature/836696
https://doi.org/10.1007/JHEP08(2011)055
https://doi.org/10.1007/JHEP08(2011)055
https://doi.org/10.48550/arXiv.1105.3161
https://inspirehep.net/literature/900111
https://doi.org/10.1103/PhysRevD.107.055008
https://doi.org/10.1103/PhysRevD.107.055008
https://doi.org/10.48550/arXiv.2211.11283
https://inspirehep.net/literature/2513041
https://doi.org/10.1103/PhysRevD.108.L111701
https://doi.org/10.48550/arXiv.2309.07205
https://inspirehep.net/literature/2697642
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.48550/arXiv.1903.08726
https://inspirehep.net/literature/1726338
https://doi.org/10.1103/PhysRevLett.131.091802
https://doi.org/10.48550/arXiv.2209.03179
https://inspirehep.net/literature/2692262
https://doi.org/10.1007/JHEP04(2012)049
https://doi.org/10.48550/arXiv.1202.2866
https://inspirehep.net/literature/1089036
https://doi.org/10.1103/PhysRevD.111.035023
https://doi.org/10.48550/arXiv.2408.03227
https://inspirehep.net/literature/2815325
https://doi.org/10.1016/0550-3213(79)90316-X
https://inspirehep.net/literature/131306
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1103/RevModPhys.47.773
https://inspirehep.net/literature/91432
https://doi.org/10.1103/PhysRevLett.55.449
https://inspirehep.net/literature/213557
https://doi.org/10.25088/ComplexSystems.29.2.107
https://doi.org/10.25088/ComplexSystems.29.2.107
https://doi.org/10.48550/arXiv.2004.08210
https://inspirehep.net/literature/1791702

	Introduction
	Minimal SO(10) GUT
	The landscape
	Leptoquarks in 126(H)
	Addressing the B anomalies

	Improved RG evolution
	b-tau masses
	LQ-fermion couplings
	Emerging flavor mixing angles

	Conclusion and outlook
	Model independence

