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Informe del proyecto: Test de Universalidad leptónica y el modelo de Pati-Salam

RESUMEN

Presentamos el informe del proyecto de investigación: Test de Universalidad Leptónica y
el modelo de Pati-Salam. Las mediciones experimentales de decaimientos semileptónicos
del quark b se han desviado de las predicciones del modelo estándar (ME). Particularmente,
las anomalías en los decaimientos del mesón B, que sugieren una violación en la universalidad
leptónica, son quizás la evidencia directa más significativa de nueva física más allá del ME.
El objeto de estudio del presente trabajo es un modelo realista que busca dar cuenta de
dichas anomalías en modelos de unificación, como por ejemplo el de Pati-Salam, que es bien
conocido en la literatura. Es necesario aclarar, que aparte del dinero correspondiente
a los rubros del proyecto y de las descargas por investigación, por concepto de
este proyecto o del presente informe no recibí de la VIIS dinieros adicionales por
bonificación.



1. Introducción

1.1. Marco Teórico-Conceptual

Nuestro interés son las extensiones que permiten estudiar las anomalías experimentales
que regularmente se presentan en el área. Nuestro programa nos permite poner a la Univer-
sidad de Nariño en contacto con desarrollos teóricos relacionados con la física del LHC Large
hadron collider. Este experimento es el proyecto mas importante de física de altas energías
en el mundo, y con nuestro grupo podemos contribuir en el análisis teórico de la física que
se estudia en este laboratorio. Este trabajo permitió formar estudiantes a nivel de pregrado
y publicar artículos de investigación y ponencias.

El modelo estándar (ME) proporciona una descripción de la naturaleza notablemente exi-
tosa a nivel de partículas elementales y, hasta ahora, solo hay un puñado de indicaciones ex-
perimentales de desviaciones de sus predicciones. Quizás la evidencia directa más significativa
de física más allá del ME son las anomalías recientemente observadas en las desintegraciones
del mesón B [5, 6], que sugieren que la universalidad leptónica podría violarse. Suponiendo
que esas anomalías no son el resultado de errores sistemáticos, se explican mejor con un
leptoquark vectorial (3, 1)2/3 ó (3, 3)2/3

1 [7, 8, 9]. Sin embargo, la construcción de modelos
UV-completos – es decir, que sean viables en un marco general a energías arbitrariamente
altas – que involucren tales partículas es un desafío, especialmente a la luz de las estrictas
restricciones sobre la violación del sabor leptónico (VSL) de varias búsquedas experimentales.

Un intento por construir un modelo de leptoquark vectorial para las anomalías observadas
en la razón RK(∗) entre los branchings de los modos de decaimiento semieptónico del mesón
B con un kaón en el estado final, se realizó en [10], donde Assad, Fornal y Grinstein proponen
que el leptoquark vectorial (3, 1)2/3, que explica las anomalías, podría ser el bosón gauge de
una teoría como la de unificación de Pati-Salam [11]. La conclusión fue que el modelo mínimo
basado en SU(4)× SU(2)L × SU(2)R no es capaz de hacer esto debido a límites estrictos en
decaimientos raros del kaón y el mesón B [12, 13, 14, 15, 16, 17]. El problema subyacente
en ese modelo surge de la interferencia entre corrientes leptónicas izquierdas y derechas que
cambian de sabor. Fornal y sus colaboradores proponen una solución a esto: extendiendo el
grupo gauge a SU(4)L × SU(4)R × SU(2)L ×U(1)′ y rompiendo SU(4)R a una escala alta, de
modo que las corrientes leptónicas derechas con cambio de sabor se supriman.

Un planteamiento viable de tal modelo, que extiende el grupo gauge, es el tema del tra-
bajo de Fornal, et.al. [18]. En él se demuestra que un leptoquark gauge de Pati-Salam tan
liviano como 10TeV puede explicar las anomalías RK(∗) y seguir siendo coherente con todos
los límites experimentales sin introducir ninguna mezcla de quarks y leptones con nuevos
fermiones. Discutiremos en detalle las limitaciones que surgen de las búsquedas de VSL y
mostraremos que la ausencia de corrientes leptónicas derechas con cambio de sabor relaja los

1Esto es, leptoquarks vectoriales con hipercarga 2/3 y que son, triplete de SU(3) del color, singlete de
SU(2)L, o triplete de SU(3) del color, triplete de SU(2)L respectivamente.
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límites considerablemente. Se espera que el modelo tenga observables que permitan distin-
guirlo en futuros colisionadores.

Varios modelos diferentes para las anomalías de sabor basados en la unificación de Pati-
Salam han sido propuestos [19, 20, 21, 22, 23, 24, 25]. Esos modelos evaden las restricciones
experimentales mezclando todos o un subconjunto de quarks y leptones del Modelo Estándar
con nuevos fermiones vectoriales. Otros enfoques para explicar las anomalías del decaimiento
del mesón B que involucran leptoquarks escalares o Z ′ en lugar de leptoquarks vectoriales
también han sido propuestos (ver, por ejemplo, [26, 27, 28, 29, 30, 31, 32, 33]).

Durante la década pasada varias medidas de decaimientos semileptónicos del quark b (i.e.
decaimientos en mesones livianos y pares de leptones en el estado final) se han desviado de
las predicciones del ME. Tales discrepancias son conocidos colectivamente como “anomalías
de sabor” y típicamente, exhiben variaciones a nivel de 2–3 σ de desviación estándar entre
los resultados experimentales y las predicciones del ME. Un aspecto interesante de tales ano-
malías se debe al hecho de que todas ellas parecen apuntar a la presencia de violaciones en
la universalidad de sabor leptónica (USL) en las interacciones que median los procesos. El
año pasado, medidas de decaimientos raros B+ → K+ℓ+ℓ−, con ℓ denotando un electrón o
un muón han proporcionado evidencia adicional de rompimiento de la USL en decaimientos
de quarks beauty en un sólo proceso, con una significancia de 3,1 σ, para una luminosidad
acumulada de 9 fb−1 de datos de colisiones protón-protón recolectados en el LHCb [34].

El modelo de Pati-Salam es una teoría unificada basada en el grupo gauge SU(4) ×
SU(2)L × SU(2)R que extiende el ME y busca determinar el orden intrínseco subyacente
en su aparente arbitrariedad. Varios modelos basados en la unificación de Pati-Salam han
sido propuestos para intentar dar razón de las anomalías de sabor, algunos de ellos mez-
clan todos o un subconjunto de quarks y leptones del ME con nuevos fermiones vectoriales
[19, 20, 21, 22, 23, 24, 25], mientras que otros introducen leptoquarks escalares o Z ′ en lugar
de leptoquarks vectoriales [26, 27, 28, 29, 30, 31, 32, 33].

Addazi y sus colaboradores presentaron un artículo [35] que interpreta las anomalías en
los decaimientos del bosón B en términos de una teoría gauge 331 extendida, agregando dos
especies adicionales de leptones con cargas 331 exóticas. En contraste con los modelos 331
canónicos, las cargas gauge de las dos primeras familias de leptones difieren la una de la otra,
permitiendo violación de la USL. La novedad de este artículo muestra que la temática del
presente trabajo es un área de gran interés en la física actual y cuya investigación arroja
resultados importantes que abren caminos a nuevas exploraciones en la frontera de nuestro
actual conocimiento.

Un modelo de interés para explicar las anomalías de sabor es descrito en [18]. Tal modelo
sigue el esquema de unificación de Pati-Salam, se construye a partir de las interacciones del
leptoquark vectorial (3, 1)2/3 y está basado en el grupo gauge SU(4)L × SU(4)R × SU(2)L ×
U(1)′. El modelo provee una explicación realista de las anomalías de sabor sin introducir
ninguna mezcla de quarks y leptones con nuevos fermiones. Este modelo es el objeto principal
de estudio del presente trabajo.
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1.2. Antecedentes

Los investigadores del grupo de investigación en Física de Altas Energías de la Universidad
de Nariño han estudiado en trabajos pasados las anomalías de sabor. En particular el asesor
del presente trabajo cuenta con varios trabajos publicados sobre el tema [36, 37, 38, 39], que
acumulan más de 30 citas. En 2016 publicó, junto a sus colaboradores, un estudio sobre ex-
tensiones mínimas electrodébiles no universales al ME, un modelo que sólo requiere fermiones
del modelo estándar y neutrinos derechos [39]. En un trabajo de 2019 analiza anomalías de
la corriente cargada b → cτντ en un escenario general del bosón W ′. En dicho trabajo no se
considera ningún modelo específico de nueva física, sino que se ejecuta un análisis consideran-
do todas las diferentes cargas quirales de los términos de interacción charm-bottom y τ − ντ
con un bosón W ′ para explicar las anomalías [38]. En 2020 publicó un trabajo [36] donde
analiza la contribución del bosón escalar a la anomalías de corriente cargada del mesón B,
llevando a cabo un estudio fenomenológico del espacio de parámetros de los acoplamientos
de Yukawa que acomoda las anomalías. Finalmente, en un artículo de 2021 el Doctor Rojas y
sus colaboradores vuelven sobre las consecuencias de nueva física de las anomalías en medi-
ciones de la corriente cargada b → cτντ y la corriente neutra bb → ττ , dentro de un modelo
simplificado con bosones gauge masivos adicionales que se acoplan predominantemente a los
leptones izquierdos de la tercera generación. Sus resultados apuntan a nuevos observables
anómalos [37].

1.3. Objetivo general

Estudiar la violación de universalidad leptónica en experimentos de colisionadores y los
posibles modelos de nueva física que pueden explicar estas anomalías.

2. Metodología

A continuación se presenta la metodología a seguir, la cual permitirá alcanzar los ob-
jetivos propuestos y llevar a cabo el análisis de las predicciones y establecimiento de cotas
experimentales del modelo estudiado a lo largo del proyecto.

1. Revisión bibliográfica de la literatura.

2. Estudiar el artículo [18] detalladamente.

3. Análisis de χ2 para ver si hay una discrepancia entre el experimento y el modelo teórico
propuesto.

4. Escritura de los artículos. Transversal a todo el trabajo.

6



3. Resultados

Se publicaron cuatro artículos y se graduó el estudiante de pregrado Oscar Rosero con la
tesis: Test de universalidad leptónica y el modelo de Pati-Salam https://sired.udenar.edu.co/7409/.

Un resumen de los resultados de los artículos y de la tesis de Oscar se presenta a conti-
nuación:

3.1. Informe del artículo Non-universal flipped trinification models
with arbitrary β [1]

Se estudia una extensión del Modelo Estándar basada en la simetría de gauge

SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)X , (1)

la cual contiene como subgrupos tanto el modelo Left-Right simétrico como el modelo 3-3-
1. Esta estructura permite construir realizaciones que heredan propiedades fenomenológicas
atractivas de ambos marcos.

3.1.1. Contenido fermiónico y cancelación de anomalías

Dentro de esta simetría se derivan cuatro familias leptónicas y cuatro familias de quarks.
Se analizan sus contribuciones a las anomalías gauge para un valor arbitrario del parámetro
β, el cual determina la incrustación del generador electromagnético dentro de la combinación
de los generadores diagonales de SU(3)L, SU(3)R y U(1)X .

Se calculan sistemáticamente las anomalías triangulares relevantes:

[SU(3)L]
3, [SU(3)R]

3, [SU(3)C ]
2U(1)X , [SU(3)L,R]

2U(1)X , [U(1)X ]
3, y gravitacional-U(1)X .

(2)
Imponiendo la cancelación simultánea de todas las anomalías, se identifican los siguientes

conjuntos libres de anomalías:

Ocho combinaciones no universales con tres familias.

Cuatro combinaciones no universales con dos familias.

3.1.2. Estructura de los modelos viables

Los conjuntos con tres familias son particularmente relevantes, pues constituyen exten-
siones realistas del Modelo Estándar. Estos modelos presentan:

Universalidad en el sector leptónico.

No universalidad en el sector de quarks.
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La no universalidad quark es una característica típica de los modelos 3-3-1 y puede estar
relacionada con la estructura generacional del modelo y la posible explicación del número de
familias.

Por otra parte, los conjuntos con dos familias permiten la construcción de modelos con
un número par de familias mayor o igual que cuatro, proporcionando flexibilidad adicional
en escenarios extendidos.

3.1.3. Fenomenología del bosón Z ′

La estructura gauge extendida predice la existencia de un bosón neutro adicional Z ′,
asociado a la combinación ortogonal del grupo abeliano tras la ruptura espontánea de la
simetría.

Se derivan límites experimentales provenientes de búsquedas en colisionadores para el
caso particular

β = − 1√
3
, (3)

considerando todas las posibles asignaciones de familias leptónicas y quark.
Los acoplamientos del Z ′ a los fermiones del Modelo Estándar dependen de un ángulo

de mezcla libre θ, que parametriza la rotación entre los estados gauge neutros. Como con-
secuencia, las cotas experimentales sobre la masa del Z ′ presentan una fuerte dependencia
funcional respecto a θ.

En particular, se observa que:

Las restricciones del LHC no son universales.

La masa mínima permitida del Z ′ varía significativamente con el valor de θ.

Las cotas dependen de la estructura específica del sector fermiónico.

3.1.4. Discusión

El esquema
SU(3)C ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)X (4)

proporciona un marco unificado que integra naturalmente los modelos Left-Right y 3-3-1.
La clasificación sistemática de configuraciones libres de anomalías demuestra la viabilidad de
múltiples extensiones consistentes, incluyendo ocho realizaciones realistas con tres familias.

La fuerte dependencia de las restricciones experimentales respecto al ángulo de mezcla θ
resalta la riqueza estructural del modelo y la necesidad de análisis fenomenológicos completos
al confrontarlo con datos experimentales.

Este marco ofrece una plataforma prometedora para futuras investigaciones en unificación
a altas energías, construcción del potencial escalar, física de neutrinos, materia oscura y
posibles efectos de violación de CPT.
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3.2. Informe sobre el artículo: The Standard Model of Particle Phy-
sics as an effective theory from two non-universal U(1)’s [2]

En el trabajo The Standard Model of Particle Physics as an effective theory from two
non-universal U(1)′s [2] se propone un marco en el cual el Modelo Estándar (SM) emerge
como teoría efectiva de baja energía a partir de una extensión gauge basada en dos simetrías
abelianas adicionales no universales,

Gext = SU(3)C ⊗ SU(2)L ⊗ U(1)X1 ⊗ U(1)X2 . (5)

En este escenario, las cargas bajo U(1)X1 y U(1)X2 son no universales en el espacio gene-
racional, lo que permite reproducir de manera natural estructuras jerárquicas en el sector
fermiónico tras la ruptura espontánea de la simetría.

Estructura gauge y generación del hipercarga

Un resultado central del trabajo es que el grupo abeliano del Modelo Estándar,

U(1)Y , (6)

surge como combinación lineal de las dos simetrías abelianas originales,

Y = aX1 + bX2, (7)

donde los coeficientes a y b se determinan imponiendo la correcta normalización de cargas
y la consistencia con los acoplamientos del SM. La combinación ortogonal corresponde a
un nuevo bosón neutro pesado Z ′ cuya masa se genera a través del mecanismo de ruptura
espontánea mediante campos escalares adicionales.

De este modo, el SM aparece como teoría efectiva tras integrar los grados de libertad
pesados asociados a la ruptura de U(1)X1 ⊗ U(1)X2 .

Cancelación de anomalías

Dado el carácter no universal de las cargas fermiónicas, el análisis de anomalías consti-
tuye un elemento fundamental del modelo. Se imponen las condiciones de cancelación de las
anomalías triangulares relevantes:

[SU(3)C ]
2U(1)Xi

, [SU(2)L]
2U(1)Xi

, [U(1)Xi
]3, U(1)Xi

-gravitacional, (8)

así como las anomalías mixtas entre ambas simetrías abelianas.
El trabajo muestra que es posible asignar cargas no universales a las tres familias fermió-

nicas de manera consistente, sin necesidad de introducir contenido fermiónico exótico a baja
energía. Las condiciones de cancelación restringen fuertemente las posibles asignaciones de
carga, lo que dota al esquema de poder predictivo.
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Estructura de Yukawa y jerarquías

Un aspecto relevante del modelo es que las simetrías U(1)′ no universales controlan la
estructura de los términos de Yukawa efectivos. Tras la ruptura espontánea, los operadores
efectivos generados pueden explicar de manera natural:

Las jerarquías de masas fermiónicas.

La estructura del mezclado CKM.

La supresión de ciertos acoplamientos prohibidos a nivel renormalizable.

En este sentido, el marco actúa de forma análoga a un mecanismo de tipo Froggatt–Nielsen,
pero embebido en una estructura gauge consistente y libre de anomalías.

Fenomenología del Z ′

La combinación ortogonal al hipercarga da lugar a un bosón neutro adicional Z ′ con aco-
plamientos no universales a los fermiones del SM. Debido a la no universalidad generacional,
pueden aparecer:

Corrientes neutras con cambio de sabor a nivel árbol.

Modificaciones en observables electrodébiles de precisión.

Señales directas en búsquedas resonantes en colisionadores.

Las restricciones experimentales imponen cotas sobre la escala de ruptura de las simetrías
abelianas y, por tanto, sobre la masa del Z ′ y sus acoplamientos efectivos.

Conclusiones

El trabajo demuestra que el Modelo Estándar puede interpretarse como teoría efectiva
emergente de una estructura gauge más fundamental basada en dos U(1)′ no universales. La
correcta reconstrucción del hipercarga, la cancelación consistente de anomalías y el control
de la estructura de Yukawa muestran que el esquema es teóricamente viable y fenomenológi-
camente rico.

Este marco proporciona una plataforma coherente para abordar problemas abiertos del
SM, tales como el origen de las jerarquías fermiónicas, posibles desviaciones en observables
de sabor y la búsqueda de nueva física asociada a bosones Z ′ en experimentos actuales y
futuros.
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3.3. Informe sobre el artículo Alternative 3-3-1 models with exotic
electric charges [3].

3.4. Modelos 3-3-1 alternativos con cargas eléctricas exóticas

En el trabajo Alternative 3-3-1 models with exotic electric charges [3] se realiza una
clasificación sistemática de modelos basados en la simetría gauge

SU(3)C ⊗ SU(3)L ⊗ U(1)X , (9)

considerando el valor particular
β =

√
3, (10)

el cual conduce a la aparición de fermiones con cargas eléctricas exóticas. El objetivo central
del artículo es identificar todas las configuraciones fermiónicas consistentes con la cancelación
de anomalías gauge y analizar sus implicaciones fenomenológicas.

Estructura de carga eléctrica

El operador de carga eléctrica en los modelos 3-3-1 está dado por

Q = T3 + βT8 +X, (11)

donde T3 y T8 son los generadores diagonales de SU(3)L y X es la carga asociada al grupo
U(1)X . Para β =

√
3, algunas componentes de los tripletes y antitripletes de SU(3)L adquie-

ren valores de carga no estándar, tales como 5/3 o −4/3, dando lugar a quarks y leptones
exóticos.

Cancelación de anomalías

El trabajo impone la cancelación simultánea de las anomalías gauge relevantes:

[SU(3)L]
3, [SU(3)C ]

2U(1)X , [SU(3)L]
2U(1)X , [U(1)X ]

3, y gravitacional-U(1)X .
(12)

Debido a la naturaleza no universal de las asignaciones fermiónicas, la cancelación de
anomalías ocurre entre distintas generaciones y no necesariamente dentro de cada familia
individual. Esto permite una variedad de configuraciones consistentes, clasificadas sistemáti-
camente en [3].

No universalidad y corrientes de sabor

Una consecuencia directa de estas asignaciones no universales es la aparición de corrientes
neutras con cambio de sabor (FCNC) a nivel árbol, mediadas por el nuevo bosón neutro
Z ′. Asimismo, pueden generarse procesos de violación de sabor leptónico cargado (CLFV),
dependiendo de la estructura específica del sector leptónico.
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Estas características hacen que los modelos sean altamente restrictivos desde el punto
de vista fenomenológico, ya que deben satisfacer límites provenientes de mezcla de mesones
neutros, decaimientos raros y observables de precisión electrodébil.

Restricciones experimentales

El modelo predice la existencia de nuevos bosones gauge, incluyendo un Z ′ y bosones
cargados adicionales asociados a la ampliación de SU(2)L a SU(3)L. Las búsquedas directas
en el LHC imponen cotas inferiores sobre sus masas, particularmente a través de canales
dileptónicos y dijet.

Las restricciones dependen de las asignaciones específicas de carga y del patrón de ruptura
espontánea de la simetría. En ciertas configuraciones, los acoplamientos pueden suprimirse
parcialmente, permitiendo regiones del espacio de parámetros compatibles con los datos ac-
tuales.

Conclusión

El análisis presentado en [3] demuestra que los modelos 3-3-1 con β =
√
3 admiten

múltiples configuraciones libres de anomalías que incorporan fermiones con cargas eléctricas
exóticas. La clasificación sistemática realizada proporciona un marco general para estudiar
extensiones del Modelo Estándar con no universalidad generacional y rica fenomenología en
el sector de sabor y en búsquedas de nueva física en colisionadores.

3.5. Informe sobre el artículo A minimal axion model for mass ma-
trices with five texture-zero [4].

En el trabajo A minimal axion model for mass matrices with five texture-zero [4] se
propone un esquema compacto que combina un **modelo axiónico mínimo** con estructuras
de textura específicas en las matrices de masa fermiónicas. La motivación principal es enlazar
la física del axión —como solución a la violación de CP en el sector fuerte— con patrones
predictivos en los parámetros de mezcla y masas de quarks y leptones.

Estructura del modelo y simetrías

El modelo introducido en [4] se basa en la extensión del contenido del Modelo Estándar
mediante:

Un campo escalar complejo singlete que da lugar al **axión** tras la ruptura espontá-
nea de una simetría global U(1)PQ (Peccei–Quinn).

Asignaciones de cargas bajo U(1)PQ no triviales para los fermiones del Modelo Estándar.

La simetría U(1)PQ es global y está diseñada de forma tal que el axión resultante se acopla
débilmente a la materia normal, cumpliendo con las características de un **axión invisible**.
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Texturas con cinco ceros en matrices de masa

Un elemento central del artículo es la **implementación de texturas con cinco ceros**
en las matrices de masa fermiónicas. Se considera que estructuras con ceros posicionados de
manera estratégica en la matriz pueden generar relaciones entre masas y ángulos de mezcla
que reproduzcan de manera eficiente los datos experimentales.

En particular:

Se asume una configuración de ceros para las matrices de masa de quarks y leptones
que deja un número mínimo de parámetros independientes.

Esto conduce a predicciones correlacionadas entre masas y elementos de las matrices
CKM (quarks) y PMNS (neutrinos).

El análisis demuestra que **cinco ceros** es el número mínimo que permite compatibilidad
con los datos actuales sin introducir grados de libertad adicionales más allá del axión.

Cancelación de anomalías y consistencia gauge

Dado que la simetría U(1)PQ es global, el modelo evita la introducción de nuevas anoma-
lías gauge. Sin embargo, para que la estructura de textura sea consistente con interacciones
renormalizables y con la ruptura espontánea de U(1)PQ, se deben satisfacer varias restriccio-
nes:

La ausencia de términos que rompan explícitamente U(1)PQ a orden bajo,

La correcta generación de términos de Yukawa efectivos después de la rotura de simetría.

El artículo demuestra que estas condiciones se pueden satisfacer de forma coherente sin
necesidad de introducir fermiones exóticos adicionales ni campos vectoriales extra.

Predicciones y correlaciones

Al imponer las texturas con cinco ceros, el modelo genera predicciones concretas:

Relaciones entre elementos de la matriz CKM y las masas de quarks cargados,

Correlaciones entre parámetros de mezcla en el sector leptónico y las jerarquías de masa
de neutrinos,

Restricciones sobre fases CP débiles y fuertes como consecuencia del patrón de texturas.

Estas predicciones pueden confrontarse con datos experimentales actuales y futuros, cons-
tituyendo una prueba directa de la estructura propuesta.
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Fenomenología del axión

El axión resultante de este modelo es del tipo “invisible”, con acoplamientos suprimidos a
fotones y materia normal. El trabajo estima:

La escala de ruptura de U(1)PQ necesaria para cumplir con límites astrofísicos y cos-
mológicos,

La relación entre esta escala y los parámetros de textura que afectan las matrices de
masa.

La compatibilidad con límites actuales de búsquedas de axiones, lentes gravitacionales y
observaciones astrofísicas se discute en detalle, mostrando que el modelo puede ser consistente
con restricciones vigentes.

Conclusiones

El artículo [4] presenta un esquema minimalista que:

1. Integra de forma coherente un axión invisible mediante una simetría Peccei–Quinn
global,

2. Reproduce patrones predictivos en las matrices de masa fermiónicas mediante cinco
ceros de textura,

3. Evita la introducción de nuevos grados de libertad exóticos innecesarios,

4. Confronta con éxito relaciones teóricas con datos experimentales actuales en sectores
quark y leptón.

Este enfoque proporciona un marco compacto y predictivo para explorar relaciones entre
la física del axión y las texturas de masas, abriendo la posibilidad de probar el modelo
mediante observables de mezcla y límites de búsqueda de axiones.

3.6. Informe sobre tesis de pregrado Test de universalidad leptónica
y el modelo de Pati-Salam, presentada por el estudiante Oscar
David Rosero, bajo la dirección del profesor Eduardo Rojas.

En la tesis de pregrado de Oscar David Rosero se tomo como punto de partida el hecho de
que las mediciones experimentales de los decaimientos semileptónicos del quark b han mos-
trado desviaciones con respecto a las predicciones del Modelo Estándar (ME). En particular,
las anomalías observadas en los decaimientos de mesones B, que sugieren una posible viola-
ción de la universalidad leptónica, constituyen quizá la evidencia directa más significativa de
nueva física más allá del ME hasta la fecha.
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El trabajo de grado de Oscar consistió en estudiar un modelo realista capaz de dar cuenta
de dichas anomalías, basado en una versión modificada del conocido modelo de unificación
de Pati–Salam. En este marco, algunos de los bosones mediadores del modelo corresponden
a leptoquarks vectoriales en la representación (3,1)2/3, y la teoría se construye a partir del
grupo gauge

SU(4)L × SU(4)R × SU(2)L × U(1) . (13)

En el mencionado trabajo se hizo un análisis detallado del modelo, poniendo énfasis en
los métodos y técnicas empleados en la construcción de modelos de nueva física en teorías de
partículas. Asimismo, se lleva a cabo un estudio fenomenológico con el fin de determinar cotas
sobre los acoplamientos del leptoquark a partir de decaimientos semileptónicos, utilizando
como pseudo-observables los coeficientes de Wilson C9 y C10.

El trabajo de grado de Oscar fue reconocido con mención meritoria.
Parte de la continuación de este trabajo se aplicó en las publicaciónes que mencionamos

en la sección de resultados. En particular, en dos artículos analizamos grupos de unificación,
en Alternative 3-3-1 models with exotic electric charges [3] se analizó el grupo SU(3)C ⊗
SU(3)L⊗U(1)X , y en artículo Non-universal flipped trinification models with arbitrary β [1],
se estudió SU(3)C⊗SU(3)L⊗SU(3)R⊗U(1)X . Estos grupos de simetría pueden ser el marco
natural para algunos modelos no universales y pueden ser útiles para estudiar anomalías de
sabor. Un modelo, que auque no se considera de unificación, también es no universal fue
el publicado en el artículo The Standard Model of Particle Physics as an effective theory
from two non-universal U(1)’s [2]. El boson Z ′ de este modelo acopla muy débilmente a las
dos promeras familias de tal forma que puede evadir restricciones de colliders, sabor y de
restricciones electrodébiles, tal como se mostró en la publicación.

Finalmente un trabajo muy importante sobre física del sabor es A minimal axion model
for mass matrices with five texture-zero [4] en el que se propone reducir el problema del
sabor a la elección de los valores esperados en el vacío de los dobletes de Higgs del modelo
(VEVsVacuum expectatión values). En este modelo estudiamos las corrientes neutras con
cambio del sabor inducidas por un axión saboreado y obtuvimos las restricciones sobre el
acoplamiento axión foton de nuestro modelo.

Podemos concluir que como resultado de este proyecto, la línea de física del sabor de
nuestro departamento se ha fortalecido.

4. Conclusiones generales

Hemos logrado consolidar un proyecto sobre el problema del sabor en física de partículas
en nuestro departamento. En este momento el estudiante de pregrado se encuentra haciendo
una maestría en física de altas energías a nivel experimental en Suecia, mostrando la relevancia
de contar con proyectos conectados con la física que se está haciendo en este momento en el
mundo. Es muy importante resaltar que hubo varias publicaciones por encima de la exigencia
mínima con la que nos habíamos comprometido, mostrando la madurez de nuestra línea de
investigación.
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5. Recomendaciones

Todos los objetivos del proyecto se cumplieron. Se graduo el estudiante de pregrado, hubo
varias publicaciones asociadas al proyecto y varias ponencias en eventos internacionales. La
recomendación es darle continuidad a este proyecto, para continuar fortaleciendo esta líea de
investigación en el departamento de física de la universidad de Nariño.
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Abstract We explore the recently proposed gauge symme-
try SU (3)C ⊗ SU (3)L ⊗ SU (3)R ⊗U (1)X , which naturally
embeds both the Left-Right symmetric model and the 3-3-1
model as subgroups. Within this unified framework, we pro-
pose four families of leptons and quarks. A detailed analysis
of their contributions to gauge anomaly cancellation is car-
ried out for a general value of the parameter β. From this anal-
ysis, eight non-universal anomaly-free three-family models
and four non-universal two-family anomaly free sets were
identified. The three-family models offer realistic extensions
of the Standard Model, retaining several appealing features
of the 3-3-1 models, while the two-family sets provide flex-
ibility for constructing models with even numbers of fam-
ilies. We also report LHC bounds on the Z ′ mass for the
particular case β = −1/

√
3, considering all possible combi-

nations of lepton and quark families. These limits exhibit a
strong dependence on the mixing parameter θ , which enters
the couplings of Standard Model fermions to the Z ′ boson.

1 Introduction

The Standard Model (SM) does not fully explain why elec-
tric charge is quantized, that is, why all observed charges
are integer multiples of e/3. Anomaly cancellation imposes
certain restrictions on hypercharges, but these are not suf-
ficient to uniquely determine the SM charges, even adding
right-handed neutrinos [1,2]. So, the standard lore says that
it may be necessary to embed the SM into a larger symmetry
group to address this issue [3,4].

An extension that has been studied recently in the liter-
ature is flipped-trinification (FT) [5–9], which is based on
the SU (3)C ⊗ SU (3)L ⊗ SU (3)R ⊗U (1)X (3-3-3-1) gauge

a e-mail: richardbenavides@itm.edu.co
b e-mail: yithsbey@gmail.com (corresponding author)
c e-mail: eduro4000@gmail.com

group; this class of models can explain the number of fami-
lies of the Standard Model as 3-3-1 models do [10–14], and
the origin of parity violation as it happens in the Left-Right
models (LR) [3,15]. This class of models is also suitable for
explaining dark-matter stability.

The left-right symmetric models are among the simplest
extensions of the SM. This class of models represents an ideal
theoretical framework for understanding the origin of parity
violation in gauge theories, neutrino masses, and dark mat-
ter. Similarly, 3-3-1 models have been used for many years to
explain neutrino masses and dark matter. Additionally, they
can provide a relation between the number of families and
the number of colors [12]. FT manages to integrate in a single
model the advantages of the LR and the 3-3-1 models, cre-
ating a theoretical framework that includes two of the most
motivated extensions of the SM.

By a suitable choice of the Higgs sector, it is possible to
break the trinification gauge group to SU (3)C ⊗ SU (2)L ⊗
U (1)L8+R8 ⊗U (1)R ⊗U (1)X

1 We provide a classification
of the viable models that can be derived from this symmetry,
subject to certain assumptions.

In Sect. 2, we construct all possible families for models
based on this symmetry and calculate their contribution to
the anomalies. From these results, we obtain several non-
universal 3-3-3-1 models. In Sect. 4 we calculate the Z ′ elec-
troweak charges. In Sect. 5, we compute and summarize the
collider constraints for all combinations of quark and lepton
families considered in our analysis.

1 Where the generator of U (1)L8+R8 in dimension 3 is given by
1
2

(
λ8( fL ) + λ8( fR)

)
, with λa( f ) is the representation of the SU (3)

group in the fermions f .
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2 Quark and lepton families

In this section, we construct sets of fermions that include at
least one SM quark or lepton family. These sets also con-
tain exotic particles, as will be discussed below. Each family
must have at least one quark and one lepton triplet to accom-
modate a left quark doublet and a lepton doublet from the
Standard Model. It is also necessary to have SU (2)L singlets
to accommodate the right-handed components of the charged
particles. In SU (3)L for each 3L triplet, there exists the con-
jugate representation 3∗

L , and in both triplets it is possible to
accommodate the left doublets of the Standard Model. Due to
SU (3)R , there also exist right 3R triplets and their respective
conjugate representations 3∗

R , so that it is possible to put the
right-handed singlets of the Standard Model in these triplets.
The charge operator is given by

Q = T3L + Y = T3L + T3R + β (T8L + T8R) + X1, (1)

where TaL ,R = 1
2λaL ,R with λaL ,R = λa PL ,R , such that the

λa’s are the Gell–Mann matrices. By treating the charge q of
the third component of the lepton triplet as a free parameter,
we determine the values of β and X from the relation Q =
diag(0,−1, q), such that X = q−1

3 and

β = −1 + 2q√
3

.

It is important to use the same value of β for all fermion
representations to maintain a unique adjoint representa-
tion. In our case, this is not an issue, since the elec-

tric charge is given by q = − 1+√
3β

2 . In similar way
we can obtain the charges of the conjugated represen-
tations from Qconj

L ,R = − 1
2λ3

L ,R − β
2 λ8

L ,R + XL ,R1. For

the lepton triplet, with X = − q+2
3 , we have Qconj

L ,R =
diag(−1, 0,−1−q). Similar results hold for the quark triplet
with X = q+1

3 , QL ,R = diag(2/3,−1/3, q + 2
3 ) and

Qconj
L ,R = diag(−1/3,+2/3,− 1

3 − q) with X = − q
3 .

From these considerations, we derive four viable families
of SQi quarks and four of SLi leptons, which are listed below.

2.1 Families in the lepton sector

The first generation of leptons is assigned to the 3L and 3R
representations. Owing to the imposed left-right (L-R) sym-
metry, theU (1)X charge is identical for both representations.

SL1 =
⎛

⎝
νL
eL
Eq
L

⎞

⎠ ,

⎛

⎝
νR
eR
Eq
R

⎞

⎠ .

In SL1 = 3L ∪ 3R , the left-handed SM lepton doublets are
embedded in (1, 3, 1,

q−1
3 ) and the right-handed SM lepton

components in (1, 1, 3,
q−1

3 ).

SL2 =
⎛

⎝
νL
eL
Eq
L

⎞

⎠ ,

⎛

⎝
eR
νR

E−q−1
R

⎞

⎠ , Eq
R, E−q−1

L .

For SL2 = 3L ∪ 3∗
R ∪ 1R ∪ 1L , the SM left-handed lep-

ton doublets are embedded in (1, 3, 1,
q−1

3 ), the right-handed

leptons are in (1, 1, 3∗,− q+2
3 ), and the chirality flipped com-

ponents of the third element of the triplets in (1, 1, 1, q) and
(1, 1, 1,−q − 1), respectively.
For q = − 1

2 (which is equivalent to β = 0), the third com-
ponents of the left- and right-handed triplets have the same
electric charge, eliminating the need to introduce singlets.

SL3 =
⎛

⎝
eL
νL

E−q−1
L

⎞

⎠ ,

⎛

⎝
νR
eR
Eq
R

⎞

⎠ , E−q−1
R , Eq

L .

For SL3 = 3∗
L ∪3R∪1R∪1L , the SM left-handed lepton dou-

blets are embedded in (1, 3∗, 1,− q+2
3 ), the right-handed

lepton in (1, 1, 3,
q−1

3 ) and the chirality flipped components
of the third element of the triplets in (1, 1, 1,−q − 1) and
(1, 1, 1, q) with q �= − 1

2 .

SL4 =
⎛

⎝
eL
νL

E−q−1
L

⎞

⎠ ,

⎛

⎝
eR
νR

E−q−1
R

⎞

⎠ .

For SL4 = 3∗
L ∪ 3∗

R , the SM left-handed lepton doublets are

embedded in (1, 3∗, 1,− q+2
3 ) and the right-handed leptons

in (1, 1, 3∗,− q+2
3 ).

2.2 Families in the quark sector

Proceeding in the same way as in the case of leptons, we
have:

SQ1 =
⎛

⎝
uL
dL

Qq+2/3
L

⎞

⎠ ,

⎛

⎝
uR
dR

Qq+2/3
R

⎞

⎠ .

For SQ1 = 3L ∪ 3R , the SM left-handed quark doublets are embedded
in (3, 3, 1,

q+1
3 ) and the right-handed quarks in (3, 1, 3,

q+1
3 ).

SQ2 =
⎛

⎝
uL
dL

Qq+2/3
L

⎞

⎠ ,

⎛

⎝
dR
uR

Q−q−1/3
R

⎞

⎠ , Qq+2/3
R , Q−q−1/3

L .

For SQ2 = 3L ∪ 3∗
R ∪ 1R ∪ 1L , the SM left-handed quark doublets are

embedded in (3, 3, 1,
q+1

3 ), the right-handed quarks in (3, 1, 3∗,− q
3 )

and the chirally flipped third components of the quark triplets in
(3, 1, 1, q + 2/3), (3, 1, 1,−q − 1/3), with q �= − 1

2 .

SQ3 =
⎛

⎝
dL
uL

Q−q−1/3
L

⎞

⎠ ,

⎛

⎝
uR
dR

Qq+2/3
R

⎞

⎠ , Q−q−1/3
R , Qq+2/3

L .
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For SQ3 = 3∗
L ∪ 3R ∪ 1R ∪ 1L , the SM left-handed quark doublets are

embedded in (3, 3∗, 1,− q
3 ), the right-handed quarks in (3, 1, 3,

q+1
3 )

and the chirally flipped third components of the quark triplets in
(3, 1, 1,−q − 1/3) and (3, 1, 1, q + 2/3), with q �= − 1

2 .

SQ4 =
⎛

⎝
dL
uL

Q−q−1/3
L

⎞

⎠ ,

⎛

⎝
dR
uR

Q−q−1/3
R

⎞

⎠ .

For SQ4 = 3∗
L ∪ 3∗

R , the SM left-handed quark doublets
are embedded in (3, 3∗, 1,− q

3 ), the right-handed quarks in
(3, 1, 3∗,− q

3 ).

3 Irreducible anomaly-free sets

By combining the families of quarks SQi and leptons SLi ,
according to Table 1, it is possible to construct eight three-
generation models that produce anomaly-free particle spec-
tra. The corresponding eight three-family models are:

M1 : 3SL4 + SQ1 + SQ2 + SQ3

M2 : 3SL4 + 2SQ1 + SQ4

M3 : 3SL3 + 2SQ2 + SQ3

M4 : 3SL3 + SQ1 + SQ2 + SQ4

M5 : 3SL2 + SQ2 + 2SQ3

M6 : 3SL2 + SQ1 + SQ3 + SQ4

M7 : 3SL1 + SQ2 + SQ3 + SQ4

M8 : 3SL1 + SQ1 + 2SQ4.

It is also possible to construct anomaly-free sets contain-
ing two generations, which may serve as building blocks for
models with an even number of generations, such as four, six,
and so on. However, since these models do not account for
the observed three families in the SM, they have only been
sparsely explored in the literature. However, it is important to
note that models that incorporate additional generations can
play a significant role in various phenomenological contexts.
The irreducible anomaly-free sets of two families are:

SL2 + SL3 + SQ2 + SQ3

SL2 + SL3 + SQ1 + SQ4

SL1 + SL4 + SQ2 + SQ3

SL1 + SL4 + SQ1 + SQ4.

By introducing two such sets, a four-family model
emerges. Three of these families align with those of the
Standard Model, while the fourth is considered exotic. There
exists extensive literature on top-prime models (see [16] and
references therein), encompassing both theoretical frame-
works and phenomenological analyses.

3.1 Embeddings

As shown by the previous results, models based on irre-
ducible sets of three families exhibit universality in the lepton
sector. In contrast, in the quark sector, universality holds for
at most two families. Therefore, we restrict our analysis to
embeddings in the quark sector, identifying the two universal
families with the first and second generations of the Standard
Model (Table 2).

4 Electroweak Z′ charges

From the charge operator (1) we can obtain the cor-
responding low-energy gauge group G = SU (3)C ⊗
SU (2)L ⊗ SU (2)R ⊗U (1)8L+8R ⊗U (1)X . The neutral cur-
rent Lagrangian for these models is:

−LNC = gL J3LμA
μ
3L + gL

(
J8Lμ + J8Rμ

)
Aμ

8

+ gX JXμA
μ
X + gR J3RμA

μ
3R,

= gL J3LμA
μ
3L + g′ JYμB

μ

+ gZ ′ JZ ′μZ
′μ + gZ ′′ JZ ′′μZ

′′μ. (2)

By means of an orthogonal matrix we can rotate from the
left-right basis of the Neutral Current (NC) vector bosons to
the (B, Z ′) basis i.e.,

⎛

⎜⎜
⎝

Aμ
3L
Aμ

8
Aμ
X

Aμ
3R

⎞

⎟⎟
⎠ = O

⎛

⎜⎜
⎝

Aμ
3L
Bμ

Z ′μ
Z ′′μ

⎞

⎟⎟
⎠ =

⎛

⎜⎜
⎝

1 0 0 0
0 O11 O12 O13

0 O21 O22 O23

0 O31 O32 O33

⎞

⎟⎟
⎠

⎛

⎜⎜
⎝

Aμ
3L
Bμ

Z ′μ
Z ′′μ

⎞

⎟⎟
⎠ ,

(3)

In order to keep invariant the Lagrangian, the currents must
transform with the same orthogonal matrix

gY J
μ
Y = gL J

μ
8 O11 + gX J

μ
X O21 + gR J

μ
R O31, (4)

gZ ′ Jμ

Z ′ = gL J
μ
8 O12 + gX J

μ
X O22 + gR J

μ
R O32, (5)

gZ ′′ Jμ

Z ′′ = gL J
μ
8 O13 + gX J

μ
X O23 + gR J

μ
R O33. (6)

From the charge operator, we have

Y = β (T8L + T8R) + T3R + X1. (7)

It is also well known that Y = T3R + 1
2 (B − L), such that

1
2 (B−L) = β (T8L + T8R)+X1. Which implies the relation

JY = β (J8L + J8R) + J3R + JX . (8)

By comparing these expressions we obtain

gL
gY

O11 = β,
gX
gY

O21 = 1,
gR
gY

O31 = 1. (9)
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Table 1 Contribution to the anomalies from each quark family (SQi ) and lepton family (SLi ) in 3-3-3-1 models

Anomalies SL1 SL2 SL3 SL4 SQ1 SQ2 SQ3 SQ4

[SU (3)C ]2 ⊗ U (1)X 0 0 0 0 0 0 0 0

[SU (3)L ]2 ⊗ U (1)X
q−1

3
q−1

3 − (q+2)
3 − (q+2)

3 1 + q 1 + q −q −q

[SU (3)R]2 ⊗ U (1)X
q−1

3 − (q+2)
3

q−1
3 − (q+2)

3 1 + q −q 1 + q −q

[Grav]2 ⊗ U (1)X 0 0 0 0 0 0 0 0

[U (1)X ]3 0 − 2
9 (1 + 2q)3 2

9 (1 + 2q)3 0 0 − 2
3 (1 + 2q)3 2

3 (1 + 2q)3 0

[SU (3)L ]3

and 2 0 0 −2 6 0 0 −6

[SU (3)R]3

Table 2 Embeddings of the Standard Model quarks within each family
are shown. The superscript denotes the quark content of each family. The
lepton sector is universal and does not require an explicit embedding. A
check mark indicates that a configuration with at least two families (2+1)
sharing identical Z ′ charges is possible. LHC constraints are reported
only for embeddings where identical Z ′ charges can be assigned to the

first two families. In models with three non-universal quark families,
Flavor-Changing Neutral Currents (FCNC) arise between the first two
generations, in conflict with experimental constraints. In all cases, the
models exhibit universality in the lepton sector. ED stands for Embed-
ding Dependent. In these cases, the lower limit depends on which fam-
ilies are identified with the first generation of the SM

Model Lepton content SM quark embeddings 2 + 1 FCNC LHC-lower limit (TeV)

M1 3SL4 SQ1 + SQ2 + SQ3 × � ED

M2 3SL4 2Sud,cs
Q1

+ StbQ4
� × 4.3

M3 3SL3 2Sud,cs
Q2

+ StbQ3
� × 4

M4 3SL3 SQ1 + SQ2 + SQ4 × � ED

M5 3SL2 2Sud,cs
Q3

+ StbQ2
� × 4.5

M6 3SL2 SQ1 + SQ3 + SQ4 × � ED

M7 3SL1 SQ2 + SQ3 + SQ4 × � ED

M8 3SL1 2Sud,cs
Q4

+ StbQ1
� × 4.3

As is well known, an orthogonal matrix satisfies Oi j OT
jk =

δik . For i = k = 1 we have O1 j OT
j1 = O1 j O1 j = O2

11 +
O2

12 + O2
13 = 1, such that

(
β

gL

)2

+
(

1

gX

)2

+
(

1

gR

)2

= 1

g2
Y

. (10)

Let us now consider an explicit representation for the orthog-
onal matrix O in terms of three angles ω, φ and θ , which are
allowed to take values in the [−π, π) interval. For conve-
nience we choose

O =

⎛

⎜⎜
⎝

1 0 0 0
0 cos ω − sin ω 0
0 sin ω cos ω 0
0 0 0 1

⎞

⎟⎟
⎠

⎛

⎜⎜
⎝

1 0 0 0
0 cos φ 0 − sin φ

0 0 1 0
0 sin φ 0 cos φ

⎞

⎟⎟
⎠

⎛

⎜⎜
⎝

1 0 0 0
0 1 0 0
0 0 cos θ − sin θ

0 0 sin θ cos θ

⎞

⎟⎟
⎠ .

From Eq. (9) we obtain

cos φ cos ω = βgY
gL

, cos φ sin ω = gY
gX

, sin φ = gY
gR

,

From this relation we obtain

cos φ = α̂R
gY
gR

, cos ω = βgR
α̂RgL

, sin ω = gR
α̂RgX

.

Here α̂R = gR

√
β2

g2
L

+ 1
g2
X

=
√

g2
R

g2
L

cot2 θW − 1. The typical

left-right gauge coupling is gL = gR = 0.652. By assuming

JZ ′ =
∑

f

f̄
(
εZ

′
L ( f )PL + εZ

′
R ( f )PR

)
f,

J8L + J8R =
∑

f

f̄
(
ε8
L( f )PL + ε8

R( f )PR

)
f,

J3R =
∑

f

f̄ ε8
R( f )PR f,

JX =
∑

f

f̄ (XL( f )PL + XR( f )PR) f, (11)
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Fig. 1 Left: Lower limit on the Z ′ mass. We obtain these limits from the
95% CL upper limits on the fiducial Z ′ production cross section times
the Z ′ → �+�− branching [17]. The continuous yellow line labeled
LHC refers to the highest Z ′ mass for which the ATLAS Collaboration
has reported upper limits on the production cross section. Restrictions
for Z ′ masses above 6 TeV are assumed to be projected limits. They are
obtained assuming that the projected upper limit for the cross section in

this region cannot exceed the ATLAS limit at 6 TeV (The general trend
of the upper limits on the cross section is to decrease with the mass
of the Z ′.) Below this value, the ATLAS restrictions apply. SL j − SQi
indicates the chosen set of fermions for the Z ′ charges of the first two
families in the SM, with i, j = 1, 2, 3, 4. The corresponding Z ′ charges
are shown in Appendix A

where we define εaL ,R as the corresponding chiral charges

associated with the gauge group generators T a
L ,R = 1

2λa ,
with λa the Gell–Mann matrices. Replacing these expres-
sions in Eq. (5) and using the elements of the rotation matrix
O we get the Z ′ chiral charges:

gZ ′εZ
′

L ,R = AL ,R cos θ + BL ,R sin θ, (12)

gZ ′′εZ
′′

L ,R = − AL ,R sin θ + BL ,R cos θ, (13)

and θ is an angle of the rotation matrix O which can take any
value between −π and π and

AL = gR
α̂R

(
β
gX
gL

XL − gL
gX

ε8
L

)
, (14)

AR = gR
α̂R

(
β
gX
gL

XR − gL
gX

ε8
R

)
, (15)

BL = − gY
βε8

L + XL

α̂R
, (16)

BR =gY

(

−βε8
R + XR

α̂R
+ α̂Rε3

R

)

. (17)

In these expressions, to reproduce the SM charges it is nec-
essary to take into account that β(ε8

L +ε8
R)+ X = 1

2 (B− L),
which is equivalent to βε8

L ,R + XL ,R = 1
2 (B− L). For exact

left-right symmetry we have gL = gR , replacing these iden-
tities in AL ,R and BL ,R we obtain the following.

AL ,R = gL
α̂R

[(
1

z
+ z

)
XL ,R − z

2
(B − L)

]
, (18)
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BL = − gY
B − L

2α̂R
, (19)

BR =gY

(
− B − L

2α̂R
+ α̂Rε3

R

)
. (20)

Here z = gL
βgX

= 1

β

√
cot2 θW − β2 − 1 = 1

β

√
α̂2
R − β2.

Under the previous assumptions with sin2 θW = 0.23120
(here, we use the value for the weak mixing angle in the MS
scheme) we get α̂R =

√
cot2 θW − 1. To avoid imaginary

couplings, we require: β < α̂R ≈ 1.525, this condition rules
out the notable case β = √

3. From these expressions, we
obtain the chiral charges for the lepton and quark families.
These charges are reported in Appendix A.

5 Low energy and collider constraints

To establish lower bounds on the Z ′ mass, we analyze results
from searches for high-mass resonances decaying into dielec-
tron and dimuon final states, focusing on the mass range
250 GeV to 6 TeV [17]. These searches were performed using
data collected by the ATLAS experiment during Run 2 of
the Large Hadron Collider, corresponding to an integrated
luminosity of 139 fb−1 at a center-of-mass energy of

√
s =

13 TeV. The ATLAS Collaboration reported 95% confidence
level upper limits on the fiducial cross section times branch-
ing ratio, under various assumptions for the resonance width.
For typical E6-motivated couplings, these results translate
into lower mass limits of approximately 4.5 TeV.

In Fig. 1, the lower limits on the Z ′ mass are shown.
To derive the constraints, we determine the value of the Z ′
mass for which the QCD-predicted cross section matches the
experimental upper limit on the differential cross section. To
derive these limits, it is customary to assume that the masses
of exotic fermions and right-handed neutrinos are effectively
infinite. For a detailed description of the procedure and the
corresponding theoretical expressions, we refer the reader to
the references [18–20]. This approach applies for Z ′ masses
in the range 250 GeV to 6 TeV. Figure 1 presents values of
MZ ′ beyond 6 TeV. These should not be interpreted as lower
bounds on the Z ′ mass but rather as projections. The projec-
tions are obtained under the assumption that the upper limit
on the cross section for MZ ′ > 6 TeV remains below the cur-
rent upper limit at 6 TeV. This assumption is well-motivated,
as reduced background contributions are expected at higher
masses, consistent with the typical behavior of exclusion lim-
its in this regime.

6 Conclusions

We have explored the extended gauge symmetry SU (3)C ⊗
SU (3)L⊗SU (3)R⊗U (1)X , which naturally embeds both the
Left-Right and 3-3-1 models as subgroups. This embedding
enables the construction of models that inherit the appealing
features of these established frameworks.

Within this symmetry, we derived four lepton families
and four quark families, and analyzed their contributions
to gauge anomalies, as summarized in Table 1. From these
results, several anomaly-free sets of fermions were identi-
fied, as detailed in Sect. 3. In total, we reported eight three-
family and four two-family anomaly-free combinations for
an arbitrary β. The three-family anomaly-free ensembles are
especially interesting, as they represent realistic extensions
of the SM. These models are non-universal in the quark sec-
tor and universal in the lepton sector, inheriting many of the
appealing features of the 3-3-1 models. The two-family sets
are useful for constructing models with an even number of
families greater than or equal to four, offering flexibility in
anomaly-free model building.

Finally, we derive constraints on the Z ′ mass, accounting
for the presence of a free parameter θ (a mixing angle) in
the couplings to SM fermions. Our analysis reveals that col-
lider bounds exhibit a strong dependence on the value of this
parameter. These constraints were evaluated for all possible
combinations of quark and lepton families, as illustrated in
Fig. 1.

Future work could investigate the high-energy unification
of these models and their consequences for low-energy phe-
nomenology. By introducing a suitable scalar potential, they
may also serve as promising frameworks to study dark matter,
neutrino properties, and CPT violation.
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Appendix A: Z′ charges

From Eq. (12), one can derive the Z ′ charges associated with
each fermion family. The Z ′ charges for the Standard Model
fields are presented in Tables 3, 4, 5, 6, 7, 8, 9, 10.

Table 3 Z ′ chiral charges for the SM quarks when they are embedded in SL1. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SL1: �T = (νL , eL ) ⊂
(

3, 3, 1,
q−1

3

)
, (νR, eR) ⊂

(
3, 3, 1,

q−1
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

νL
gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
+ α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

e gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
− α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

Table 4 Z ′ chiral charges for the SM quarks when they are embedded in SL2. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SL2: �T = (νL , eL ) ⊂
(

3, 3, 1,
q−1

3

)
, (νR, eR) ⊂

(
3, 3∗, 1,− q+2

3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

νL
gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
+ α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

e gY
2

[
α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
− α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

Table 5 Z ′ chiral charges for
the SM quarks when they are
embedded in SL3. Here
α̂R =

√
cot2 θW − 1 and

z = 1

β

√
α̂2
R − β2

SL3: �T = (νL , eL ) ⊂
(

3, 3∗, 1,− q+2
3

)
, (νR, eR) ⊂

(
3, 3, 1,

q−1
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

νL
gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
+ α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

e gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
− α̂R

]
sθ + gL

α̂R

[
z
2 + q−1

3 (z + 1
z )

]
cθ

Table 6 Z ′ chiral charges for the SM quarks when they are embedded in SL4. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SL4: �T = (νL , eL ) ⊂
(

3, 3∗, 1,− q+2
3

)
, (νR, eR) ⊂

(
3, 3∗, 1,− q+2

3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

νL
gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

gY
2

[
1

α̂R
+ α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

e gY
2

[
1

α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

gY
2

[
α̂R − 1

α̂R

]
sθ + gL

α̂R

[
z
2 − 2+q

3 (z + 1
z )

]
cθ

Table 7 Z ′ chiral charges for the SM quarks when they are embedded in SQ1. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SQ1: qT = (uL , dL ) ⊂
(

3, 3, 1,
q+1

3

)
, (uR, dR) ⊂

(
3, 3, 1,

q+1
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

u −gY
[

1
6α̂R

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ −gY

[
1

6α̂R
− α̂R

2

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ

d −gY
[

1
6α̂R

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ −gY

[
1

6α̂R
+ α̂R

2

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ
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Table 8 Z ′ chiral charges for the SM quarks when they are embedded in SQ2. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SQ2: qT = (uL , dL ) ⊂
(

3, 3, 1,
q+1

3

)
, (uR, dR) ⊂ (

3, 3∗, 1,− q
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

u − gY
6α̂R

sθ + gL
3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ −gY

[
1

6α̂R
− α̂R

2

]
sθ − gL

3α̂R

[
z
2 + q(z + 1

z )
]
cθ

d − gY
6α̂R

sθ + gL
3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ −gY

[
α̂R
2 + 1

6α̂R

]
sθ − gL

3α̂R

[
z
2 + q(z + 1

z )
]
cθ

Table 9 Z ′ chiral charges for the SM quarks when they are embedded in SQ3. Here α̂R =
√

cot2 θW − 1 and z = 1

β

√
α̂2
R − β2

SQ3: qT = (uL , dL ) ⊂ (
3, 3∗, 1,− q

3

)
, (uR, dR) ⊂

(
3, 3, 1,

1+q
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

u − gY
6α̂R

sθ − gL
3α̂R

[
z
2 + q(z + 1

z )
]
cθ gY

[
α̂R
2 − 1

6α̂R

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ

d − gY
6α̂R

sθ − gL
3α̂R

[
z
2 + q(z + 1

z )
]
cθ −gY

[
α̂R
2 + 1

6α̂R

]
sθ + gL

3α̂R

[
− z

2 + (1 + q)(z + 1
z )

]
cθ

Table 10 Z ′ chiral charges for
the SM quarks when they are
embedded in SQ4.Here

α̂R =
√

cot2 θW − 1 and

z = 1

β

√
α̂2
R − β2

SQ4: qT = (uL , dL ) ⊂ (
3, 3∗, 1,− q

3

)
, (uR, dR) ⊂ (

3, 3∗, 1,− q
3

)

Fields gZ ′εZ
′

L gZ ′εZ
′

R

u − gY
6α̂R

sθ − gL
3α̂R

[
z
2 + q(z + 1

z )
]
cθ gY

[
α̂R
2 − 1

6α̂R

]
sθ − gL

3α̂R

[
z
2 + q(z + 1

z )
]
cθ

d − 1
6α̂R

sθ − gL
3α̂R

[
z
2 + q(z + 1

z )
]
cθ −gY

[
α̂R
2 + 1

6α̂R

]
sθ − gL

3α̂R

[
z
2 + q(z + 1

z )
]
cθ
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Abstract A model with fermion and scalar fields charged
under a Peccei–Queen (PQ) symmetry is proposed. The PQ
charges are chosen in such a way that they can reproduce
mass matrices with five texture zeros, which can generate
the fermion masses, the CKM matrix, and the PMNS matrix
of the Standard Model (SM). To obtain this result, at least
4 Higgs doublets are needed. As we will see in the manuscript
this is a highly non-trivial result since the texture zeros of the
mass matrices impose a large number of restrictions. This
model shows a route to understand the different scales of the
SM by extending it with a multi-Higgs sector and an addi-
tional PQ symmetry. Since the PQ charges are not universal,
the model predicts flavor-changing neutral currents (FCNC)
at the tree level, a feature that constitutes the main source of
restrictions on the parameter space. We report the allowed
regions by lepton decays and compare them with those com-
ing from the semileptonic decays K± −→ πν̄ν. We also
show the excluded regions and the projected bounds of future
experiments for the axion–photon coupling as a function of
the axion mass and compare it with the parameter space of
our model.

1 Introduction

The discovery of the Higgs with a mass of 125 GeV, by the
ATLAS [1] and CMS [2] collaborations, is very important
because it provides experimental support for spontaneous
symmetry breaking, which is the mechanism that explains
the origin of the masses of fermions and gauge bosons.
Additionally, it opens up the possibility of new physics in
the scalar sector, such as the two Higgs doublet model [3–

a e-mail: yithsbey@gmail.com
b e-mail: remartinezm@unal.edu.co
c e-mail: eduro4000@gmail.com
d e-mail: jusala@gmail.com (corresponding author)

7], models with additional singlet scalar fields [8–10], or
scalar fields that could be candidates for Dark Matter [11–
14]. On the other hand, in the Standard Model (SM) [15–
17], symmetry breaking generates a coupling of the Higgs to
fermions, proportional to their masses, which is consistent
with experimental data. However, there are several orders of
magnitude between the fermion mass hierarchies that can-
not be explained within the context of the SM. Six masses
must be defined for the up and down quarks, three Cabibbo-
Kobayashi-Maskawa (CKM) mixing angles, and a complex
phase that involves CP violation. On the other hand, in the
lepton sector, there are three masses for charged leptons, two
squared mass differences for neutrinos, three mixing angles,
and a complex phase that involves CP violation in the lepton
sector. In this case, it is necessary to determine the mass of
the lightest neutrino and the character of neutrinos, whether
they are Dirac or Majorana fermions.

In the Davis experiment [18], which was designed to detect
solar neutrinos, a deficiency in the solar neutrino flux was first
observed. According to the results of Bahcall, only one-third
of solar neutrinos would reach the Earth [19]. Neutrino oscil-
lation was first proposed by Pontecorvo [20], and the precise
mechanism of solar neutrino oscillations was proposed by
Mikheyev, Smirnov, and Wolfenstein, involving a resonant
enhancement of neutrino oscillations due to matter effects
[21,22]. These observations have been confirmed by many
experiments from four different sources: solar neutrinos as
in Homestake [18], SAGE [18], GALLEX & GNO [23,24],
SNO [25], Borexino [26,27] and Super-Kamiokande [28,29]
experiments, atmospheric neutrinos as in IceCube [30], neu-
trinos from reactors as KamLAND [31], CHOOZ [32], Palo
Verde [33], Daya Bay [34], RENO [35] and SBL [36], and
from accelerators as in MINOS [37], T2K [38] and NOνA
[39]. Neutrino oscillations depend on squared mass differ-
ences. On the other hand, the lightest neutrino mass has not
been determined yet, but from cosmological considerations,
none of the neutrino masses can exceed 0.3 eV, which implies
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that the neutrino masses are much smaller than the charged
fermion masses. However, unlike quarks and charged lep-
tons, in the SM the neutrinos are massless, which is explained
by assuming that neutrinos are left-handed. Therefore, the
discovery of neutrino masses implies new physics beyond
the SM. By adding right-handed neutrinos, the Higgs mech-
anism of the SM can give neutrinos the same type of mass
acquired by charged leptons and quarks. It is possible to
add right-handed neutrinos νR to the SM, as long as they
do not participate in weak interactions. With the presence of
right-handed neutrinos, it would be possible to generate Dirac
masses mD , similar to those of charged leptons and quarks.
In principle, it is also possible to give Majorana masses to
left-handed neutrinos, and similarly, right-handed neutrinos
can have Majorana masses MR . For a very large MR , it would
give effective Majorana masses for left-handed neutrinos as
meff ≈ m2

D/MR . The presence of large Majorana masses
allows to explain the tiny neutrino masses compared to the
charged fermion masses [38]. To explain the smallness of
neutrino masses, there are three types of seesaw mechanisms
in the literature: type I with three electroweak neutrinos and
three heavy right-handed neutrinos, type II [40,41], type III
[42], and inverse seesaw [43,44]. One way to explain the
fermion mass hierarchies and the CKM and PMNS mixing
angles is through zeros in the Yukawa couplings of fermions
(this is known as texture-zeros or simply textures of the mass
matrices, and these zeros are usually chosen by hand). It is
common in the literature to consider Fritzsch-type textures
[45,46], or similar [47–52], for the neutrino and charged lep-
ton mass matrices.

There is no theory that provides values for the entries of
the Yukawa Lagrangian, and consequently, there is no a first-
principle explanation for the masses and their large differ-
ences in the SM. The mass hierarchy between fermions is
unnatural because it requires Yukawa constants that differ by
many orders of magnitude; this feature is known as the fla-
vor problem or flavor puzzle [53–57]. In this direction, a way
that has been explored in the literature is to propose a sector
with multiple scalar doublets along with discrete symme-
tries [58,59], to reduce the number of Yukawa couplings, or
equivalently, by introducing texture-zeros in the mass matri-
ces [60–65]. It is also possible to consider global symmetry
groups that prohibit certain Yukawas, which somehow gen-
erate the texture-zeros mentioned [53–57]. Another way of
obtaining these textures is through horizontal gauge symme-
tries, with the assignment of quantum numbers to the fermion
sector, which can break the universality of the SM [62,66–
81]. This gauge symmetry generates textures that produce
flavor changes in the neutral currents and that, in principle,
could be seen in future colliders. There are models with elec-
troweak extensions of the SM such as SO(14), SU (9), 3-3-1,
U (1)X , etc. [82–97] that attempt to explain the flavor and the
mass hierarchy problem of the SM. Another mechanism to

generate textures in the Yukawa Lagrangian is through addi-
tional discrete or global symmetries. Some groups that have
been used in the literature are: S3, A4, �27, Z2, etc. [98–
110]. The simplest symmetries are of abelian type, which
can be used to impose texture-zeros in the mass matrices to
make them predictive. On the other hand, given fermion mass
matrices with texture-zeros, it is possible to find an extended
scalar sector so that the texture-zeros can be generated from
abelian symmetries [58,59].

Due to the fact that there are three up-type quarks and
three down-type quarks, the mass operators are 3 × 3 com-
plex matrices with 36 degrees of freedom. If we consider
these operators to be Hermitian [111–113], the number of
free parameters reduces to 18, which cannot be fully deter-
mined from the 10 available physical quantities, namely
masses and mixing angles [114]. This provides freedom to
reduce the number of free parameters in the matrices and
search for matrix structures with zeros that provide eigenval-
ues and mixing angles consistent with the masses and mix-
ing matrices of the fermions. One way to find zeros in the
mass matrices that is automatically consistent with experi-
mental data is based on weak basis transformations (WBT)
for quarks and leptons [112,113,115,116]. Fritzsch proposed
an ansatz with six zeros [117,118,118–122], but the value of
|Vub/Vcb| ≈ 0.06 is too small compared to the experimental
value |Vub/Vcb|exp ≈ 0.09 [123]. For this reason, the use
of 4 and 5 zero-textures was proposed [111,112,122,124–
127]. References [111,113] showed that matrices with five
zero-textures could reproduce the mass hierarchy and mixing
angles of the CKM matrix.

The strong CP problem arises from the fact that the
QCD Lagrangian has a non-perturbative term (“θ -term”) that
explicitly violates CP in strong interactions. On the other
hand, the possible connection between the strong CP prob-
lem and flavor problems was first mentioned in [128], and
in later works [129–133]. Some recent studies and further
references in the same direction are found in [59,129,134–
146]. Peccei and Quinn proposed a solution to the strong
CP problem [147,148], where it is assumed that the SM has
an additional global chiral symmetry U (1), which is sponta-
neously broken at a large energy scale fa . One consequence
of this breaking is the existence of a particle called the axion,
which is the Goldstone boson of the broken U (1)PQ sym-
metry [149,150]. Due to the fact that the PQ symmetry is not
exact at the quantum level, as a result of a chiral anomaly,
the axion is massive and its mass (see Appendix D) is given
by:

ma = fπmπ

fa

√
z

1 + z
≈ 6μeV

(
1012GeV

fa

)
, (1)

where z = 0.56 is assumed for the up and down quark mass
ratio, while fπ ≈ 92 MeV and mπ = 135 MeV are the pion
decay constant and mass, respectively.
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The effective couplings of axions to ordinary particles are
inversely proportional to fa , and also depend on the model.
It was originally thought that the PQ symmetry breaking
occurred at the electroweak scale, but experiments have ruled
this out. The mass of the axion and its coupling to matter and
radiation scale as 1/ fa , making its direct detection extremely
difficult. The combined limits from unsuccessful searches in
nuclear and particle physics experiments and from stellar
evolution imply that fa ≥ 3 × 109 GeV [151]. Furthermore,
there is an upper limit of fa ≤ 1012GeV that comes from cos-
mology, since light axions are produced in abundance during
the QCD phase transition [152–156]. Hence, these models
are generically referred to as “invisible” axion models and
remain phenomenologically viable. There are two classes of
invisible axion models in the literature: KSVZ (Kim, Shif-
man, Vainshtein, and Zakharov) [151,157] and DFSZ (Dine,
Fischler, Srednicki, and Zhitnitsky) [158,159]. The main dif-
ference between KSVZ-type and DFSZ-type axions is that
the former do not couple to ordinary quarks and leptons at
tree level, but instead require an exotic quark that ensures a
nonzero QCD anomaly to generate CP violation. Depending
on the assumed value of fa , the existence of axions could have
interesting consequences in astrophysics and cosmology. The
emission of axions produced in stellar plasma through their
coupling to photons, electrons, and nucleons would provide a
new mechanism for energy loss in stars. This could accelerate
the evolutionary process of stars and, therefore, shorten their
lifespan. Axions can also exist as primordial cosmic relics
produced copiously in early times and could be candidates
for dark matter. From numerous laboratory experiments and
astrophysical observations, together with the cosmological
requirement that the contribution to the mass density of the
Universe from relic axions does not saturate the Universe.
In post-inflationary scenarios, these constraints restrict the
allowed values of the axion mass to a range of of [160] 10−5

eV < ma < 10−4 eV. One source of axions would be the Sun,
which, coupled to two photons, could be produced through
the Primakoff conversion of thermal photons in the electric
and magnetic fields of the solar plasma. The limits are pri-
marily useful for complementing the arguments of stellar
energy loss [161] and the searches for solar axions by CAST
at CERN [162] and the Tokyo axion helioscope [163].

The axion–photon coupling (see Appendix D) can be cal-
culated in chiral perturbation theory as [147,148].

gaγ = − α

2π fa

(
E

N
− 2

3

z + 4

z + 1

)
. (2)

This coupling and the axion mass are related to each other
through the relation E/N , which depends on the model and
can be tested in experiments.

The strongest limits on the axion-electron coupling are
derived from observations of stars with a dense core, where
bremsstrahlung is very effective. These conditions are real-

ized in White Dwarfs and Red Giant Stars, where the evolu-
tion of a White Dwarf is a cooling process by photon radi-
ation and neutrino emission, with the possible addition of
new energy loss channels such as axions. Current numeri-
cal analysis suggest a limit of gae ≤ 2.8 × 10−13 [160].
In particular, using data from the Sloan Digital Sky Sur-
vey (SDSS) and SuperCOSMOS Sky Survey (SCSS) [164],
they showed that the axion-electron coupling is approxi-
mately 1.4 × 10−13. In a more recent analysis of the data in
Ref. [164] by interpreting anomalous cooling observations
in White Dwarfs and Red Giant Stars as a consequence of
additional cooling channels induced by axions, the axion-
electron coupling is determined to lie within the 2 σ confi-
dence interval gae = 1.5+0.6

−0.9 × 10−13 (95% CL) [165,166].
The two groups studying the axion-electron coupling are
M5 [161] and M3 [167]. Their combination yields the limit
gae = 1.6+0.29

−0.34 × 10−13. For a recent and comprehensive
review of axion physics, see [160].

This document is organized as follows: In Sect. 2, we
review the textures for the quark and lepton mass matrices
that will be used in this work. We also write the real param-
eters of these matrices in terms of the masses of the SM
fermions and two free parameters. In Sect. 3, we present the
particle content of our model and the necessary PQ charges
to generate the mass matrix textures presented in Sect. 2. In
Sect. 4, we adjust the Yukawa couplings to obtain the masses
of the charged leptons and neutrinos. It is important to note
that we cannot use the VEVs to adjust the lepton masses, as
these were already adjusted to reproduce the quark masses.
It is also important to note that by using a seesaw mecha-
nism, we can avoid adjusting the Yukawas, however, that is
not our purpose in the present work. In Sect. 5, we show
the Lagrangian of our model. In Sect. 6, we present some
constraints in the parameter space, as well as projected con-
straints for upcoming experimental results, both for experi-
ments under construction and in the data-taking phase.

2 The five texture-zero mass matrices

The reason for dealing with texture zeros in the Standard
Model (SM) and its extensions is to simplify as much as
possible the number of free parameters that allow us to see
relationships between masses and mixings present in these
models. The Yukawa Lagrangian is responsible for giving
mass to SM fermions after spontaneous symmetry breaking.
A first simplification, without losing generality, is to consider
that the fermion mass matrices are Hermitian, so the num-
ber of free parameters for each sector of quarks and leptons
is reduced to 18, but there is still an excess of parameters
to reproduce the experimental data provided in the litera-
ture. Due to the lack of a model to make predictions, discrete
symmetries can be used to prohibit some components in the
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Yukawa matrix, generating the so-called texture zeros for
the mass matrices. In many works, instead of proposing dis-
crete symmetries, texture zeros are proposed as practical and
direct alternatives. The advantage of this approach is that it
is possible to choose each mass matrix in an optimal way for
the analytical treatment of the problem, and at the same time
adjust the mixing angles and the masses of the fermions.

2.1 Quark sector

We should keep in mind that six-zero textures in the SM have
already been discarded because their predictions are out-
side the experimental ranges allowed; but, five-zero textures
for quark mass matrices is a viable possibility [55,115,168–
171]. Specifically, we chose the following five-zero textures
because they fit well with experimental quark masses and
mixing parameters [111,113,172]:

MU =
⎛
⎝ 0 0 Cu

0 Au Bu

C∗
u B∗

u Du

⎞
⎠ ,

MD =
⎛
⎝ 0 Cd 0
C∗
d 0 Bd

0 B∗
d Ad

⎞
⎠ .

(3)

In addition, the phases in MD can be removed by a weak
basis transformation (WBT) [111,112,116], so that they are
absorbed by the off-diagonal terms in MU . In this way, the
mass matrices (3) can be rewritten as:

MU =
⎛
⎝ 0 0 |Cu |eiφCu

0 Au |Bu |eiφBu

|Cu |e−iφCu |Bu |e−iφBu Du

⎞
⎠ ,

MD =
⎛
⎝ 0 |Cd | 0

|Cd | 0 |Bd |
0 |Bd | Ad

⎞
⎠ ,

(4)

By applying the trace and the determinant to the mass matri-
ces (4), before and after the diagonalization process, the free
real parameters of MU and MD can be written in terms of
their masses:

Du = mu − mc + mt − Au, (5a)

|Bu | =
√

(Au − mu)(Au + mc)(mt − Au)

Au
, (5b)

|Cu | =
√
mu mc mt

Au
, (5c)

Ad = md − ms + mb, (5d)

|Bd | =
√

(mb − ms)(md + mb)(ms − md)

md − ms + mb
, (5e)

|Cd | =
√

md ms mb

md − ms + mb
. (5f)

A possibility that works very well is to consider the second
generation of quark masses to be negative, i.e., with eigen-
values −mc and −ms . And Au is a free parameter, whose
value, determined by the quark mass hierarchy, must be in
the following range:

mu ≤ Au ≤ mt . (6)

The exact analytical procedure for diagonalizing the mass
matrices (4) is indicated in Appendix C.

2.2 Lepton sector

In this work, we will consider Dirac neutrinos. This is
achieved, in part, by extending the SM with right-handed
neutrinos. In this way, we can carry out a treatment similar
to that of the quark sector, that is, the mass matrices of the
lepton sector can be considered Hermitian and the weak basis
transformation (WBT) can be applied [111,112]. In the liter-
ature, work has been done considering various texture-zeros
for the Dirac mass matrices of the lepton sector [53,173–
184]. In our treatment, we are going to consider the follow-
ing five-zero texture model studied in the paper [126], which
can accurately reproduce the Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) mixing matrix VPMNS (mixing angles and
the CP violating phase), the charged lepton masses, and the
squared mass differences in the normal mass ordering.

MN =
⎛
⎝ 0 |Cν |eicν 0

|Cν |e−icν Eν |Bν |eibν

0 |Bν |e−ibν Aν

⎞
⎠ ,

ME =
⎛
⎝ 0 |C
| 0

|C
| 0 |B
|
0 |B
| A


⎞
⎠ .

(7)

Without loss of generality, by using a WBT, the phases of the
charged lepton mass matrix, ME , can be absorbed into the
entries Cν and Bν of the neutrino mass matrix, MN . Simi-
larly, as was done in the case of the quark sector, the param-
eters present in the mass matrices of the lepton sector (7) can
be expressed in terms of the masses of the charged leptons
me,mμ and mτ and the masses of the neutrinos m1,m2 and
m3, in the normal ordering (m1 < m2 < m3):

A
 = me − mμ + mτ , (8a)

|B
| =
√

(mτ − mμ)(me + mτ )(mμ − me)

me − mμ + mτ

, (8b)

|C
| =
√

memμmτ

me − mμ + mτ

, (8c)

Eν = m1 − m2 + m3 − Aν, (8d)

|Bν | =
√

(Aν − m1)(Aν + m2)(m3 − Aν)

Aν

, (8e)
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|Cν | =
√
m1m2m3

Aν

, (8f)

where the values of the masses and the parameter Aν are
given in Table 5. Furthermore, for the adjustment of the mass
matrices (7) it is very convenient to assume that the eigen-
values associated with the masses of the second family, −m2

and −mμ, are negative quantities. The exact diagonalizing
matrices of the mass matrices (7) are shown in Appendix C,
Eqs. (49), (50) and (51).

3 PQ symmetry and the minimal particle content

3.1 Yukawa Lagrangian and the PQ symmetry

The texture-zeros of the mass matrices defined in the Eqs. (4)
and (7) can be generated by imposing a Peccei–Queen sym-
metry U (1)PQ on the Lagrangian model, Eq. (9) [59,185,
186]. As will be explained below, the minimal Lagrangian
that allows us to implement this symmetry is given by
[58,187]

LLO ⊃ (Dμ�α)†Dμ�α +
∑
ψ

iψ̄γ μDμψ +
2∑

i=1

(DμSi )
†DμSi

−
(
q̄Li y

Dα
i j �αdRj + q̄Li y

Uα
i j �̃αuRj

+ 
̄Li y
Eα
i j �αeR j + 
̄Li y

Nα
i j �̃ανRj + h.c

)

+ (λQ Q̄RQL S2 + h.c) − V (�, S1, S2) . (9)

As it was shown in Ref. [58], at least four Higgs doublets
are required to generate the quark mass textures, therefore
α = 1, 2, 3, 4. In (9) i, j are family indices (there is an
implicit sum over repeated indices). The superscripts U , D,
E , N refer to up-type quarks, down-type quarks, electron-like
and neutrino-like fermions, respectively; and Dμ = ∂μ+i�μ

is the covariant derivative in the SM. The scalar potential
V (�, S1, S2) is shown in appendix A (for further details, see
Ref. [58]). In Eq. (9) ψ stands for the SM fermion fields plus
the heavy quark Q (see Tables 1 and 2). As it is shown in
Table 2 the PQ charges of the heavy quark can be chosen in
such a way that only the interaction with the scalar singlet S2

is allowed. We assign QPQ charges for the left-handed quark
doublets (qL ): xqi , right-handed up-type quark singlets (uR):
xui , right-handed down-type quark singlets (dR): xdi , left-
handed lepton doublets (
L ): x
i , right-handed charged lep-
tons (eR): xei and right-handed Dirac neutrinos (νR): xνi for
each family (i = 1, 2, 3). We follow a similar notation for the
scalar doublets, xφα (α = 1, 2, 3, 4), and the scalar singlets
xS1,2

.

In this work, the PQ charges assigned to the quark sec-
tor and the scalar sector, as well as the VEVs assigned to
the scalar doublets, will be the same as those assigned in
[58] (Tables 1 and 2), and we will adjust the PQ charges
of the lepton sector to reproduce the texture-zeros given in
Eq. (7). To forbid a given entry in the lepton mass matrices,
the corresponding sum of PQ charges must be different from
zero, so that we can obtain texture-zeros by imposing the
following conditions:

MN =
⎛
⎝0 x 0
x x x
0 x x

⎞
⎠ −→

⎛
⎜⎝
SNα

11 	= 0 SNα
12 = 0 SNα

13 	= 0

SNα
21 = 0 SNα

22 = 0 SNα
23 = 0

SNα
31 	= 0 SNα

32 = 0 SNα
33 = 0

⎞
⎟⎠ ,

(10)

ME =
⎛
⎝0 x 0
x 0 x
0 x x

⎞
⎠ −→

⎛
⎜⎝
SEα

11 	= 0 SEα
12 = 0 SEα

13 	= 0

SEα
21 = 0 SEα

22 	= 0 SEα
23 = 0

SEα
31 	= 0 SEα

32 = 0 SEα
33 = 0

⎞
⎟⎠ ,

(11)

where SNα
i j = (−x
i + xν j − xφα ) and SEα

i j = (−x
i + xe j +
xφα ).

Since the PQ charges of the Higgs doublets (α =
1, 2, 3, 4) are already given, the possible solutions of (10)
and (11) are strongly constrained. Table 1 provides a solu-
tion for the PQ charges of the lepton sector.

In our model we include two scalar singlets S1 and S2 that
break the global symmetry U (1)PQ . The QCD anomaly of
the PQ charges is

N = 2
3∑
i

xqi −
3∑
i

xui −
3∑
i

xdi + AQ , (12)

where AQ = xQL−xQR is the contribution to the anomaly of
the heavy quark Q, which is a singlet under the electroweak
gauge group, with left (right) Peccei-Quinn charges xQL ,R ,
respectively. We can write the charges as a function of N
(since N must be different from zero), such that

s1 = N

9
ŝ1, s2 = N

9

(
ε + ŝ1

)
, with ε = 1 − AQ

N
,

(13)

where ŝ1 and ε are arbitrary real numbers. To solve the strong
CP problem with N 	= 0 and simultaneously generate the
texture-zeros in the mass matrices, it is necessary to maintain
ε = 9(s2−s1)

N 	= 0. With these definitions for Flavor-Changing
Neutral Currents (FCNC) observables, the relevant parame-
ters are ŝ1 and ε. This parameterization is quite convenient
(for those cases where the parameters αq and α
 are not rel-
evant) because by fixing N and fa , we can vary ŝ1 and ε for
a fixed �PQ = fa N in such a way that the parameter space
naturally reduces to two dimensions.
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Table 1 Particle content. The subindex i = 1, 2, 3 stand for the family number in the interaction basis. Columns 6–8 are the Peccei-Quinn charges,
QPQ , for each family of quarks and leptons in the SM. s1, s2 and α are real parameters, with s1 	= s2

Particles Spin SU (3)C SU (2)L U (1)Y UPQ(i = 1) UPQ(i = 2) UPQ(i = 3) QPQ

qLi 1/2 3 2 1/6 −2s1 + 2s2 + αq −s1 + s2 + αq αq xqi
uRi 1/2 3 1 2/3 s1 + αq s2 + αq −s1 + 2s2 + αq xui
dRi 1/2 3 1 −1/3 2s1 − 3s2 + αq s1 − 2s2 + αq −s2 + αq xdi

Li 1/2 1 2 −1/2 −2s1 + 2s2 + α
 −s1 + s2 + α
 α
 x
i

eRi 1/2 1 1 −1 2s1 − 3s2 + α
 s1 − 2s2 + α
 −s2 + α
 xei
νRi 1/2 1 1 0 −4s1 + 5s2 + α
 −s1 + 2s2 + α
 s2 + α
 xνi

Table 2 Beyond the SM fields
and their respective PQ charges.
The parameters s1, s2 are reals,
with s1 	= s2 and xQR 	= xQL

Particles Spin SU (3)C SU (2)L U (1)Y UPQ QPQ

�1 0 1 2 1/2 s1 xφ1

�2 0 1 2 1/2 s2 xφ2

�3 0 1 2 1/2 −s1 + 2s2 xφ3

�4 0 1 2 1/2 −3s1 + 4s2 xφ4

QL 1/2 3 1 0 xQL xQL

QR 1/2 3 1 0 xQR xQR

S1 0 1 1 0 s1 − s2 xS1

S2 0 1 1 0 xQR − xQL xS2

4 Naturalness of Yukawa couplings

4.1 The mass matrices in the quark sector

In Ref. [58], it was shown that to generate five texture zeros in
the quark mass matrices (3), as a consequence of a PQ sym-
metry, it is necessary to include at least four scalar doublets in
the model. After spontaneous symmetry breaking, the quark
sector mass matrices take on the following form:

MU = v̂α y
Uα
i j =

⎛
⎜⎝

0 0 yU1
13 v̂1

0 yU1
22 v̂1 yU2

23 v̂2

yU1∗
13 v̂1 yU2∗

23 v̂2 yU3
33 v̂3

⎞
⎟⎠ ,

MD = v̂α y
Dα
i j =

⎛
⎜⎝

0 |yD4
12 |v̂4 0

|yD4
12 |v̂4 0 |yD3

23 |v̂3

0 |yD3
23 |v̂3 yD2

33 v̂2

⎞
⎟⎠ , (14)

where the v̂i are defined in terms of the vacuum expectation
values, v̂i = vi/

√
2. In [58] it was shown that the five-texture

zeros (4) are flexible enough to set the quark Yukawa cou-
plings close to 1 for most of them (except for yU2

23 , yD3
23 and

yU1
13 ), in this way we obtain:

v̂1 = 1.71 GeV, v̂2 = 2.91 GeV,

v̂3 = 174.085 GeV, v̂4 = 13.3 MeV. (15)

As we can see, the hermiticity of the mass matrices is not
fully achieved, but it is good to impose it for several reasons:

(i) In the SM and its extensions, in which the right chirality
fields are singlets under SU (2), the mass matrices can be
assumed Hermitian without losing generality, (ii) the previ-
ous fact allows us to consider Hermitian mass matrices, even
after imposing an additional PQ symmetry in the model, (iii)
we can implement the WBT method [111], and (iv) there is
an extensive literature on physically viable Hermitian mass
matrices. It is important to noticing that the mass matrices in
Eq. (14) are Hermitian.

4.2 The mass matrices in the lepton sector

We can obtain the lepton mass matrices by starting from
the Yukawa Lagrangian (9), which is invariant under the
Peccei-Quinn U (1)PQ symmetry, and taking into account
the Yukawa parameters and expectation values (15). After the
spontaneous symmetry breaking, the mass matrices for neu-
tral and charged leptons are given respectively by [126,188]:

MN = v̂α y
Nα
i j =

⎛
⎜⎝

0 yN1
12 v̂1 0

yN4
21 v̂4 yN2

22 v̂2 yN1
23 v̂1

0 yN3
32 v̂3 yN2

33 v̂2

⎞
⎟⎠ , (16)

ME = v̂α y
Eα
i j =

⎛
⎜⎝

0 |yE4
12 |v̂4 0

|yE4
12 |v̂4 0 |yE3

23 |v̂3

0 |yE3
23 |v̂3 yE2

33 v̂2

⎞
⎟⎠ . (17)

As we previously mentioned, at least four Higgs doublets are
needed to obtain the five texture-zeros for the chosen quark
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mass matrices. Our goal in this work is to keep the same num-
ber of Higgs doublets and their respective PQ charges to gen-
erate the mass matrices and texture zeros for the lepton sector,
Eq. (7). To get an Hermitian mass matrix MN , it is neces-
sary to impose yN4

21 /yN1∗
12 = v̂1/v̂4 and yN3

32 /yN1∗
23 = v̂1/v̂3,

requiring that the diagonal elements be real, i.e., yN2
22 = yN2∗

22
and yN2

33 = yN2∗
33 . On the other hand, to obtain a symmetric

mass matrix, ME , for the charged leptons, it is sufficient to
assume that the Yukawa couplings are Hermitian. Through
these choices it is possible to avoid additional Higgs doublets.

Based on the results of Table 5, Appendix C, and the rela-
tionships established in (8), we find the following values for
the Yukawa couplings of the lepton sector:

|yE4
12 | = 0.569582, |yE3

23 | = 0.00248291,

yE2
33 = 0.574472, |yN1

12 | = 4.74362 × 10−6,

|yN4
21 | = 0.000609894, yN2

22 = 6.68808 × 10−6,

|yN1
23 | = 0.0000159881, |yN3

32 | = 1.57047 × 10−7,

yN2
33 = 8.65364 × 10−6.

To reproduce the neutrino masses quoted in [126], in the SM
is required a Yukawa coupling around 10−14. In our case,
the smallest Yukawa coupling is 10−7, which significantly
reduces the fine-tuning in comparison to that given by the
SM.

5 The effective Lagrangian

The strongest constraints on non-universal PQ charges come
from the FCNC. To determine these constraints, we start by
writing the most general next-to-leading order (NLO) effec-
tive Lagrangian as [189,190]:

LNLO = ca�α Oa�α + c1
α1

8π
OB + c2

α2

8π
OW + c3

α3

8π
OG,

(18)

ca�α and c1,2,3 are Wilson coefficients; α1,2,3 = g2
1,2,3
4π

, where
g1,2,3 are the coupling strengths of the electroweak and strong
interactions in the interaction basis; and the Wilson operators
are:

Oa� = i
∂μa

�PQ

(
(Dμ�α)†�α − �α†(Dμ�α)

)
,

OB = − a

�PQ
Bμν B̃

μν,

OW = − a

�PQ
Wa

μνW̃
aμν,

OG = − a

�PQ
Ga

μν G̃
aμν , (19)

where B, Wa and Ga correspond to the gauge fields associ-
ated with the SM gauge groupsU (1)Y , SU (2)L and SU (3)C ,
respectively. a is the axion field which corresponds to the CP
odd component of S1. It is possible to redefine the fields by
multiplying by a phase

�α −→ e
i
x
�α

�PQ
a
�α,

ψL −→ e
i
xψL
�PQ

a
ψL ,

ψR −→ e
i
xψR
�PQ

a
ψR,

Si −→ e
i
xSi
�PQ

a
Si . (20)

In this expression, xψ corresponds to the PQ charges of the
SM fermions, i.e., {xψL ,R } = {xqi , xui , xdi , xli , xei , xνi }
and {x�α } are the PQ charges of the Higgs doublets {�α}.
Replacing these definitions in the kinetic terms of Eq. (9), we
obtain new contributions to the effective Lagrangian Eq. (18)
(the NLO contributions in the non-derivative terms cancel
out). The leading order (LO) terms in �−1

PQ can be written as
[187,189]:

LNLO −→ LNLO + �LNLO, (21)

where

�LNLO = �LK� + �LKψ + �LK S + �L(Fμν), (22)

with

�LK� = i x�α
∂μa

�PQ

[
(Dμ�α)†�α − �α†(Dμ�α)

]
,

�LKψ = ∂μa

2�PQ

∑
ψ

(xψL − xψR )ψ̄γ μγ 5ψ

− (xψL + xψR )ψ̄γ μψ,

�LK S = i xSi

∂μa

�PQ

[
(DμSi )

†Si − S†
i (DμSi )

]
+ h.c . (23)

The field redefinitions (20) induce a modification in the mea-
sure of the functional path integral whose effects can be
obtained from the divergence of the axial-vector current:
J PQ5
μ = ∑

ψ(xψL − xψR )ψ̄γμγ 5ψ [191],

∂μ J PQ5
μ =

∑
ψ

2imψ(xψL − xψR )ψ̄γ 5ψ

−
∑
ψ

(xψL − xψR )
α1Y 2(ψ)

2π
Bμν B̃

μν

123



  638 Page 8 of 19 Eur. Phys. J. C           (2023) 83:638 

−
∑

SU (2)Ldoublets

xψL

α2

4π
Wa

μνW̃
aμν

−
∑

SU (3)triplets

(xψL − xψR )
α3

4π
Ga

μν G̃
aμν, (24)

where the hypercharge is normalized by Q = T3L + Y . The
relation (24) is an on-shell relation, which is consistent with
the momentum of an on-shell axion.

Substituting this result into LKψ = ∂μa
2�PQ

J PQ5
μ =

− a
2�PQ

∂μ J PQ5
μ we obtain new contributions to the leading-

order Wilson coefficients [192]

c1 −→ c1 − 1

3
�q + 8

3
�u + 2

3
�d − �
 + 2�e,

c2 −→ c2 − 3�q − �
,

c3 −→ c3 − 2�q + �u + �d − AQ, (25)

where �q ≡ xq1 + xq2 + xq3 . The corresponding NLO
Lagrangian is

�L(Fμν)= a

�PQ

α1

8π
Bμν B̃

μν

(
1

3
�q− 8

3
�u− 2

3
�d+�
−2�e

)

+ a

�PQ

α2

8π
Wa

μν W̃
aμν (3�q + �
)

+ a

�PQ

α3

8π
Ga

μν G̃
aμν

(
2�q − �u − �d + AQ

)
.

(26)

It is convenient to define ceff
3 = c3−2�q+�u+�d−AQ =

−N . In our case, ci = 0 and the only contributions to ceff
i

come from the anomaly. It is customary to define �PQ =
fa |ceff

3 | to include the factor ceff
3 in the normalization of the

PQ charges. From now on, we will assume that all the PQ
charges are normalized in this way, so that xψ corresponds to
xψ/ceff

3 . For normalized charges, ceff
3 = 1, therefore, we still

maintain the general form despite writing all the expressions
in terms of the effective scale fa .

The scalar fields and their PQ charges are the same as in
the Ref. [58], so the scalar potential V (�, S) is identical to
that of the mentioned reference. With the VEVs and cou-
plings given in [58], the model reproduces the mass of the
SM Higgs, while the masses of the exotic scalars are above
the TeV scale. This potential has the appropriate number of
Goldstone bosons to give masses to the SM gauge bosons
Z0,W± and has an extra field that can be identified with the
axion a.

6 Low energy constraints

6.1 Flavor changing neutral currents

Due to the non-universal PQ charges in our model, a tree-level
analysis of flavor-changing neutral currents is necessary. As
mentioned in Ref. [160], the strongest limits on the axion-
quark FCNC couplings come from meson decays in light
mesons and missing energy.

The decays K± → π±a provide the tightest limits (NA62
Collaboration [193]) for the axion mass [160]. Currently the
most restrictive limits come from the semileptonic decays of
kaons K± → π±ν̄ν and leptons 
1 → 
2+missing energy.
From the term �LKψ , we obtain the vector and axial cou-
plings for a multi-Higgs sector model, as shown in Refs.
[58,160]

�LKψ = −∂μa f̄iγ
μ

(
gVa fi f j + γ 5gA

a fi f j

)
f j , (27)

where

gV,A
a fi f j

= 1

2 faceff
3

�
Fi j
V,A, (28)

where:

�
Fi j
V,A = �

Fi j
RR (d) ± �

Fi j
LL (q), (29)

with �
Fi j
LL (q) =

(
UF

L xq U F†
L

)i j
and �

Fi j
RR (d) =

(
UF

R xd

U F†
R

)i j

. In these expressions, F stands forU, D, N or E and

the UF
L ,R are de diagonalizing matrices (see Appendix C). In

Eq. (28), we normalize the charges using ceff
3 , as explained

in the last paragraph of Sect. 5 (in other references |ceff
3 | =

|N | is considered, corresponding to the SU (3) × U (1)PQ

anomaly). The branching ratio for lepton decays 
i → 
 j a
is given by [134]

Br(
1 → 
2 a) = m3

1

16π�(
1)

(
1 − m2


2

m2

1

)3

|ga
1
2 |2,

in this expression, the vector and axial couplings contribute
in the same way

|ga
1
2 |2 = |gVa
1
2
|2 + |gA

a
1
2
|2.

wherem is the mass of the leptons and �(
i ) is the total decay
width of the particle 
 j .

For the lepton decay 
i → 
 j a γ , we can relate this
branching ratio to the branching ratio of the process with-
out the photon in the final state, according to the expression:

Br(
1 → 
2 a γ ) =
(

α

2π

∫
dx dy f (x, y)

)
Br(
1 → 
2 a),
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Fig. 1 Allowed regions by lepton decays. For the down-type quarks
and charged leptons the non-universal part of the PQ charges just depend
on the diference s2 − s1 = Nε/9, hence the flavor-changing neutral-
current couplings (the off diagonal elements) just depend on ε

where α is the fine structure constant, and the function:

f (x, y) = (1 − x)(2 − y − xy)

y2(x + y − 1)
(30)

depends on the mass and the energies x = 2E
2/m
1 and
y = 2Eγ /m
1 . For the lepton decay μ → e a γ , the con-
straints come from the Crystal Box experiment [194], with
cut energies Eγ , Ee > 30 MeV, θeγ > 140◦, where:

cos θeγ = 1 + 2(1 − x − y)

xy
, (31)

so that
∫
dx dy f (x, y) ≈ 0.011 (Table 3).

In our model, there is a natural alignment between the
�3 (which is quite similar to H1 in the Georgi basis [198])
and the standard model Higgs boson as a consequence of the
large suppression of the VEVs of the scalar doublets vi , with
i = 1, 2, 4, respect to v3, the VEV of �3. To some extent,
this alignment avoids FCNC involving the SM Higgs boson
[198]; however, after alignment, there are other sources of
FCNC associated with the additional scalar doublets, which
cannot be avoided by any means; however, as argued in Ref.
[58] they are suppressed by a factor 1/M4 (where M > 1TeV
is the mass of the exotic scalar doublets), and therefore, our
model avoids these potential sources of FCNC in agreement
with the general argument presented in [198].

From astrophysical considerations we have: bounds from
black holes superradiance and the SN 1987A upper limit on
the neutron electric dipole moment, which, when combined,
impose a constraint on the axion decay constant in the range
[160] (see Fig. 1): 0.8 × 106GeV ≤ fa ≤ 2.8 × 1017GeV.
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Fig. 2 The excluded parameter space by various experiments corre-
sponds to the colored regions, the dashed-lines correspond to the pro-
jected bounds of coming experiments looking for axion signals [199].
The gray region corresponds to the parameter space scanned by our
model

6.2 Constraints on the axion–photon coupling

There are several experiments designed to look for exotic
particles. The sources studied in the search for axions are:
the solar axion flux (helioscopes experiments), dark matter
halo (haloscopes experiments), and axions produced in the
laboratory.

Among the experiments with the potential to search for
evidence of axions in regions that cover areas within the lim-
its established by the parameters of our model are: DM-Radio
[200], KLASH [201,202], ADMX [203], ALPHA [204],
MADMAX [205], IAXO [206,207] and ABRACADABRA
[208]. Similarly, some experiments have already ruled out
regions established by the parameters of our model, among
which are: ADMX [209–211], CAST [212,213], CAPP
[214–216], HAYSTACK [217,218], Solar ν [219], Horizon-
tal Branch [220], MUSE [221] and VIMOS [222]

7 Discussion and conclusions

We have presented a model in which the fermion and scalar
fields are charged under a U (1)PQ Peccei-Quinn symmetry.
A recent work [58] showed that at least four Higgs doublets
are required to generate Hermitian mass matrices in the quark
sector with five texture-zeros, reproducing the quark masses,
the mixing angles, and the CP-violating phase of the CKM
mixing matrix. In this work, we show that using the same
number of Higgs doublets, without changing the PQ charges
in the quark and Higgs sectors, it is possible to generate
Hermitian mass matrices in the lepton sector that reproduce
the neutrino mass-squared differences in the normal mass
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Table 3 These inequalities
come from the window for new
physics in the branching ratio
uncertainty of the meson decay
in a pair ν̄ν

Collaboration Upper bound

N62 collaboration [193] B (
K+ → π+a

)
< (10.6+4.0

−3.4

∣∣
stat ± 0.9syst ) × 10−11

TRIUMF [195] B (
μ+ → e+a

)
< 2.6 × 10−6

Crystal Box [196] B (
μ+ → e+γ a

)
< 1.1 × 10−9

ARGUS [197] B (
τ+ → e+a

)
< 1.5 × 10−2

ARGUS [197] B (
τ+ → μ+a

)
< 2.6 × 10−2

ordering, the mixing angles, and the CP-violating phase of
the PMNS mixing matrix. This result is quite non-trivial as
we maintain the same four Higgs doublets required in the
quark sector to generate a different texture pattern in the
lepton sector. When compared to the SM, our model has
almost all Yukawa couplings close to 1 in the quark sector.
In the neutrino sector, the smallest Yukawa coupling is of
the order of 1.6 × 10−7, which is seven orders of magnitude
larger than the corresponding Yukawa coupling in the SM,
so it requires less fine-tuning than the SM.

The polar decomposition theorem [223,224] allows any
matrix to be written as the product of a Hermitian matrix and
a unitary matrix. In the SM and in theories where the right-
handed fermion fields are singlets under the gauge group, it
is possible to absorb the unitary matrix into the right-handed
fields by redefining them; from this procedure, we can write
any mass matrix as a Hermitian matrix. In our work, we
assume that the mass matrices are Hermitian in the interac-
tion space, this hypothesis has been used in previous studies
on textures [55,111,115,225–227], and it is quite useful for
studying the flavor problem. In our work, we have normal-
ized the PQ charges with the QCD anomaly −N in such a
way that by keeping the parameter ε 	= 0, we obtain the tex-
tures of the mass matrices, addressing the flavor and strong
CP problems simultaneously.

If nature is not fine-tuned in a more fundamental high-
energy theory, we expect that, eventually, it will be possible
to find a texture that allows us to obtain all the scales of the
SM from the VEVs of a Higgs sector with a minimal scalar
content without the need to adjust the Yukawa couplings.

In our analysis, we report the constraints from lepton
decays and compare them with the constraints from the
search for neutrino pairs in charged Kaon decays K± −→
π±ν̄ν. The results are shown in Fig. 1, where the allowed
region in the parameter space generated by ε and the axion
decay constant fa is displayed. This figure shows that the
strongest constraints come from the semileptonic meson
decay K± → πνν̄. It is important to note that the lep-
ton decays do not further constrain the parameter space of
our model (compared to the region excluded by the meson
decay). We also show the excluded regions for the axion–
photon coupling as a function of the axion mass; these results

are summarized in Fig. 2; the gray region corresponds to the
parameter space of our model in the interval −1 < ε < 1.

In this article, we have demonstrated that with four Higgs
doublets, it is possible to fit the textures of the mass matri-
ces, both in the lepton and quark sectors. These matrices
generate the masses and the mixing matrices for quarks and
leptons within the experimentally reported values in the lit-
erature. The introduction these doublets improves the fine-
tuning problem of the Yukawa couplings and shows that this
approach is a viable way to tackle the flavor problem. We
hope to improve our results in future work by using the See-
saw mechanism in the lepton sector.
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Appendix A: The mass operator matrices

The most general Yukawa Lagrangian for the interaction of
four Higgs doublets �α with the SM fermions is given by

L = −q̄ ′i
L�α y

Dα
i j d ′ j

R − q̄ ′i
L �̃α y

Uα
i j u′ j

R − 
̄′i
L�α y

Eα
i j e′ j

R
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− 
̄′i
L�̃α y

Nα
i j ν

′ j
R + h.c, (32)

where a sum is assumed on repeated indices. Here i, j run
over 1, 2, 3 and α over 1, 2, 3, 4. The Higgs boson doublet
fields are parameterized as follows:

�α =
(

φ+
α

vα+hα+iηα√
2

)
, �̃α = iσ2�

∗
α. (33)

Similar to the two Higgs doublet model [228] we rotate the
Higgs fields to the (generalized) Georgi basis, that is,

⎛
⎜⎜⎝
H1

H2

H3

H4

⎞
⎟⎟⎠ = R1(β1)R2(β2)R3(β3)

⎛
⎜⎜⎝

�1

�2

�3

�4

⎞
⎟⎟⎠ ≡ Rβα�α, (34)

where the orthogonal matrices

R1(β1) =

⎛
⎜⎜⎝

cos β1 sin β1 0 0
− sin β1 cos β1 0 0

0 0 1 0
0 0 0 1

⎞
⎟⎟⎠ , (35a)

R2(β2) =

⎛
⎜⎜⎝

1 0 0 0
0 cos β2 sin β2 0
0 − sin β2 cos β2 0
0 0 0 1

⎞
⎟⎟⎠ , (35b)

R3(β3) =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 cos β3 sin β3

0 0 − sin β3 cos β3

⎞
⎟⎟⎠ , (35c)

where tan β1 =
√

v2
2+v2

3+v2
4

v1
, tan β2 =

√
v2

3+v2
4

v2
and tan β3 =

v4
v3

, and Hβ = (H+
β , (H0

β + i Hodd
β )/

√
2)T. This basis is cho-

sen in such a way that only the neutral component of H1

acquires a vacuum expectation value

〈H0
1 〉 =

√
v2

1 + v2
2 + v2

3 + v2
4 ≡ v,

〈H0
2 〉 = 0, 〈H0

3 〉 = 0, 〈H0
4 〉 = 0. (36)

In this way �α yFα
i j = yFα

i j RT
αβ Rβγ �γ = YFβ

i j Hβ , and
F = U, D, N , E ; where we have defined

YFβ
i j = Rβα y

Fα
i j . (37)

With these definitions, Eq. (32) becomes

L = −q̄ ′i
L HβYDβ

i j d ′ j
R − q̄ ′i

L H̃βYUβ
i j u′ j

R − 
̄′i
L HβYEβ

i j e′ j
R

− 
̄′i
L H̃βYNβ

i j ν
′ j
R + h.c. (38)

It is necessary to rotate to the fermion mass eigenstates, i.e.,

fL ,R = UF
L ,R f ′

L ,R, (39)

where the diagonalization matrices UL ,R are defined below,
in Appendix C. From the Lagrangian for the charged currents

LCC = − g√
2
ū′
Liγ

μd ′
LiW

+ − g√
2
ē′
Liγ

μν′
LiW

− + h.c

= − g√
2
ūLiγ

μ
(
VCKM

)
i j dL jW

+

− g√
2
ēLiγ

μ
(
VPMNS

)
i j νL jW

− + h.c, (40)

it is possible to obtain the CKM (VCKM = UU
L UD†

L ) and

PMNS (VPMNS = UE
L U

ν†
L ) mixing matrices by rotating to the

fermion mass eigenstates. In particular, we are interested in
the coupling of the axial neutral current to the axion in the
mass eigenstates.

LH0 = − 1√
2
d̄ ′i
L H

0
βYDβ

i j d ′ j
R − 1√

2
ū′i
L H

0∗
β YUβ

i j u′ j
R

− 1√
2
ē′i
L H

0
βYEβ

i j e′ j
R − 1√

2
ν̄′i
L H

0∗
β YNβ

i j ν
′ j
R + h.c,

= − 1√
2
d̄iL H

0
βY

Dβ
i j d j

R − 1√
2
ūiL H

0∗
β YUβ

i j u j
R

− 1√
2
ēiL H

0
βY

Eβ
i j e jR − 1√

2
ν̄iL H

0∗
β Y Nβ

i j ν
j
R + h.c,

where Y Fβ
i j =

(
UF

L YFβUF†
R

)
i j

. In these expressions the

mass functions in the interaction basis are:

MD
i j = v√

2
YD1
i j , MU

i j = v√
2
YU1
i j ,

ME
i j = v√

2
YE1
i j , MN

i j = v√
2
YN1
i j , (41)

where v = 〈H0
1 〉 is the Higgs vacuum expectation value.

Appendix B: Scalar potential

As studied in [58], the scalar sector requires four scalar dou-
blets φα to reproduce the mass textures of the fermion sector
correctly, and two scalar singlets S1 and S2 that break the
PQ symmetry while generating a phenomenologically viable
scalar mass spectrum. The S2 singlet also gives mass to the
heavy quark. The most general potential allowed by the PQ
symmetry according to the charges established in Table 2 is:

V (�, Si ) =
4∑

i=1

μ2
i �

†
i �i +

2∑
k=1

μ2
sk S

∗
k Sk +

4∑
i=1

λi

(
�

†
i �i

)2
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+
2∑

k=1

λsk
(
S∗
k Sk

)2 +
4∑

i=1

2∑
k=1

λisk

(
�

†
i �i

) (
S∗
k Sk

)

+
4∑

i, j = 1︸ ︷︷ ︸
i< j

(
λi j

(
�

†
i �i

) (
�

†
j� j

)
+ Ji j

(
�

†
i � j

) (
�

†
j�i

))

+λs1s2
(
S∗

1 S1
) (

S∗
2 S2

)
+K1

((
�

†
1�2

) (
�

†
3�2

)
+ h.c.

)

+K2

((
�

†
3�4

) (
�

†
3�1

)
+ h.c.

)

+F1

((
�

†
2�3

)
S1 + h.c.

)

+F2

((
�

†
1�2

)
S1 + h.c.

)

+ 1

2

(
mζS2

)2

SB
ζ 2
S2

+ 1

2

(
mξS2

)2

SB
ξ2
S2

. (42)

where the terms proportional to Fi are allowed by the partic-
ular choice of PQ charges and these couplings Fi have units
of mass. After spontaneous symmetry breaking (SSB), the
four Higgs doublets acquire VEVs that give mass to all the
SM particles. The scalar doublets and singlets are written as
follows:

�α =
(

φ+
α

vα+hα+iηα√
2

)
, �̃α = iσ2�

∗
α, α = 1, 2, 3, 4,

Si = vSi
+ ξSi + iζSi√

2
; i = 1, 2, (43)

where the VEVs satisfy the following hierarchy: v4 �
v1, v2 � v3 � vS1 ∼ vS2 . The scalar singlets S1 and S2

break the PQ symmetry at the high energy scale given by
vs1 ≈ vs2 . The last two terms in Eq. (42) correspond to the
soft-breaking masses of the imaginary and the real parts of
S2, which are generated at one loop in the Coleman-Weinberg
potential from the interaction term λQS2 Q̄RQL +h.c. Addi-
tionally, we choose numerical values for the parameters of
the potential (42) in order to obtain a scalar sector mass spec-
trum consistent with the existing phenomenology. The values
of these parameters are:

λ1 = λ2 = λ4 = λs1 = λs2 = λs1s2 = 1,

λ3 = 0.463

λi j = 1 for any i, j,

λ js1 = λ js2 = 1 for any j,

J12 = J13 = J23 = J24 = −1, otherwise Ji j = 1,

K1 = K2 = −1,

F1 = F2 = −1GeV. (44)

In particular, the value of λ3 adjusts the SM Higgs mass. The
vi are determined from the SM fermion masses and the quark
mass matrix textures, Eq. (15). The VEV vs1 remains a free
parameter; however, this parameter is important for the axion

physics due to the relationship [165],

fa = vs1

2N
. (45)

In our calculations we took vs1 ≈ vs2 ≈ 106GeV. It is impor-
tant to emphasize that in our model, fa can take arbitrary
values; nevertheless, a small fa restricts ε (Eq. 13) to values
close to zero. Taking into account all these considerations,
including Eq. (44), the scalar mass spetrum (in GeV) is:

CP even = {1.73 × 106, 1. × 106, 6.54 × 103, 1.97 × 103,

1.09 × 103, 125},
CP odd = {6.54 × 103, 1.97 × 103, 1.09 × 103, 0, 0,mζS2

},
Charged fields = {6.54 × 103, 1.97 × 103, 1.11 × 103, 0}. (46)

The mass spectrum of the scalar fields is above the TeVs
scale, except for the SM Higgs, which is at 125 GeV. The
pseudoscalar sector (CP odd fields) have two massless eigen-
states, the axion field and the Goldstone boson which is
absorbed by the longitudinal component of the SM Z boson.
A similar result is obtained in the charged sector, where it
is possible to identify the two Goldstone bosons required to
give mass to the SM W± fields.

Appendix C: diagonalization matrices

To compare with physical quantities, it is necessary to rotate
fields to the mass eigenstates, i.e., fL ,R = UF

L ,R f ′
L ,R , where

the prime symbol stands for the interaction basis. In our for-
malism the quark mass matrices are Hermitian, so the right-
and left-handed diagonalizing matrices are identical; addi-
tionally, we establish that the eigenvalues of the second fam-
ily of quarks are negative in order to generate texture-zeros
in some diagonal terms of the mass matrices, as indicated
in [112]. This sign is taken into account by introducing the
identity matrix written as I2 I2 = 1 with I2 = diag(1,−1, 1),
i.e.,

MF
i j =

(
UF†λFU F

)
i j

=
(
UF†

L mFU F
R

)
i j

= v√
2
YF1
i j = v√

2
R1α y

Fα
i j , (47)

where YFβ
i j and Rαβ were defined in Appendix A, λU,D =

diag(mu,d ,−mc,s,mt,b) andmU,D = diag(mu,d ,mc,s,mt,b),
with similar definitions in the lepton sector, i.e., λN ,E =
diag(m1,e,−m2,μ,m3,τ ), mN ,E = diag(m1,e,m2,μ,m3,τ ),
and

UF
L = UF , UF

R = I2U
F , (48)

where the UF diagonalization matrices are defined below.
It is important to stress that the texture-zeros pattern in the
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matrix YF1
i j are identical to those in the original Yukawa cou-

plings yFα
i j , since the sum over α does not mix the i, j indices.

In fact, according to Eqs. (14) and (17), MF = vα√
2
yFα
i j =

v√
2
R1α yFα

i j , therefore R1α = vα

v
. The diagonalization matri-

ces are:

UU† =

⎛
⎜⎜⎜⎝

ei(φCu+θ1u)
√

mcmt (Au−mu)
Au(mc+mu)(mt−mu)

−ei(φCu+θ2u)
√

(Au+mc)mtmu
Au(mc+mt )(mc+mu)

ei(φCu+θ3u)
√

mc(mt−Au)mu
Au(mc+mt )(mt−mu)

−ei(φBu+θ1u)
√

(Au+mc)(mt−Au)mu
Au(mc+mu)(mt−mu)

−ei(φBu+θ2u)
√

mc(mt−Au)(Au−mu)
Au(mc+mt )(mc+mu)

ei(φBu+θ3u)
√

(Au+mc)mt (Au−mu)
Au(mc+mt )(mt−mu)

eiθ1u

√
mu(Au−mu)

(mc+mu)(mt−mu)
eiθ2u

√
mc(Au+mc)

(mc+mt )(mc+mu)
eiθ3u

√
mt (mt−Au)

(mc+mt )(mt−mu)

⎞
⎟⎟⎟⎠ , (49)

UD† =

⎛
⎜⎜⎜⎝

eiθ1d

√
mb(mb−ms )ms

(mb−md )(md+ms )(mb+md−ms )
−eiθ2d

√
mb(mb+md )md

(md+ms )(mb+md−ms )(mb+ms )

√
md (ms−md )ms

(mb−md )(mb+md−ms )(mb+ms )

eiθ1d

√
md (mb−ms )

(mb−md )(md+ms )
eiθ2d

√
(mb+md )ms

(md+ms )(mb+ms )

√
mb(ms−md )

(mb−md )(mb+ms )

−eiθ1d

√
md (mb+md )(ms−md )

(mb−md )(md+ms )(mb+md−ms )
−eiθ2d

√
(mb−ms )ms (ms−md )

(md+ms )(mb+md−ms )(mb+ms )

√
mb(mb+md )(mb−ms )

(mb−md )(mb+md−ms )(mb+ms )

⎞
⎟⎟⎟⎠ ,

(50)

where θ1u, θ2u, θ3u, θ1d and θ2d are arbitrary phases (a third
phase for the diagonalization matrix (50) can be absorbed
by the remaining phases) that are useful for conforming to
the VCKM = UU

L UD†
L matrix convention. Taking as input the

SM parameters at the Z pole, the best fit values are given in
Table 4.

Similarly, in the lepton sector, the diagonalization matrices
of the mass matrices (7) are:

UN† =

⎛
⎜⎜⎜⎝
ei(θ1ν+cν )

√
m2m3(Aν−m1)

Aν (m2+m1)(m3−m1)
− ei(θ2ν+cν )

√
m1m3(m2+Aν )

Aν (m2+m1)(m3+m2)
ei(θ3ν+cν )

√
m1m2(m3−Aν )

Aν (m3−m1)(m3+m2)

eiθ1ν

√
m1(Aν−m1)

(m1+m2)(m3−m1)
eiθ2ν

√
m2(Aν+m2)

(m2+m1)(m3+m2)
eiθ3ν

√
m3(m3−Aν )

(m3−m1)(m3+m2)

−ei(θ1ν−bν )
√

m1(Aν+m2)(m3−Aν )
Aν (m1+m2)(m3−m1)

− ei(θ2ν−bν )
√

m2(Aν−m1)(m3−Aν )
Aν (m2+m1)(m3+m2)

ei(θ3ν−bν )
√

m3(Aν−m1)(Aν+m2)
Aν (m3−m1)(m3+m2)

⎞
⎟⎟⎟⎠ ,

UE† =

⎛
⎜⎜⎜⎝
eiθ1


√
mμmτ (mτ −mμ)

(me−mμ+mτ )(mμ+me)(mτ −me)
− eiθ2


√
memτ (me+mτ )

(me−mμ+mτ )(mμ+me)(mτ +mμ)

√
memμ(mμ−me)

(me−mμ+mτ )(mτ −me)(mτ +mμ)

eiθ1


√
me(mτ −mμ)

(mμ+me)(mτ −me)
eiθ2


√
mμ(me+mτ )

(mμ+me)(mτ +mμ)

√
mτ (mμ−me)

(mτ −me)(mτ +mμ)

−eiθ1


√
me(me+mτ )(mμ−me)

(me−mμ+mτ )(mμ+me)(mτ −me)
− eiθ2


√
mμ(mτ −mμ)(mμ−me)

(me−mμ+mτ )(mμ+me)(mτ +mμ)

√
mτ (mτ −mμ)(me+mτ )

(me−mμ+mτ )(mτ −me)(mτ +mμ)

⎞
⎟⎟⎟⎠ , (51)

where θ1
, θ2
, θ1ν , θ2ν , θ3ν are necessary phases in order to
adjust to the established convention for the PMNS mixing
matrix [229] 1; and cν and bν are the phases of Cν and Bν

in the neutral mass matrix MN in Eq. (7). The best fit values
for these quantities are shown in Table 5.

Appendix D: Axion decay into photons

In the SM, Bμ = cos θW Aμ − sin θW Zμ and W 3μ =
sin θW Aμ + cos θW Zμ, where Aμ and Zμ are the SM fields
for the photon and Z gauge bosons, replacing these expre-
sions in Eq. (26) we obtain

1 NuFIT collaboration (http://www.nu-fit.org/?q=node/211) (with SK
atmospheric data).

L ⊃ −ceff
1

α1

8π

a

�PQ
Bμν B̃

μν − ceff
2

α2

8π

a

�PQ
W 3

μνW̃
3μν

= − α

8π
(ceff

1 + ceff
2 )

a

�PQ
Fμν F̃

μν

− α

8πc2
Ws2

W

(s4
Wceff

1 + c4
Wceff

2 )
a

fa
Zμν Z̃

μν

− 2α

8πcW sW
(c2

Wceff
2 − c2

Wceff
1 )

a

�PQ
Fμν Z̃

μν

= e2Cγ γ

a

�PQ
Fμν F̃

μν + e2CZZ

c2
Ws2

W

a

�PQ
Zμν Z̃

μν

+2e2Cγ Z

cW sW

a

�PQ
Fμν Z̃

μν (52)

ceff
1 = c1 − 1

3
�q + 8

3
�u + 2

3
�d − �l + 2�e (53)

ceff
2 = c2 − 3�q − �l (54)

where � f ≡ f1 + f2 + f3 is the sum of the PQ charges
of the three families. There are similar definitions for the
interaction of the axion with the gluons

−ceff
3

α3

8π

a

�PQ
Ga

μν G̃
aμν = g2

s CGG
a

�PQ
Ga

μν G̃
aμν, (55)
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Table 4 Best-fit point of the mass matrix parameters with respect to experimental data for the masses and mixing angles of the quark sector at the
Z pole

θ1u θ2u θ3u θ1d θ2d φCu φBu

−2.84403 1.85606 −0.00461668 1.93013 −0.976639 −1.49697 0.301461

Au mu mc mt md ms mb

1690.29 MeV 1.2684 MeV 633.197 MeV 171268 MeV 3.14751 MeV 56.1169 MeV 2910.01 MeV

Table 5 Best fit values
θ1
 θ2
 θ1ν θ2ν θ3ν cν bν

0.154895 2.01797 −0.835504 2.21169 1.81786 1.01608 2.03726

Aν (eV) me (MeV) mμ (MeV) mτ (MeV) m1 (eV) m2 (eV) m3 (eV)

0.0251821 0.5109989461 105.6583745 1776.86 0.00353647 0.00929552 0.0504034

where ceff
3 = c3 − 2�q + �u + �d − AQ , in our particular

case ci = 0. In axion phenomenology, it is usual to define

Cγ γ =− 1

32π2 (ceff
1 +ceff

2 ), CZZ=− 1

32π2 (s4
Wceff

1 +c4
Wceff

2 ),

Cγ Z=− 1

32π2 (c2
Wceff

2 −c2
Wceff

1 ), CGG=− 1

32π2 c
eff
3 .

(56)

The decay widths of an axion decaying in two photons
and a Z decaying in an axion and a photon are [191]

�(a → γ γ ) = 4πα2m3
a

�2
PQ

|Ceff
γ γ |2,

�(Z → γ a) = 8πα(mZ )m3
Z

3s2
Wc2

W�2
PQ

|Ceff
γ Z |2

(
1 − m2

a

m2
Z

)3

. (57)

Another possible decay channel of the axion in two photons
is due to the mixing between the axion and the pion since the
latter can decay in two photons, this decay mode generates
an additional correction that only depends on the couplings
of the axion to the gluons [230]

Ceff
γ γ = − ceff

3

32π2

(
ceff

1 + ceff
2

ceff
3

− 2.03

)
,

Ceff
γ Z = − ceff

3

32π2

(
c2
Wceff

2 − c2
Wceff

1

ceff
3

− 0.74/2

)
. (58)

It is usual to define �PQ = |ceff
3 | fa .

E

N
= ceff

1 + ceff
2

ceff
3

. (59)

The axion–photon interaction is given by

gaγ γ = 4e2Ceff
γ γ

�PQ
= − α

2π fa

(
E

N
− 2.03

)
(60)

where α = e2

4π
. Due to the gluon-axion interaction, the axion

gets a mass term, which is described at low energies as an
axion–pion interaction [231]

ma = 5.7(7)μeV

(
1012GeV

fa

)
. (61)
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Abstract
We report the most general classification of 3-3-1 models with b = 3 . We
found several solutions where anomaly cancellation occurs among fermions of
different families. These solutions are particularly interesting as they generate
non-universal heavy neutral vector bosons. Non-universality in the standard
model fermion charges under an additional gauge group generates charged lepton
flavor violation and flavor changing neutral currents; we discuss under what
conditions the new models can evade constraints coming from these processes. In
addition, we also report the Large Hadron Collider~(LHC) constraints.

Keywords: 3-3-1 models, 3-3-1 models with exotic electric charges, 3-3-1
models with b = 3 , non-universal models, Pleitez and Frampton non-
universal 3-3-1 model, universal one-family models, non-universal heavy
neutral vector bosons

1. Introduction

Models with exotic fermions based on the gauge group symmetry SU(3)⊗ SU(3)⊗U(1)
(hereafter 3-3-1 models for short) have been proposed since the early 1970s [1–11]; however,
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many of these models lacked important properties of what is known nowadays as 3-3-1
models. For a model to be interesting from a modern perspective [12], it must be chiral, the
triangle anomalies must be canceled out only with a number of generations multiple of 3, and
most importantly, it must contain the standard model (SM).

In the 1990s, non-universal models without exotic leptons gained popularity as they were
very convenient in addressing flavor problems [13, 14]. These models have also been helpful
in explaining neutrino masses [15–24], dark matter [25–35], charge quantization [36], strong
CP violation [37, 38], muon anomalous magnetic moment (g-2 muon anomaly) [39–41] and
flavor anomalies [42–45].

Pleitez and Frampton proposed the non-universal 3-3-1 models [13, 14] as examples of
electroweak extensions with lepton number violation, where the number of families is
determined by anomaly cancellation. In the literature, there are many examples of models
without exotic electric charges, these models have been appropriately classified, and their
phenomenology is well known [46–48]. The original model of Pleitez and Framton has exotic
electric charges in the quark sector and corresponds to what is known in the literature as
b = 3 [12]. As far as we know, an exhaustive classification of models with this β does not
exist in the literature, and therefore a work in this line is necessary. It is important to notice
that there are solutions for arbitrary β [49]; however, this solution does not account for all the
possible models for a given β. As we will see, the parameter β cannot be arbitrarily large,
from the matching conditions ∣ ∣ ⪅b q ~cot 1.8W . This condition constitutes a very impor-
tant restriction regarding the possible realizations of the 3-3-1 symmetry at low energies as it
limits the number of possible non-trivial cases to a countable set.

In section 2, we review the basics of the 3-3-1 models. In section 3, we propose sets of
fermions corresponding to families of quarks and leptons with the left-handed triplets, anti-
triplets, and singlets of SU(3)L. In section 4, we show the anomaly-free sets (AFSs) that
constitute the basis for model building. This section lists all possible 3-3-1 models with
b = 3 modulo lepton vector arrays. Finally, in section 5, we show the collider constraints
and the conditions the models must satisfy to avoid flavor changing neutral currents and
charged lepton flavor violation (CLFV) restrictions.

2. 3-3-1 models

In the subsequent discussion, we work the electroweak gauge group SU(3)c⊗
SU(3)L⊗U(1)X, expanding the electroweak sector of the SM, SU(2)L⊗U(1)Y, to
SU(3)L⊗U(1)X. Furthermore, we assume that, similar to the SM, the color group SU(3)c is
vector-like (i.e. anomaly-free). Left-handed quarks (color triplets) and left-handed leptons
(color singlets) transform under the two fundamental representations of SU(3)L (i.e. 3 and 3*).

Two categories of models will emerge: universal single-family models, where anomalies
cancel within each family similar to the SM, and family models, where anomalies are can-
celed through interactions among multiple families.

In the context of 3-3-1 models, the most complete electric charge operator for this elec-
troweak sector is

 ( )a b= + +Q T T X , 1L L3 8

here, TLa= λa/2, where λa, ; a= 1, 2, ..., 8 represents the Gell-Mann matrices for SU(3)L
normalized as Tr (λaλb)= 2δab, and 1=Diag(1, 1, 1) is the diagonal 3× 3 unit matrix.
Assuming α= 1, the SU(2)L isospin group of the SM is fully covered in SU(3)L. The
parameter b = b2

3
is a free parameter that defines the model (β is proportional to b present in
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the electric charge of the exotic vector boson Kμ). The X values are determined through
anomaly cancellation. The 8 gauge fields mAa of SU(3)L can be expressed as [46, 47]

( )
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here, = +m m mD A A2 61
0 3 8 , = - +m m mD A A2 62

0 3 8 , and = -m mD A2 63
0 8 . The

superscripts on the gauge bosons in equation (2) indicate the electric charge of the particles,
some of which are functions of the parameter b.

2.1. The minimal model

In references [14, 50], it was demonstrated that, for b= 3/2 (i.e. b = 3 ), the following
fermion structure is free of all gauge anomalies: ( ) ( )*y n= ~- +l l, , 1, 3 ,0lL

T
l L
0 ,

( ) ( )= ~ -Q u d X, , 3, 3, 1 3iL
T

i i i L , and ( ) ( )*~Q d u Y, , 3, 3 ,2 3L
T
3 3 3 , where l= e, μ, τ

represents the lepton family index, i= 1, 2 for the first two quark families, and the quantum
numbers after the tilde (∼) denote the 3-3-1 representation. The right-handed fields are

( )*~ -u 3 ,1, 2 3aL
c , ( )*~d 3 ,1, 1 3aL

c , ( )*~X 3 ,1, 4 3iL
c , and ( )*~ -Y 3 ,1, 5 3L

c , where
a= 1, 2, 3 is the quark family index, and there are three exotic quarks with electric charges:
−4/3 and 5/3. This version is referred to as minimal in the literature because it avoids the use
of exotic leptons, including possible right-handed neutrinos.

3. Lepton and quark generations

In what follows, we will propose sets of leptons SLi and quarks SQi containing triplets (anti-
triplets) and singlets of SU(3). These sets must contain at least one SM generation of SM
fermions. From equation (1), for b = 3 , the electric charges of the 3 and 3* triplets are:
QQED(3) = Diag(1+ X, X, − 1+ X) and QQED(3

å) = Diag(− 1+ X, X, 1+ X), respec-
tively. The general expressions for the ¢Z charges, with the - ¢Z Z mixing angle equals to
zero, are shown in appendix A. For the SM fields embedded in the sets: SL1, SL2,SL3, SQ1 and
SQ2, the ¢Z charges are shown in tables 1–5, respectively.

• Lepton generation [( ) ]n= Å Å- -- + ++S e E e E, ,L e L1
0

2 2 with quantum numbers (1, 3,
−1); (1, 1, 1) and (1, 1, 2) respectively. The ¢Z charges for the SM fields are shown in
table 1:

• Set [( ) ]n= Å Å- + + -S e E e E, ,L e L2
0

1 1 with quantum numbers (1, 3*, 0); (1, 1, 1) and (1,
1, −1), respectively. The ¢Z charges for the SM fields are shown in table 2:

Table 1. ¢Z chiral charges for the SM leptons and the right-handed neutrino when
embedded in SL1. Here, θW is the electroweak mixing angle.

( )n= Ìℓ e, 3L L
T , eR⊂ 1 (as in SL1)

Fields ¢
¢gZ L

Z ¢
¢gZ R

Z

νe
( )q

q

q

-

-

g

cos
2 cos 3

3 1 4 sin

L

W

W

W

2

2
0

e
( )q

q

q

-

-

g

cos
2 cos 3

3 1 4 sin

L

W

W

W

2

2 q
q

q-

g

cos
3 sin

1 4 sin

L

W

W

W

2

2
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• Set [( )]n= - +S e e, ,L e L3
0 with quantum numbers (1, 3*, 0). The ¢Z charges for the SM

fields are shown in table 3:
• Set [( ) ]= Å Å ÅS d u Q u d Q, ,Q

c c c
L1 1

5 3
1 with quantum numbers (3, 3*, 2/3); (3*, 1,

−2/3); (3*, 1, 1/3) and (3*, 1, −5/3), respectively. The ¢Z for the SM fields are shown in
table 4:

• Set [( ) ]= Å Å Å-S u d Q u d Q, ,Q
c c c

L2 2
4 3

2 with quantum numbers (3, 3, −1/3); (3*,
1, −2/3); (3*, 1, 1/3) and (3*, 1, 4/3), respectively. The ¢Z charges for the SM fields are
shown in table 5:

Table 2. ¢Z chiral charges for the SM leptons and the right-handed neutrino when
embedded in SL2. Here, θW is the electroweak mixing angle.

( ) *n= Ìℓ e, 3L L
T , eR ⊂ 1 (as in SL2)

Fields ¢
¢gZ L

Z ¢
¢gZ R

Z

νe
q

q-g

cos

1 4 sin

2 3
L

W

W
2

0

e
q

q-g

cos

1 4 sin

2 3
L

W

W
2

q
q

q-

g

cos
3 sin

1 4 sin

L

W

W

W

2

2

Table 3. ¢Z chiral charges for the SM leptons and the right-handed neutrino when
embedded in SL3. Here, θW is the electroweak mixing angle.

( ) *n= Ìℓ e e, , 3L L
T

R (as in SL3)

Fields ¢
¢gZ L

Z ¢
¢gZ R

Z

νe
q

q-g

cos

1 4 sin

2 3
L

W

W
2

0

e
q

q-g

cos

1 4 sin

2 3
L

W

W
2

q
q-g

cos

1 4 sin

3
L

W

W
2

Table 4. ¢Z chiral charges for the SM quarks when they are embedded in SQ1. Here, θW
is the electroweak mixing angle.

( ) *= Ìq u d, 3L L
T , uR, dR ⊂ 1 (as in SQ1)

Fields ¢
¢gZ L

Z ¢
¢gZ R

Z

u
( )q q-

g

cos
1

2 3 1 4 sin

L

W 2 ( )
-

q
q

q-

g

cos
2 sin

3 1 4 sin

L

W

W
2

2

d
( )q q-

g

cos
1

2 3 1 4 sin

L

W 2 ( )q
q

q-

g

cos
sin

3 1 4 sin

L

W

W
2

2

Table 5. ¢Z chiral charges for the SM quarks when they are embedded in SQ2. Here, θW
is the electroweak mixing angle.

( )= Ìq u d, 3L L
T , uR, dR ⊂ 1 (as in SQ2)

Fields ¢
¢gZ L

Z ¢
¢gZ R

Z

u
( )q

q

q

-

-

g

cos
1 2 sin

2 3 1 4 sin

L

W

W
2

2 ( )
-

q
q

q-

g

cos
2 sin

3 1 4 sin

L

W

W
2

2

d
( )q

q

q

-

-

g

cos
1 2 sin

2 3 1 4 sin

L

W

W
2

2 ( )q
q

q-

g

cos
sin

3 1 4 sin

L

W

W
2

2
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• To cancel anomalies, it is advantageous introducing triplets and anti-triplets of exotic
leptons; for example, [( ) ]= Å Å+ ++ - --S N E E E E, ,E L1 1

0
4 3 4 3 with quantum numbers (1,

3*, 1); (1, 1, −1) and (1, 1, −2), respectively. We do not report the ¢Z charges of exotic
fermion fields because we assume they have a very high mass.

• Additional exotic lepton sets. [( ) ]= Å Å+ - - +S E N E E E, ,E L2 5 2
0

6 5 6 with quantum
numbers (1, 3, 0); (1, 1, −1) and (1, 1, 1), respectively. A more economical set is

[( )]= + -S E N E, ,E3 5 2
0

5 which has identical contributions to the anomalies as SE2 but
different ¢Z charges. However, these details are irrelevant for the low energy
phenomenology, so we do not include SE3 in table 6.

4. Irreducible anomaly free sets and models

Table 6 shows the contribution of each set to the anomalies. From table 6, it is possible to
obtain the irreducible AFSs [48], shown in table 7. The irreducible AFSs QI

i, Q
II
i and QIII

i in
table 7 correspond to fermion sets with one quark family, two quark families, or three quark
families, respectively. These sets can be combined to build three family models as shown in
table 8. There are 33 different models (without considering all the possible embeddings).
These models can also be extended by adding vector-like lepton sets, Li, indicated in the
second column of table 7. To exemplify the possible embeddings we show some cases in
table 10. The choice of models in table 10 show how the phenomenology depends on the SM
fermion embedding in the model. For example, in the case of M10, the embedding determines
whether it is strongly coupled. M17 was chosen because it had several embeddings. M3 is the
minimal model. M4 is similar to the minimal model but is not universal in the lepton sector.

In general, we obtain three classes of models as we can see below:

Table 6. Contribution to the anomalies for each family of quarks SQi, leptons SLi and
exotics SEi, for 3-3-1 models with b = 3 .

Anomalías SL1 SL2 SL3 SQ1 SQ2 SE1 SE2

[ ( ) ] ( )SU U3 1C X
2 0 0 0 0 0 0 0

[ ( ) ] ( )SU U3 1L X
2 −1 0 0 2 −1 1 0

[Grav]2U(1)X 0 0 0 0 0 0 0
[ ( ) ]U 1 X

3 6 0 0 −12 6 −6 0
[ ( ) ]SU 3 L

3 1 −1 −1 −3 3 −1 1

Table 7. AFSs for b = 3 . We have classified the AFS according to the content of
quark families, i.e. QI

i, Q
II
i , and QIII

i . Combinations of these sets with three SM quark
and three SM lepton families can be considered as 3-3-1 models.

i
Vector-like lepton

set (Li) One quark set (Qi
I) Two quarks set (Qi

II) Three quarks set ( )Qi
III

1 SE2 + SL2 SE2 + 2SL1 + SQ1 SL1 + SL2 + SQ1 + SQ2 3SL1 + 2SQ1 + SQ2
2 SE1 + SL1 SE1 + 2SL2 + SQ2 SL1 + SL3 + SQ1 + SQ2 3SL2 + SQ1 + 2SQ2
3 SE2 + SL3 SE1 + SL2 + SL3 + SQ2 3SL3 + SQ1 + 2SQ2
4 SE1 + 2SL3 + SQ2 2SL2 + SL3 + SQ1 + 2SQ2
5 SL2 + 2SL3 + SQ1 + 2SQ2
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• Completely non-universal models: this happens if we embed each of the SM families in
different sets; for example, one of the possible embeddings for the M12 model in table 8
is to put the first lepton family in SL3 and the remaining lepton families in SL1 and SL2.
This class of models usually has very strong restrictions from FCNC and CLFV.

• Universal Models: in several AFSs, there are embeddings with the three families of SM
leptons in sets with the same quantum numbers; the same applies for the three families of
the SM quarks. For example, in the M26 model in table 8, it is possible to embed all the
three SM families in the sets 3SL3+ 3SQ2. The remaining fields are considered exotic
fermions and are necessary to cancel anomalies.

Table 8. Three-family models built from the irreducible anomaly-free sets (table 7). It is
possible to obtain (trivially) new models by adding vector-like lepton sets; we are not
considering these possibilities in our counting unless they are necessary to complete the
lepton families.

Models

M1 QIII
1 3SL1 + 2SQ1 + SQ2

M2 QIII
2 3SL2 + SQ1 + 2SQ2

M3 QIII
3 3SL3 + SQ1 + 2SQ2

M4 QIII
4 2SL2 + SL3 + SQ1 + 2SQ2

M5 QIII
5 SL2 + 2SL3 + SQ1 + 2SQ2

M6 +Q Q1
II

1
I 3SL1 + SL2 + SE2 + 2SQ1 + SQ2

M7 +Q Q1
II

2
I SL1 + 3SL2 + SE1 + SQ1 + 2SQ2

M8 +Q Q1
II

3
I SL1 + 2SL2 + SL3 + SE1 + SQ1 + 2SQ2

M9 +Q Q1
II

4
I SL1 + SL2 + 2SL3 + SE1 + SQ1 + 2SQ2

M10 +Q Q2
II

1
I 3SL1 + SL3 + SE2 + 2SQ1 + SQ2

M11 +Q Q2
II

2
I SL1 + 2SL2 + SL3 + SE1 + SQ1 + 2SQ2

M12 +Q Q2
II

3
I SL1 + SL2 + 2SL3 + SE1 + SQ1 + 2SQ2

M13 +Q Q2
II

4
I SL1 + 3SL3 + SE1 + SQ1 + 2SQ2

M14 + +Q Q Q1
I

2
I

3
I 2SL1 + 3SL2 + SL3 + 2SE1 + SE2 + SQ1 + 2SQ2

M15 + +Q Q Q1
I

2
I

4
I 2SL1 + 2SL2 + 2SL3 + 2SE1 + SE2 + SQ1 + 2SQ2

M16 + +Q Q Q1
I

3
I

4
I 2SL1 + SL2 + 3SL3 + 2SE1 + SE2 + SQ1 + 2SQ2

M17 + +Q Q Q2
I

3
I

4
I 3SL2 + 3SL3 + 3SE1 + 3SQ2

M18 Q3 1
I 6SL1 + 3SE2 + 3SQ1

M19 +Q Q2 1
I

2
I 4SL1 + 2SL2 + 2SE2 + SE1 + 2SQ1 + SQ2

M20 +Q Q2 1
I

3
I 4SL1 + SL2 + SL3 + SE1 + 2SE2 + 2SQ1 + SQ2

M21 +Q Q2 1
I

4
I 4SL1 + 2SL3 + SE1 + 2SE2 + 2SQ1 + SQ2

M22 Q3 2
I 6SL2 + 3SE1 + 3SQ2

M23 +Q Q2 2
I

1
I 2SL1 + 4SL2 + 2SE1 + SE2 + SQ1 + 2SQ2

M24 +Q Q2 2
I

3
I 5SL2 + SL3 + 3SE1 + 3SQ2

M25 +Q Q2 2
I

4
I 4SL2 + 2SL3 + 3SE1 + 3SQ2

M26 Q3 3
I 3SL2 + 3SL3 + 3SE1 + 3SQ2

M27 +Q Q2 3
I

1
I 2SL1 + 2SL2 + 2SL3 + 2SE1 + SE2 + SQ1 + 2SQ2

M28 +Q Q2 3
I

2
I 4SL2 + 2SL3 + 3SE1 + 3SQ2

M29 +Q Q2 3
I

4
I 2SL2 + 4SL3 + 3SE1 + 3SQ2

M30 Q3 4
I 6SL3 + 3SE1 + 3SQ2

M31 +Q Q2 4
I

1
I 2SL1 + 4SL3 + 2SE1 + SE2 + SQ1 + 2SQ2

M32 +Q Q2 4
I

2
I 2SL2 + 4SL3 + 3SE1 + 3SQ2

M33 +Q Q2 4
I

3
I SL2 + 5SL3 + 3SE1 + 3SQ2
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• The 2+ 1 models: most AFSs have embeddings where two families are in sets with the
same quantum numbers, and the third family is a different set. To avoid the strongest
FCNC restrictions, it is necessary that the left-handed doublets of the first two SM quark
families have identical quantum numbers. This condition is also desirable for Lepton
families, although some models could avoid the FCNC constraints without satisfying this
condition. A typical example of these models is the Pisano–Pleitez–Frampton minimal
model [13, 14]. 3SL3+ SQ1+ 2SQ2 (the M3 model in table 8). This model is universal in
the lepton sector and non-universal in the quark sector.

5. LHC and low energy constraints

We consider the ATLAS search for high-mass dilepton resonances in the mass range of
250 GeV to 6 TeV in proton–proton collisions at a center-of-mass energy of =s 13 TeV
during Run 2 of the LHC with an integrated luminosity of 139 fb−1 [51]. This data was
collected from searches of ¢Z bosons decaying dileptons. We obtain the lower limit on the ¢Z
mass from the intersection of the theoretical predictions for the cross-section with
the corresponding upper limit reported by ATLAS at a 95% confidence level. We use
the expressions given in [52–54] to calculate the theoretical cross-section. We assume that the
- ¢Z Z mixing angle θ (see appendix D) equals zero for these bounds. In table 9, the LHC

constraints for some models are presented. It is important to stress that the leptons of the first
family, i.e. the electron and its neutrino, should be embedded in SL3 since it is the only
scenario where the right-handed electron has ¢Z couplings less than 1. In table 9, this is the
best option for models with the first two lepton generations embedded in SL3, as it happens for
the minimal model (M3), since having identical quantum numbers for the first and second
lepton families avoids possible issues with CLFV and FCNC. To avoid the strongest FCNC
constraints in the quark sector, the charges of the left-handed quarks of the first two families
should be identical [55]; this feature is assumed to calculate the lower mass limits in table 9. It
is important to stress the non-universal ¢Z couplings modify processes such as [56]: coherent
μ− e conversion in a muon atom, ¯-K K0 0 and ¯-B B mixing, ò, and  ¢ , lepton, and
semileptonic decays (e.g. μ→ eγ) which, if observed in the future, the Non-universal Models
will be favored over the universal ones. For models with a ¢Z boson coupling in a different
way to the third family, there are different predictions for the branching rations B(t→Hu) and
B(t→Hc). These predictions are strongly constrained by colliders [57]. In table 10, SC stands
for strongly coupled, indicating that in the sets SL1 and SL2, the coupling of the right-handed
electron is greater than one, and therefore, the collider constraints are very strong. Even
though ¢Z with couplings greater than one to the SM fields of the first generation are quite

Table 9. The lepton families SL1 and SL2 are strongly coupled (For SL1 and SL2 the left-
handed lepton doublet ℓand the right-handed charged lepton singlet eR have couplings
greater than 1, respectively). Therefore only SL3 is phenomenologically viable for the
first family. Depending on the quark content, i.e. SQ1 or SQ2, we have two different
constraints.

Particle content LHC-lower limit
first generation in TeV

SL3 + SQ1 7.3
SL3 + SQ2 6.4
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Table 10. Alternative embeddings of the SM fields for some of the models in table 8. The lepton sets in square brackets contain the SM fields. The
superscripts correspond to the particle content of the SM, where ( ¯)ℓ ℓ stands for a left-handed lepton doublet embedded in a SU(3)L triplet (anti-
triplet), and ¢+e (e+) is the right-handed charged lepton embedded in a SU(3)L triplet (singlet). The check mark ✓means that at least two (2+1) or
three (universal) families have the same charges under the gauge symmetry. The cross×stands for the opposite. LHC constraints are obtained from
table 9 for embeddings in which we can choose the same ¢Z charges for the first two families, otherwise, we leave the space blank. To avoid a
strongly coupled model in the Lepton sector, it is necessary to embed the first Lepton family (electron and electron neutrino) in SL3. This feature will
be helpful to distinguish between the different embeddings. The embedding also defines the content of exotic particles in each case.

Model j SM Lepton embeddings Universal 2+ 1 Quark configuration LHC-lower limit

=M Q3 3
III(Minimal) — [

¯ ¢+ +
S3 L

ℓ e
3 ] ✓ × 2SQ2 + SQ1 6.4 TeV

=M Q4 4
III — [ ¯ ¯

+ ¢+ ++ +
S S2 L

ℓ e
L
ℓ e

2 3 ] × ✓ 2SQ2 + SQ1 6.4 TeV
( )= +M Q Q6 j

1
I

1
II 1 [ + +

S3 L
ℓ e
1 ]+SL2 + SE2 ✓ × 2SQ1 + SQ2 SC

2 [ ¯++ ++ +
S S2 L

ℓ e
L
ℓ e

1 2 ]+SL1 + SE2 × ✓ 2SQ1 + SQ2 SC
( )= + +M Q Q Q17 j

2
I

3
I

4
I 1 [ ¯+ +

S3 L
ℓ e
2 ]+3SL3 + 3SE1 ✓ × 3SQ2 SC

2 [
¯ ¢+ +

S3 L
ℓ e
3 ]+3SL2 + 3SE1 ✓ × 3SQ2 6.4 TeV

3 [ ¯ ¯
+ ¢+ ++ +

S S2 L
ℓ e

L
ℓ e

2 3 ]+SL2 + 2SL3 + 3SE1 × ✓ 3SQ2 6.4 TeV
4 [ ¯ ¯

+ ¢+ ++ +
S S2L

ℓ e
L
ℓ e

2 3 ]+2SL2 + SL3 + 3SE1 × ✓ 3SQ2 6.4 TeV
( )= +M Q Q10 j

1
I

2
II 1 [ + +

S3 L
ℓ e
1 ]+SL3 + SE2 ✓ × 2SQ1 + SQ2 SC

2 [
¯

+ ¢+ ++ +
S S2 L

ℓ e
L
ℓ e

1 3 ]+SL1 + SE2 × ✓ 2SQ1 + SQ2 7.3 TeV
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disfavored by colliders [52], strongly coupled models are also attractive in several phe-
nomenological approaches [55, 58]; for this reason, it is important to realize the existence of
these models, which naturally appear in 3-3-1 models with large β values. Regarding con-
straints on exotic particles, the restrictions on the mass of a sequential heavy lepton are above
100 GeV [59]. For exotic quarks ¢t and ¢b , the allowed mass ranges are above 1370 GeV and
1570 GeV, respectively [59]. The restrictions on fields with exotic electric charges are weaker
because the identification algorithms assume the charges are proportional to the charge of the
electron [60]. The presence of doubly charged exotic leptons can generate new decay
channels in proton–proton collisions at very high energies. In figure 1, the Feynman diagram
for the process ¯ ( )g m m t t ¢   ++ -- + - + - + - + -qq Z E E ℓ ℓ ℓ ℓ , generating four boosted
leptons in the final state (the doubly charged exotic lepton appears in SL1, which strongly
couples the ¢Z ; for this reason, to avoid collider constraints, we restrict to leptons of the
second or third family). On the other hand, exotic quarks modify the ¯-K K0 0 mixing, as
shown in figure 2. Fermions with exotic electric charges can contribute to several processes;
however, an exhaustive study of these processes is beyond the purpose of this work.

6. Conclusions

Since that for 3-3-1 models, the absolute value of the parameter β must be less than
⪅b q =cot 1.8W (for q =sin 0.231W

2 in the MS renormalization scheme at the Z-pole
energy scale), and the values of β are further limited by the Requirement that the vector boson
charges be integers, the possible values of this parameter are reduced to a few cases. For a
realistic model, the maximum possible value corresponds to b = ~3 1.73. This case is
important since it contains the Pleitez-Frampton minimal model. We have constructed three
sets of lepton families, SLi, two quark families, SQi, and two exotic lepton families SEi, and we

Figure 1. Doubly charged exotic lepton contribution to the process
¯ ( )g m m t t ¢   ++ -- + - + - + - + -qq Z E E ℓ ℓ ℓ ℓ .

Figure 2. Exotic quark contribution to the ¯-K K0 0 mixing.
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calculated their contribution to anomalies. In our analysis, we obtained 14 irreducible AFSs,
from which we built 33 non-trivial 3-3-1 models (without considering the different embed-
dings) with at least three quark and three lepton families for each case. Each of these
embeddings constitutes a phenomenologically distinguishable model; however, we limited
our analysis of the possible embeddings to a few cases. In the same way, from our analysis of
the 3-3-1 models with b = 3 we report the couplings of the SM fields to the ¢Z boson for all
the possible quark and lepton families and the corresponding lower limits on the ¢Z mass. We
also discuss the conditions under which the reported models avoid FCNC and CLFV. We also
observed that strongly coupled models appear naturally and require a high value for the ¢Z
mass. They can be helpful in specific phenomenological approaches based on models with
strong dynamics. In the future, a detailed analysis of each model will be necessary; however,
this is beyond the scope of the present work.
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Appendix A. Z ′ charges for a general 3-3-1 model

At low energy, the 3-3-1 models, i.e. the gauge symmetry SU(3)C⊗ SU(3)L⊗U(1)X reduces
to the low energy effective theory SU(3)C⊗ SU(2)L⊗U(1)8L⊗U(1)X→ SU(3)C⊗ SU(2)L⊗
U(1)Y. From the covariant derivatives, for the neutral currents, we obtain the interaction
Lagrangian

( )- É + +m
m

m
m

m
mg J A g J A g J A , A1L L L L L L X X X3 3 8 8

which can be written as

˜ ˜ ˜ ( )

- = =

=

m
m

m
m

m
m

g J A g J O O A

g J A

,

, A2

NC i i i j j jk kl
T

l

k k k

where ˜ =m mA O Ak kl
T

l , then ( ) ( )=m m m mA A A A, ,L X1 2 8 , ( ˜ ˜ ) ( )= ¢m m m mA A B Z, ,1 2 , ( ) =m mg J g J,1 1 2 2

( )m mg A g A,L L X X8 and ( ˜ ˜ ˜ ˜ ) ( )=m m m m
¢ ¢g A g A g J g J, ,Y Y Z Z1 1 2 2 . At high energies, the symmetry is

broken following the breaking chain SU(3)C⊗ SU(3)L⊗UX(1)→ SU(3)C⊗ ( ) ÄSU 2 L

( ) ( ) ( )Ä =U U SU1 1 3L X C8 ( ) ( ) ( )Ä Ä Ä ¢SU U U2 1 1L Y , i.e.

( )
¢

=m

m

m

m

´

´ ´

A
B
Z

O

A
A

A

1 0

0
. A3

L

T

L

L

X

3 1 2

2 1 2 2

3

8⎜ ⎟
⎛

⎝
⎜

⎞

⎠
⎟

⎛
⎝

⎞
⎠

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
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Next step ( ) ( ) ( ) ( ) ( ) ( )Ä Ä Ä ¢  ÄSU SU U U SU U3 2 1 1 3 1C L Y C QED , i.e.

( )
q q
q q

¢
= -

¢

m

m

m
m

m

A
Z
Z

A
B
Z

sin cos 0
cos sin 0

0 0 1
A4

W W

W W

L3⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

where the fields correspond to the SM photon Aμ and the Zμ boson, and a heavy vector-boson
¢Z . Proceeding similarly for the currents, and limiting ourselves to the fields on which the

orthogonal submatrix Q2×2 acts, from equation (A2) we obtain ˜ ˜ =m mg J g J Ok k j j jk , i.e.

( ) ( )
( )

˜ ˜

( )

= =

= + +

m
m m m m

m m m m

¢ ¢g J g J g J g J g J
O O
O O

g J O g J O g J O g J O

, , ,

, . A5

k k Y Y Z Z L L X X

L L X X L L X X

8
11 12

21 22

8 11 21 8 12 22

⎛
⎝

⎞
⎠

Without further assumption

( ) ( )w w
w w

= -O O
O O

cos sin
sin cos

, A611 12

21 22

⎛
⎝

⎞
⎠

so that

( )
w w
w w

= +
=- +

m m m

m m m
¢ ¢

g J g J g J

g J g J g J

cos sin ,

sin cos . A7
Y Y L L X X

Z Z L L X X

8

8

The charge operator in a three-dimensional representation is given by

 ( )b= + +Q T T X , A8L LQED 3 8

hence

( )b= +Y T X. A9L8

From this expression, it is possible to obtain a relation between the currents (the currents are
proportional to the charges)

( )b= +m m mJ J J . A10Y L X8

Comparing this result with (A7)

( )b
w w

= =
g

g

g

g

cos
, 1

sin
. A11L

Y

X

Y

From w w+ =cos sin 12 2 , we obtain

( )b
+ =

g g g

1 1
. A12

L X Y

2 2

2⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

In the SM, gL≈ 0.652 and q=g g tanY L W ,

( )
q

b q
=

-
g

g tan

1 tan
. A13X

L W

W
2 2

This expression shows that the parameter β cannot be arbitrarily large from the matching
conditions ⪅b qcot ;W some care must be taken on this approximation since this is a
renormalization-scheme dependent inequality. From these expressions, we obtain
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( )w
b

b q w b q= = = -
g

gcos tan , sin 1 tan . A14
L

Y W W
2 2

From equation (A7),  w w= - +¢ ¢g g T g Xsin cosZ Z L L X X8 , we obtain

˜
˜

( )

 b q b
q

b q

a b
q

a

=- - +
-

= - +

¢ ¢g g T
g X

g T X

1 tan
tan

1 tan
,

tan
, A15

Z Z L L W
L W

W

L L
W

8
2 2

2

2 2

8

2
⎜ ⎟
⎛
⎝

⎞
⎠

where ã b q q= - = -
q

1 tan 1 4 sinW W
2 2 1

cos
2

W
for b = 3 .

Appendix B. Chiral charges for the 3 representation

In what follows, we propose sets of fermions representing the particle content of a generation
of leptons or quarks, for left-handed triplets 3, and for right-handed fermions in an SU(3)L
singlet, in general we have

( )

( )

˜
˜

˜
˜

˜
˜

˜
 

a b
q

a

a b
q

a

a b
q

a

b
q

a
=

- +

- +

+

=¢
¢ ¢

B1

g g

X

X

X

g X3

1

2 3

tan
0 0

0
1

2 3

tan
0

0 0
1

3

tan

,
tan

.Z L
Z

L

W

W

W

R
Z

L
W

R

2

2

2

2

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

Here we add the subindex R to the X-charge of the right-handed singlet to emphasize that
it differs from the quantum number of the left-handed triplet, i.e. X. If the charge conjugate of
the right-handed fermion is identified with the third component of a triplet,

then ( )˜ ˜
 a b= - + q

a
¢ g XR

Z
L

1

3

tan W
2

.

Appendix C. The conjugate representation 3å

To cancel the anomalies of SU(3)L, triplets must be put in the conjugate representation. In
general, for any set of generators Ta of an SU(N) symmetry with N� 3 there exists another set
of generators −Ta*, which satisfy the same algebra. This set of generators spawns the so-
called conjugate representation of SU(N). With these generators, we can build charge
operators and multiplets containing the SM particles. To compare with the conjugate repre-
sentation, we use the projectors

˜ ( )= =p p
1 0 0
0 1 0
0 0 0

,
0 1 0
1 0 0
0 0 0

. C112 12
⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

They should not be confused with permutation operators, as the purpose of these operators is
to compare only the first two rows of the charge operators. p̃12 also permutes the first two
eigenvalues to make a proper comparison with the conjugate operator. We can obtain the XC,
i.e. the charge of the triplet 3å in the conjugate representation, from the equation
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



˜ ( ) ˜

( ) ( )

b

b

+ +

= - - +

p T T X p

p T T X p , C2

L L
T

L L
C T

12 3 8 12

12 3 8 12

only the signs of the SU(3) generators were changed. This matrix equation is equivalent to a

couple of linear equations. These equations have the solution ( ) ( )= + = +bX X X1C
3

.

An equivalent treatment is to obtain the conjugate representation from T3L− βT8L+ Xc,
which generates the exact electric charges but in a different order. We verify that both
approaches contribute identically to the anomalies, developing the same particle content and
models. For left-handed triplets in the conjugate representation 3å, and right-handed fermions
in an SU(3)L singlet, we have, in general,

( )

( )

˜
˜

˜
˜

˜
˜

˜
 

a b
q

a

a b
q

a

a b
q

a

b
q

a
=

+ +

+ +

- +

=¢
¢ ¢

C3

g g

X

X

X

g X3

1

2 3

tan
0 0

0
1

2 3

tan
0

0 0
1

3

tan

,
tan

.Z L
Z

L

W C

W C

W C

R
Z

L
W C

2

2

2

2

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

If the charge conjugate of the right-handed fermion is identified with the third component

of a triplet, then ( )˜ ˜
 a b= - - + q

a
¢ g XR

Z
L

C1

3

tan W
2

.

Appendix D. Z-Z ′ mixing

Mixing angle θ between Z and ¢Z is tightly constrained [61], i.e. θ< 10−3; however, in
several phenomenological analyzes, it is still useful delivering expressions for the mass
eigenstates.

( )
q q
q q

= + ¢
=- + ¢

m m m

m m m

Z Z Z

Z Z Z

cos sin ,

sin cos . D1
1

2

At low energies, Z1 is identified with the SM Z boson. In order to keep the Lagrangian
invariant, this field rotation must be compensated by the corresponding rotation of the
currents

( )
q q

q q

= +

=- +
¢

¢

m m m

m m m
¢

¢

g J g J g J

g J g J g J

cos sin ,

sin cos . D2
Z Z Z Z

Z Z Z Z

1 1

2 2

From which we get

( )
q q
q q

= +
=- +

¢

¢

¢

¢

g Q g Q g Q

g Q g Q g Q

cos sin ,

sin cos . D3
Z Z Z Z

Z Z Z Z

1 1

2 2
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Abstract
We study the possibility of obtaining the Standard Model (SM) of particle
physics as an effective theory of a more fundamental one, whose electroweak
sector includes two non-universal local U(1) gauge groups, with the chiral
anomaly cancellation taking place through an interplay among families. As a
result of the spontaneous symmetry breaking, a massive gauge boson ¢Z arises,
which couples differently to the third family of fermions (by assumption, we
restrict ourselves to the scenario in which the ¢Z couples in the same way to the
first two families). Two Higgs doublets and one scalar singlet are necessary to
generate the SM fermion masses and break the gauge symmetries. We show
that in our model, the flavor-changing neutral currents (FCNC) of the Higgs
sector are identically zero if each right-handed SM fermion is only coupled
with a single Higgs doublet. This result represents a FCNC cancellation
mechanism different from the usual procedure in Two-Higgs Doublet Models.
The non-universal nature of our solutions Requires the presence of three right-
handed neutrino fields, one for each family. Our model generates all elements
of the Dirac mass matrix for quarks and leptons, which is quite non-trivial for
non-universal models. Thus, we can fit all the masses and mixing angles with
two scalar doublets. Finally, we show the distribution of solutions for the
scalar boson masses in our model by scanning well-motivated intervals for the
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model parameters. We consider two possibilities for the scalar potential and
compare these results with the Higgs-like resonant signals recently reported by
the ATLAS and CMS experiments at the LHC. Finally, we also report collider,
electroweak, and flavor constraints on the model parameters.

Keywords: non-universality, right-handed neutrinos, flavor physics

1. Introduction

The Standard Model of particle physics (SM) based on the local gauge group
SU(3)C ⊗ SU(2)L ⊗ U(1)Y [1] has been very successful so far, in the sense that its predictions
are in good agreement with the present experimental results, including the latest discovery of
the Higgs boson [2–4], a fundamental ingredient of the model that contributes to our
understanding of the origin of mass for the subatomic particles. However, the SM fails short
in explaining things as: hierarchical charged fermion masses, fermion mixing angles, charge
quantization, strong CP violation, replication of families, neutrino masses and oscillations,
and the matter-antimatter asymmetry of the Universe. Besides, gravity is excluded from the
context of the model and good candidates for dark matter and dark energy present in the
Universe are not provided [5–12].

Replication of families, also known as the ‘family problem’, refers to the fact that the SM
is not able to predict the number N of fermion families existing in nature, something related
with the universality of the model, which means that the gauge anomalies, in particular those
associated with the U(1)Y hypercharge, cancel out exactly for each family; the only restriction,
N� 8, comes from the asymptotic freedom of SU(3)C also known as quantum chromody-
namics or QCD [13]. Experimental results at the CERN-LEP facilities early in the 1990s
implied the existence of at least three families, each one having a neutral lepton with a mass
less than half the mass of the neutral Z gauge boson [14]; this result was initially interpreted as
an exact value for the total number of families in nature, which is not quite correct. As a
matter of fact, the LEP data does not exclude the existence of additional families having
heavy neutrinos.

Therefore, it is widely believed that the SM is not truly fundamental, with the prevailing
view that the model is just a low-energy effective description of a more complete theory.
There are several good candidates for this, all of them grouped in what is now known as ‘the
physics beyond the Standard Model’ (BSM) [15–17]. Thus, there are numerous works with
gauge extensions of the U(1) type, either to explain neutrino masses or dark matter, etc. see
references:[18–23] as to show some of them. However, our goal is to introduce two non-
universal U(1) symmetry gauge to SM to obtain it as an effective model. The consideration of
¢Z bosons with non-universal couplings is justified for theoretical and experimental reasons.

From a theoretical perspective, these models arise naturally in several scenarios, for example
in string models [24–27] and 3-3-1 models [28–32]. However, from a phenomenological
point of view, they are convenient for studying experimental anomalies at low energies, for
example: anomalous decays of B-mesons [33–37], Cabibbo angle anomaly [38], muon
anomalous magnetic moment (or muon g-2) [39–41] and rare charm decays [42]. Recently
CMS reported for the first time searches for neutral vector bosons with non-universal cou-
plings [43] due to the multiple applications of this class of models. Thus, searching for signals
associated with these models remains a relevant task in exploring physics BSM [44].
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In what follows, and in order to shed some light on the shortcomings of the SM, we
propose an extension of it; that is, a new model for three families based on the local gauge
group SU(3)C ⊗ SU(2)L ⊗ U(1)α ⊗ U(1)β, where the charges associated with the two Abelian
factors are non-universal, in the sense that they are not the same for the three assumed
families. The fermion content of our model is the same as that of the SM, extended with three
right-handed neutrinos νiR (i= 1, 2, 3), one for each family.

2. The model

In this section, we elaborate on the mathematical aspects of the new model in consideration,
which is a minimal extension of the SM, both in its gauge sector and in its fermion sector. As
a consequence, the scalar sector must also be enlarged, something we are going to do in the
most economical possible way.

As mentioned above, the model to be considered here is based on the local gauge sym-
metry SU(3)C ⊗ SU(2)L ⊗ U(1)α ⊗ U(1)β, where SU(3)C and SU(2)L are the same as in the
SM, and the two Abelian factors are non-universal, capable of projecting the SM U(1)Y
hypercharge to a lower energy scale. So, as a result of the spontaneous symmetry breaking, a
new gauge boson associated with a non-universal neutral weak current appears.

The fermion fields in our model are the same as in the SM, together with three neutral
Weyl states associated with the three right-handed neutrino components, one for each family.
This popular fermion extension of the SM has been used to explain neutrino masses and
oscillations, the baryon asymmetry of the Universe, dark matter and dark radiation, and in our
approach, it has the peculiarity that, unlike what happens in the SM, the three new fields have
non-vanishing charges under both U(1) factors.

As for the scalar sector, we first introduce a SM singlet field σ able to spontaneously break
the U(1)α ⊗ U(1)β symmetry down to U(1)Y. To break the remaining symmetry and at the
same time implement the Higgs mechanism, at least one SU(2)L scalar doublet Φ2 (developing
a vacuum expectation value (VEV) at an energy scale v2) must be introduced, in such a way
that the remaining symmetry SU(3)C ⊗ U(1)Q survives down to laboratory energies. We
choose the quantum numbers of this doublet such that it only provides tree-level masses to the
third fermion family. To generate (at tree level) the other fermion masses and the mixing
matrices, at least one more SU(2)L scalar doublet Φ1 must be included. This doublet develops
a VEV at an energy scale v1 < v2. Table 1 shows the fermion and scalar content of our model,
along with the notation used for the different Abelian charges, as well as the weak-isospin T3,

Table 1. Here, i runs over the number of families (i= 1, 2, 3), and a= 1, 2.

( )nº eℓ ,i iL iL
T νiR eiR ( )ºq u d,i iL iL

T uiR diR ( )f fF = +,a a a
T0

σ

T̂3 ( )-,
T1

2
1
2

0 0 ( )-,
T1

2
1
2

0 0 ( )-,
T1

2
1
2

0

Ŷ −1 0 −2 1
3

4
3

- 2
3

1 0

Q̂ (0, −1)T 0 −1 ( )-,
T2

3
1
3

2
3

- 1
3

(1, 0)T 0

â αli ani αei αqi αui αdi αa ασ

b̂ βli βνi βei βqi βui βdi βa βσ
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hypercharge Y, and electric charge Q of the particles. In our analysis, we will assume that
c c c= ¹f f f1 2 3

, where c fi
stands for the Abelian α, β charges, f = q, u, d, l, ν, e and i= 1, 2,

3, that is, we consider a model with universal couplings for the first two fermion families, but
not for the third one, a convenient condition in the implementation of models with minimal
flavor violation, that in turn provides a way to distinguish the third family from the first two
ones. In this way, our model is characterized by 24 parameters associated with the fermion
sector and 6 more with the scalar one, for a total of 30 free parameters which can be fixed by
demanding a renormalizable model, reproducting the SM hypercharges, and appropriate
Yukawa couplings to provide fermion masses.

2.1. Cancellation of chiral anomalies

Regarding the renormalizability of the theory, we must ensure an anomaly-free scenario,
which is achieved by imposing the following relations among the U(1) fermion charges:

[ ( ) ] ( ) ( )

[ ( ) ] ( ) ( )

[ ] ( ) ( )

[ ( ) ] ( ) ( )

[ ( ) ] ( )
( )

å

å

å

å

å

a a a

a a

a a a a a a

a b a b a b a b a b a b

a a a a a a

Ä - - =

Ä + =

Ä - - + - - =

- - + - - =

- - + - - =

a

a

a n

a b n n

a n

SU U

SU U

U

U U

U

3 1 : 2 0,

2 1 : 3 0,

grav 1 : 6 3 3 2 0,

1 1 : 6 3 3 2 0,

1 : 6 3 3 2 0,

1

i
qi ui di

L
i

qi li

i
qi ui di li i ei

i
qi qi ui ui di di li li i i ei ei

i
qi ui di li i ei

C
2

2

2

2 2 2 2 2 2 2

3 3 3 3 3 3 3

together with the five corresponding equations for the U(1)β group. These are obtained from
the previous ones via the α↔ β exchanging for a total of 10 equations. Given that the number
of involved unknowns is greater (24 assuming universality in the first two fermion families),
the number of possible solutions is infinite, so, just like in the SM, chiral anomaly
cancellation is not sufficient to explain the charge quantization [13].

2.2. The Lagrangian of the Model

In our model, the covariant derivative Dμ for the electroweak (EW) sector is given by

ˆ ˆ ˆ ( )a b= ¶ + + +m m a
a
m b

b
mD ig A T i

g
B i

g
B

2 2
, 2u

L j j

where T̂j,
mAj (with j = 1, 2, 3) and gL denote, respectively, the generators, the gauge fields,

and the coupling constant associated with the weak isospin gauge group SU(2)L, while ĉ, c
mB

and gχ, with χ = α, β, are the corresponding quantities related with the two Abelian U(1)
factors. The terms in the Lagrangian describing the relevant interactions in our analysis are
then:
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( )
∣ ∣ ∣ ∣ ∣ ∣

¯ ̸ ¯ ̸ ¯ ̸ ¯ ̸ ¯ ̸ ¯ ̸
¯ ¯ ˜ ¯ ¯ ˜

¯ ¯ ˜ ¯ ¯ ˜ ( )

s
s

n n

n

n

É - F F
+ F + F +
+ + + + + +

- F - F - F - F

- F - F - F - F +

m m m

n

n

 V

D D D

iq Dq iu Du id Dd il Dl i D ie De

Y e Y Y q d Y q u

Y e Y Y q d Y q u

, ,

ℓ ℓ

ℓ ℓ h.c. , 3

j j jR jR jR jR j j jR jR jR jR

jk
e

j kR jk j kR jk
d

j kR jk
u

j kR

j
e

j R j j R j
d

j R j
u

j R

1 2

1
2

2
2 2

1 1 1 1

3 2 3 3 2 3 3 2 3 3 2 3

where sum over repeated indices is implied, with j and k taking the values {1, 2, 3} and {1, 2},
respectively. The term in the first line denotes the scalar potential. Due to the non-universal
character of our model, a single scalar doublet Φ1 is not enough to provide masses to all fermion
particles and, simultaneously, to generate realistic mixing matrices. To this end, at least another
Higgs doublet Φ2 developing a VEV is required. Additionally, a scalar singlet must be introduced
to break the abelian symmetries. The symmetry group SU(2) ⊗ U(1) ⊗ U(1) has five generators,
four of which are broken, such that at low energies only the electromagnetic gauge group U(1)QED
survives. For a model with just two Higgs doublets, by applying the Higgs mechanism we obtain,
in addition to the SM fields, two exotic fields: a CP even neutral scalar field and a charged one,
the remaining ones are absorbed as goldstone bosons by the vector fields. To accommodate the
experimental anomalies it is necessary to include a scalar singlet to break the U(1) ⊗ U(1) at high
energies such that, in addition to the SM fields we get two CP even scalar fields and a
pseudoscalar. This is also convenient if we want the ¢Z scale to be larger than the electroweak
scale since the quadratic sum of the VEVs of the doublets must equal vSM = 246.24GeV. The
scalar potential is analyzed in appendix A. The terms in the second line correspond to the scalar-
gauge interactions responsible for the masses and mixings in the gauge sector (see appendix B).
Terms in the third line give rise to fermion-gauge interactions, as discussed in section 3, and the
Yukawa couplings present in the model are shown in the fourth and fifth lines. The invariance of
the Yukawa interaction terms under the U(1)α ⊗ U(1)β gauge symmetry implies the following
relations between the χ( = α, β) charges:

( )

c c c

c c c

c c c

c c c

c c c

c c c

c c c

c c c

- - =

- - =

+ - =

+ - =

- - =

- - =

+ - =

+ - =

n

n

0,

0,

0,

0,

0,

0,

0,

0. 4

lj ea

lj e

lj a

lj

qj da

qj d

qj ua

qj u

1

2 3

1

2 3

1

2 3

1

2 3

2.3. Spontaneous symmetry breaking

Our aim is to break the gauge symmetry of the model in two steps, namely,

( ) ( ) ( ) ⟶ ( ) ( ) ⟶ ( ) ( )
⟨ ⟩ ⟨ ⟩

Ä Ä Äa b
s F

SU U U SU U U2 1 1 2 1 1 5L L Y Q
a

where a = 1, 2. To achieve this, we allow the SM scalar singlet σ (charged under both U(1)’s
factors) to acquire a VEV at a high energy scale, inducing a mixing between the Bχ fields that
give rise to both: the SM gauge boson B associated with the U(1)Y hypercharge symmetry and
a new massive gauge boson ¢Z with non-universal couplings to fermions. If θ is the angle
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parameterizing this mixing, then

( )( ) ( )q q
q q

= -
¢

a
m

b
m

m

m

B

B
B
Z

cos sin
sin cos

. 6⎜ ⎟
⎛
⎝

⎞
⎠

Finally, at a lower energy scale (the EW one), the neutral components of the scalar doublets
Φ1 and Φ2 develop VEVs inducing the last breaking. Consequently, the B and A3 fields mix,
giving rise to the massless photon Aμ and the massive SM neutral gauge boson Z. The
corresponding mixing angle is the well-known Weinberg angle θW:

( ) ( )q q
q q

=
-

m

m

m

m
A

B
A
Z

sin cos
cos sin

. 7W W

W W

3⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

The unbroken electric charge generator Q̂ can be expressed as a linear combination of the
three diagonal (broken) generators of the gauge group after the spontaneous symmetry
breaking, that is

ˆ ˆ ( ˆ ˆ ) ( )a b= + +Q T a b
1

2
, 8L Y Y3

from which it follows that the SM hypercharge Ŷ can be identified as

ˆ ˆ ˆ ( )a b= +Y a b , 9Y Y

where aY and bY are two non-vanishing free parameters. However, these parameters turn be
useless for our purposes, so they will be set to 1 for simplicity5 In accordance with
equation (9), the U(1) charges displayed in table 1 must satisfy the following relations:

/

/

/

( )

a b
a b

a b
a b
a b

a b
a b
a b

+ = -
+ =

+ = -
+ =
+ =

+ = -
+ =
+ =

n n

s s

1,
0,
2,

1 3,

4 3,
2 3,

1,
0, 10

li li

i i

ei ei

qi qi

ui ui

di di

a a

for i = 1, 2, 3 and a = 1, 2. Thus, the breaking induced by the singlet σ at an energy scale vσ
allows to reproduce the SM hypercharges correctly.

2.4. Mass and mixing matrices for fermions

Let’s now consider the generation of fermion mass, which takes place when Φ2 induces the
breaking that gives rise to the local gauge SU(3)C ⊗ U(1)Q symmetry conserved at low
energies. As mentioned, for non-universal models, at least two scalar doublets are needed to
provide masses to all the fermion particles and generate the mixing matrices. As usual, the
VEV of the scalar doublets are given by

⟨ ⟩ ( ) ( )F = =a
0

, 1, 2 . 11a v

2
a⎜ ⎟

⎛
⎝

⎞
⎠

5 From equation (10), one of them can be absorbed in a redefinition of the scalar singlet hypercharges
(aY = −bYβσασ).
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In this model, it is possible to generate Dirac masses for all the SM fermions including the SM
neutrinos. In this case, the smallness of the neutrino masses relies on the Yukawa couplings as
it does happen in the SM. The tree-level Dirac masses come from the Lagrangian
equation (3). The resulting mass matrices take the form

( )=M

v Y v Y v Y

v Y v Y v Y

v Y v Y v Y

1

2
, 12f

f f f

f f f

f f f

1 11 1 12 2 13

1 21 1 22 2 23

1 31 1 32 2 33

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

for f= u, d, ν, e. From here, we see that despite the non-universality of the model, it is possible to
have saturated mass matrices for leptons and quarks, i.e. with all the matrix elements different
from zero, which is a fairly non-trivial result. As a consequence, the CKM and PMNS mixing
matrices can be easily generated, with the mixing between the first two fermion families induced
by Φ1, while both Φ1 and Φ2 contribute to all the mixing elements involving the third family.

Our model is capable of reproducing all the elements of the Dirac mass matrix (therefore, it
has no texture zeros) so that it is always possible to reproduce the values of the masses and
mixing angles, for both quarks and leptons [45–50].

It is important to emphasize that all elements of the mass matrix are generated for each
type of SM fermion, such that for each flavor there are 9 complex parameters, which is
equivalent to 2 × 18 = 36 real parameters for both the up-type and the down-type quark mass
matrices. Since the CKM matrix and the quark masses amount to 9 parameters and a phase,
the number of free parameters exceeds the number of physical parameters to be fitted [45]. In
the lepton sector, the neutrino masses are not known, and just two square mass differences are
experimentally available [51]; that is: d = -m m m21 2

2
1
2, d = -m m m31 3

2
1
2 (where { }=mi i 1,2,3

are the neutrino masses), in this case there are only eight real parameters and a phase, but
again the number of free parameters in the Yukawa couplings are enough to fit masses and
mixing [50]. This freedom allows for the fitting of the quark and lepton masses and the CKM
and PMNS mixing matrices with the most recent data from the literature [51].

2.5. Non-universal U(1) charges

By solving the system of equations formed by equations (1), (4) and (10), we obtain a unique
solution for the U(1) fermion and scalar charges. The resulting expressions, shown in table 2,
are given in terms of just three parameters, namely: αq1, αν1 and αν3

6. From this it follows

Table 2. Here i = 1, 2, 3 and a = 1, 2. The corresponding U(1)β charges can be easily
obtained by replacing β instead of α.

Field U(1)α Field U(1)α Field U(1)α

uiL αq1 uaR αν1 + 4αq1 Φ1 αν1 + 3αq1

u3R αν3 + 4αq1

diL daR −αν1 − 2αq1

d3R −αν3 − 2αq1 Φ2 αν3 + 3αq1

νiL −3αq1 νaR αν1

ν3R αν3

eiL eaR −αν1 − 6αq1 σ ασ

e3R −αν3 − 6αq1

6 The α charge of the singlet σ, ασ, remains as a free parameter, but it does not affect the fermion charges, as can be
seen in table 2.
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that the non-universality of the solution depends exclusively on the right-handed neutrino
charges; so, in what follows, we will assume that αν1 ≠ αν3. Under this condition, the
cancellation of chiral anomalies takes place among different families, and not family by
family as it does in the SM.

As is well known from the literature on FCNCs, the strongest constraints on tree-level flavor
couplings come usually from ¯-F F0 0 mixing processes (F= K, Bd,D) [52], to avoid this problem
with neutral scalar currents, in most models with two Higgs doublets, discrete symmetries are
proposed to cancel the scalar currents with flavor changes. Four 2HDMs are known in the literature,
Type-I, Type-II, Type-X, and Type-Y [53], in these models each doublet is charged differently
under the discrete symmetry such that one type of particle receives its mass from only one doublet.
For example, type-up quarks receive the mass from the same scalar doublet. This is impossible for
non-universal models since the charges U(1) of the same type of quarks are different because the
model is not universal. In our model, the up-type quarks of the first two families couple with one
Higgs doublet while the up-type quark of the third family must couple with the other doublet. This
result is guaranteed since the charges of the Higgs doublets are not equal. This is a different
mechanism compared to the one in the models mentioned above; however, it can be considered as a
particular case of condition III of the general theorem proved in reference [54].

3. EW currents and Z ′ couplings

Ignoring the kinetic terms, the part of the Lagrangian equation (3) describing the interactions
between fermions and gauge bosons can be written as

( ) ( )- É + + + +m
m

m
m

a
a
m

a m
b

b
m

b m
+

+
g

J W
g

J A
g

J B
g

J B
2

h.c.
2 2 2

, 13L
W

L
3 3, , ,

where the m
+W field has been defined as /( )= -m m m+W A iA 21 2 and the currents are given

by

¯ ¯
¯ ¯ ¯ ¯

( ¯ ¯ ) (¯ ¯ )

¯ ¯ ¯ ¯ ( )

n g g

g n g n g g

c g g c n g n g

c g c g c n g n c g

= +

= + - -

= + + +

+ + + +

m m m

m m m m m

c
m m m m m

m m
n

m m

J e u d

J u u d d e e

J u u d d e e

u u d d e e

,

,

, 14

W iL iL iL iL

iL iL iL iL iL iL iL iL

qi iL iL iL iL li iL iL iL iL

ui iR iR di iR iR i iR iR ei iR iR

3

with a sum over the i index is implied and χ = α, β. In the basis defined by equation (6), the
Lagrangian in equation (13) can be expressed as

( ) ( )- É + + + + ¢¢ ¢
m

m
m

m
m

m
m

m
+

+
g

J W
g

J W
g

J B g J Z
2

h.c.
2 2

, 15L
W

L Y
Y Z Z3 3

where the interactions of fermions with the ¢Z boson are given by

¯ ( ˜ ˜ )

¯ ( ˜ ˜ ) ( )

å

å

q q

g

g g

= -

= +

= -

¢ ¢

¢

¢

m
b b

m
a a

m

m

m

 

g J g J g J

g f P P f

g f g g f

cos sin ,

,

. 16

Z Z

Z
f

i fi
L

L fi
R

R i

Z
f

i fi
V

fi
A

i
5

Here, f runs over {u, d, ν, e}, i = 1, 2, 3 (corresponding with the SM family),
PL,R = (1 m γ5)/2 are the chirality projectors and
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˜ [ ˆ ( ) ˆ ( ) ] ( )b q a q= -¢ b ag g f g f
1

2
cos sin , 17Z fi

L R
iL R iL R

,
, ,

˜ ( ˜ ˜ ) ( )=  g
1

2
. 18fi

V A
fi
L

fi
R,

In equation (17), ˜ ( ) fi
L R denotes the left(right)-handed chiral coupling of the fi fermion to the ¢Z

boson, while in equation (18), ˜ ( )gfi
V A represents the corresponding vector (axial-vector)

coupling. As for the couplings to the B field, we have that

¯ ˆ ( ) ¯ ˆ ( ) ( )å
q q

g g

= +

= +

m
a a

m
b b

m

m m

g J g J g J

g f Y f f f Y f f

cos sin ,

, 19

Y Y

Y
f

iL iL iL iR iR iR

with

ˆ ( ) ˆ ( ) ˆ ( ) ( )a q b q= +a bg Y f g f g fcos sin . 20Y iL R iL R iL R, , ,

By comparing equations (9) and (20), taking into account our choice aY = bY = 1, we get the
following relations among the coupling constants gα, gβ, gY and the mixing angle θ:

( )q q= =a bg g
g

cos sin
2

, 21Y

from which it follows that

( )q = + =a

b a b

g

g g g g
tan and

1 1 2
. 22

Y
2 2 2

By changing to the basis defined by equation (7), the Lagrangian in equation (15) can be
rewritten as

( )- É + + ¢ + +¢ ¢g
m

m
m

m
m

m
m

m
+

+ eJ A g J Z g J Z g J W h.c. , 23Z Z Z Z W W

where

¯ ˆ ( )

¯ ( ) ( )

å

å

g

q
g

=

=

= +

g
m m

m m  

g
g

eJ e f Q f f

g J
g

f P P f

2
,

,

2 cos
, 24

W
L

f
i i i

Z Z
L

W f
i fi

L
L fi

R
R i

with the chiral couplings to the Z boson defined as

ˆ ( ) ˆ ( ) ˆ ( ) ( )q= - + T f T f Y f2 sin
1

2
. 25fi

L R
iL R W iL R iL R

,
3 ,

2
3 , ,

⎧
⎨⎩

⎡
⎣

⎤
⎦

⎫
⎬⎭

To obtain these expressions, the identification q q= =e g gsin cosL W Y W was made, which
implies the well-known relation

( )q=g g tan . 26Y L W

Taking into account the relations in equations (21) and (26), as well as the charges reported in
table 2, and the parameters x, y, z and w defined as
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( )

( )

[ ( ) ]

( ) ( )

q
q q a

q
q q a

q
q q q a

q
q q a

º +

º +

º - +

º +

n

n

s

x
g

y
g

z
g

w
g

tan

2 2
cot tan ,

tan

2 2
cot tan ,

tan

2 2
cot 3 cot tan ,

tan

2 2
cot tan , 27

L W

L W

L W
q

L W

3

1

1

the ¢Z chiral couplings given by equation (17) can be expressed as indicated in table 37. These
charges are best suited for a phenomenological analysis of the new neutral vector boson, as it
will be explained in the next section. Regarding the scalar fields Φ1 and Φ2, their ¢Z couplings
are given by z − y and z − x, respectively.

4. Low energy and collider constraints

For the process ¯ ⟶ ⟶¢ + -qq Z ℓ ℓ , ATLAS reports upper limits on the fiducial cross-section
times the ¢  + -Z ℓ ℓ branching from searches of high-mass dilepton resonances (dielectron
and dimuon) during Run 2 of the Large Hadron Collider (LHC) at a center-of-mass energy of

=s 13 TeV and an integrated luminosity of 139 fb−1. From these constraints, we obtain
upper limits on the y and z couplings corresponding to the green dashed and orange dotted

Figure 1. Left: Upper limit on the model parameters x, y, z. Right: 95% CL upper limits
on the fiducial ¢Z production cross-section times the ¢ + -Z ℓ ℓ branching [59] (green
continuous line) and the corresponding upper limits on the ¢Z decaying to tt pairs [60]
(red continuous line).

Table 3. Chiral couplings between the fermion sector and the ¢Z gauge boson.

f ν1,2 ν3 e1,2 e3 u1,2 u3 d1,2 d3

˜¢gZ f
L −z −z −z −z z1

3
z1

3
z1

3
z1

3

˜¢gZ f
R −y −x y − 2z x − 2z - +y z4

3
- +x z4

3
-y z2

3
-x z2

3

7 From here, we see that there are two families with identical charges and a different third one. However, universal
models are still possible, for example, setting z = x = y = 1 yields the well-known expressions for the B − L charges.
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lines in the left-handed plot in figure 1. These limits are obtained from the intersection of the
theoretical cross-section (for further details see our previous publications [55–58]) with the
95% CL upper limit on the cross-section reported by the ATLAS collaboration [59] (the green
continuous line in the right plot figure 1). For the upper limits on the x parameter (red dot-
dashed line in the left plot Figure 1), we use the ATLAS 95% upper limits on the production
cross-section times branching fraction for a ¢Z boson decaying to a tt pair (the green
continuous line in the right plot figure 1). This data was collected by ATLAS in searches of ¢Z
bosons using a data sample corresponding to an integrated luminosity of 36.1 fb−1 from
proton–proton collisions at a center of mass energy of 13 TeV [60].

Constraints on a parameter are obtained by marginalizing the other parameters. In the case
of the parameter x, which represents the coupling strength between ¢Z and the fermions of the
third family, the ¢Z is produced from an annihilation - > ¢bb Z . Due to the strong collider
constraints on the first two families, only ¢Z couplings with the third family are possible at
low energies. In our model, this implies that y, z= x, as we can see from table 3. This implies
that at low energies, the unique generator with unsuppressed coupling strengths is T3R(3).
This symmetry is a well-known EW extension of the SM. The argument ¢‘3 refers to the third
family, and the subscript 3R refers to the generator σ3/2, whose representation in the third
family of the SM is ( )b t,R R

T . If we allow right-handed neutrinos, as is, in fact, the case in our
model, a lepton representation ( )t nt,R R

T is also possible.
From reference [61], the - ¢Z Z mixing angle Θ is restricted to be less than 10−3, which

holds true for most models. Based on this result, we can assume Θ identically zero, which is a
typical assumption in collider constraints [62].

We also report Electroweak Precision data constraints on the y and z parameters (green and
orange continuous lines in the left panel of figure 1), obtained using the GAPP package
[61, 63], which includes low-energy weak neutral current experiments (this includes weak
charges of the cesium atom and electron, as well as the constraints coming from cross-section
ratios of neutrinos and antineutrino deep inelastic scattering. Measurements of the top and W
masses are also in this set of observables) and Z-pole observables.

As our model is non-universal, it has two possible sources of FCNC: the non-universal
couplings of the ¢Z and the couplings of the SM fermions to two scalar doublets. Since the
charges of the first two families are equal, we can ignore constraints from observables with
flavor changes between quarks and leptons of the first two families, such as: K0

–-mixing, μ–e
conversion, etc. In our case, one of the strongest constraints on the parameters comes from
B0
–B̄0-mixing. figure 1 shows the upper limits on the y and z parameters at a 95% confidence

level. An extended Higgs sector generates a mixture of Z and ¢Z that is proportional to the
couplings of the Higgs to ¢Z and to the expectation values of the neutral components of the
scalar doublets. As shown in appendix D, the - ¢Z Z constraints are relevant for the x
parameter because z and y are strongly constrained for colliders. As can be seen from the
purple dashed line in figure 1, this is the most restrictive constraint on the x parameter.

In two Higgs doublet models, FCNC can be avoided if the mass matrix for SM fermions
with the same electric charge and isospin is generated from a single Higgs doublet. As we
show in the appendix C, if the right-handed SM fermion is a singlet under the gauge group
and if each right-handed SM singlet fermion couples to only one Higgs doublet (there is no
problem if the scalar doublet has non-zero couplings to several right-handed fermions.), then
there are no FCNC for the scalar sector; this is the case in our model.
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5. Analysis of Higgs-like resonant signals

Recently, several anomalies have been reported in searches of high-mass scalar resonances in
proton–proton collisions at the LHC. The 2HDMs are the most straightforward extensions of
the SM that can explain these observations. Additionally, our model includes a scalar singlet
σ that gives mass to the ¢Z . The Higgs mechanism requires at least two CP-odd bosons to
provide mass to the Z and the ¢Z and one charged scalar boson to give mass to the SM W
boson, which leaves us with three CP even scalar bosons, one CP-odd scalar boson and one
charged scalar. Our analysis aims to determine the typical masses for these bosons in the best-
motivated parameter space and compare them with the experimental anomalies reported in the
literature. As explained in detail in the appendix A, of the three neutral scalar fields in the
interaction space, h1, h2, and ξ, we can obtain using a unitary transformation, the neutral states
in the mass space, H1, H2, H3. Great interest has generated an anomaly that can be explained
by a light neutral scalar Higgs with a mass MH1 ≈ 95 GeV [64] and a charged Higgs around

»MC 130 GeV [65]. For the charged Higgs, in [66] a detailed analysis of the phenomen-
ological implications of a new resonance with a three sigma significance was studied. On a
mass basis, we will denote as MA the only CP-odd field that is not absorbed as a Goldstone
boson. An excess of events was also found in channels involving the productions of SM
gauge bosons, γγ and Zγ (for further analysis, look in [67] and references therein). This
analysis provides a good indication of new scalar resonances decaying into two photons with
invariant masses of 95 [68] and 152 GeV [67]. Other excesses over the expected value in the
SM for dibosons are reported at 680 GeV [69], which are compatible with the excess in γγ

and ¯bb reported by the CMS collaboration [70]. A more complete review of these anomalies
and additional references can be found at [71]. In this reference, they also mention an excess
reported by the ATLAS collaboration that can be interpreted as a pseudoscalar with a mass of
650 GeV produced in association with a scalar with a mass of 450 GeV.

Recently, a deviation from the background-only expectation occurred for high scalar
resonances with masses (575 200)GeV and a local (global) significance of 3.5 (2.0) standard
deviations, as reported by the ATLAS collaboration [72]. It is important to stress that this
analysis shows good agreement with the background-only hypothesis for the masses
(65 090)GeV, where CMS reported an excess with a local (global) significance of 3.8 (2.8)
standard deviations [70].

To account for these experimental anomalies from the scalar potential of our model (see
equation 32), we consider two possible assignments for the charges of the scalar singlet σ.
One of them leads to a cubic coupling among the scalar fields, while the other to quartic term
(the remaining terms in the scalar potential 32 are always present regardless of the σ charge).
If the ¢Z coupling of σ is x − y, that is, ασ = αν3 − αν1, then the following term is allowed:

[( ) ]†m sF F + h.c. .1 2

In this case, the coupling constant μ has dimensions of mass, and in order to have a consistent
mass spectrum, its values must be in the range −77.3 GeV� μ < 0. Similarly, if the coupling
of σ to the ¢Z boson is ( )-x y1

2
, or equivalently ασ = (αν3 − αν1)/2, it is possible to form the

term

[( ) )] ( )†l F F s + h.c. , 281 2
2

where the constant λ is dimensionless, and restricted to the range (−0.44, 0). According to
our scalar sector (whose scalar potential we show in appendix A), to reproduce part of the
spectrum of anomalies in the scalar sector (determined by the VEVs and coupling constants)
we must identify the middle-mass neutral scalar boson as the SM Higgs boson to which we
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assign its well-known mass of =M 125H2
GeV. In our model, we ensure that only the

massive charged scalar field coincides with the anomaly =M 130C GeV. This happens
while the SM vector boson W absorbs the other massless-charged field through the Higgs
mechanism. Similarly, the Higgs mechanism requires a pseudoscalar field from one of the
scalar doublets to give mass to the Z boson, and the pseudoscalar field of the scalar singlet to
give mass to the ¢Z . The mass of the remaining scalar fields (MH1

, MH3
and MA) are free

parameters. For the other dimensionless parameters of the potential pot, their values are
assumed to be in the range [−1.5, 1.5]. Regarding the VEVs of the Φ1 and Φ2, they are chosen
such that ( )+ =v v 246.24 GeV1

2
2
2 2 with v2 ? v1. This hierarchy between VEVs is

necessary to align the Higgs doublet Φ2 with that of the SM. We take the VEV of the scalar
singlet /⟨ ⟩s = sv 2 as a free parameter varying between 250 and 2000 GeV. Finally, in
order to satisfy the collider constraints, we require z, y = x, and take x  1 for ¢Z masses
above 2 TeV, as explained in section appendix B.

To illustrate the density of solutions, figures 2 and 3 display a total of 640 solutions spread
across the MH1 versus MH3

and MH1 versus MA axes. It is important to emphasize our iden-
tification of the lightest CP-even Higgs scalar H1 with the anomaly at 95 GeV. Therefore, we
have considered exploring the mass interval 95± 10 GeV. In these figures, we can see that
many of the experimental anomalies coincide with the regions with the highest density of
solutions. This coincidence is important since we have made the free parameters of the theory
vary in intervals that we consider natural. It is very important that in our analysis we imposed
the hierarchy < <m m mH H H1 2 3. The results are identical if we choose <m mH H2 1, and
identify the Higgs with MH1. From the density plot, we see that the highest density of solutions
for the pseudo-scalar mass is between 100 and 200 GeV. This result holds for both cubic and

Figure 2. Distribution of the scalar mass MH3 (the blue round points) and the
pseudoscalar MA (orange triangle points) for a scalar potential including the cubic term

†m sF F +h.c.1 2 In this term, μ has mass dimensions and takes values in the range
(−77.3,0) GeV. We vary the other dimensionless parameters of the scalar potential in
the range [−1.5, 1.5], and take the VEV of the scalar singlet vσ as a free parameter
ranging from 250 to 2000 GeV. The VEV’s v1 and v2 vary subject to the conditions

+ = =v v v 246.24 GeV1
2

2
2 and v2 ? v1. The masses of the scalars and pseudo-

scalars: MH1, MH3 and MA are determined by the tadpole equations (33). See the text for
further details (see appendix A).

J. Phys. G: Nucl. Part. Phys. 52 (2025) 055002 R H Benavides et al

13



quartic potentials. In this range, we have three experimental anomalies (the one at 95 GeV, the
one at 152 GeV, and the one at 200 GeV). If any of these anomalies accumulate statistics, this
strongly suggests that a pseudoscalar particle could explain the resonance.

For the quartic potential (see Figure 3), the highest density of solutions is found below
1000 GeV, while for the cubic potential (see figure 2), there is a high density of solutions up
to 3000 GeV. Below 1000 GeV we have three experimental anomalies with masses: 450 GeV,
575 GeV, and 680. From the density plots we see that for a quartic potential, it is more
probable to have solutions in this range when compared to the cubic potential.

6. Conclusions

In this work, we assume that the SM is a low-energy effective theory of a more fundamental
theory characterized by a gauge symmetry of the form SU(3)C ⊗ SU(2)L ⊗ U(1)α ⊗ U(1)β,
and whose particle content is that of the SM extended with three right-handed neutrinos, a
second Higgs doublet and a scalar singlet. Additionally, we impose that both U(1) charges are
non-universal and contribute non-trivially to the SM hypercharge, i.e. they are not inert
charges. Under these assumptions, we showed that the most general expression for the ¢Z
chiral couplings is as those shown in table tab3. In this model, it is possible to generate all the
mass matrix elements of with only two Higgs doublets. From this, it is possible to adjust the
model to reproduce the CKM and PMNS mixing matrices. This feature is highly non-trivial
for non-universal scenarios and represents a great advantage of this model. It is important to
mention that to maintain the non-universality condition, it was preferable to avoid Majorana
mass terms (if we want to reproduce the electric charges of the SM particles (which are

Figure 3. Distribution of the scalar mass MH3 (the blue round points) and the pseudo-
scalar MA (orange triangle points) for a scalar potential including the quartic term

†l sF F +h.c.1 2
2 In this term, λ is dimensionless and takes values in the interval

(−0.44, 0). We vary the other dimensionless parameters of the scalar potential
in the range [−1.5, 1.5], and take the VEV of the scalar singlet vσ as a free parameter
ranging from 250 to 2000 GeV. The VEV’s v1 and v2 vary subject to the

conditions + = =v v v 246.24 GeV1
2

2
2 and v2 ? v1. The masses of the scalars

and pseudoscalars: MH1, MH3 and MA are determined by the tadpole equations (33). See
the text for further details.
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universal) from non-universal U(1) charges, in most of the cases studied, we must avoid
introducing neutrino Majorana masses).

From the assumptions of our work, as well as the collider, electroweak and flavor con-
straints, we also conclude that for a model with two non-inert Abelian symmetries at low
energies ( <¢M 5Z TeV), only the residual symmetry T3R(3), in addition to the SM gauge
symmetry, has an unsuppressed coupling strength. The argument ]3^ says that only couplings
to the third family are possible. Models with couplings to the first and second families are
strongly constrained, so that only ¢Z couplings below 0.1 are possible, i.e. ˜ <¢g 0.1Z L R, . For a
¢Z coupling to the third family, it is possible to have ¢Z charges such that ˜ ~¢g 1Z L R, for ¢Z

masses above 2 TeV.
Our work analyzes some Higgs-like anomalies recently reported by the ATLAS and CMS

collaborations [67]. To this end, we show the distribution of 400 solutions in the MH1, MH3
and

MH1, MA planes. These results are shown in figures 2 and 3. This analysis concludes that
explaining some of the observed anomalies within the model is possible.

We show that the scalar sector FCNC cancel if each right-handed fermion couples only to
a single Higgs doublet (although the scalar doublet can have non-zero couplings with several
right-handed fermions). This will be the case as long as the right-handed fermions are singlets
of the gauge group.
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Appendix A. Scalar potential

Our model contains two scalar doublets, Φ1 and Φ2, and a scalar singlet σ. In general, these
fields can be expressed as

( )
f

h
f

h s
x z

F = + + F = + + =
+ +s

+ +

v h i v h i
v i

2

,

2

,
2

, 291

1

1 1 1 2

2

2 2 2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

where /⟨ ⟩ ( )F = v0, 2 T
1 1 , /⟨ ⟩ ( )F = v0, 2 T

2 2 and ⟨ ⟩s=sv 2 . For the doublet Φ2 (which
is close to H1 in the Georgi basis) to be aligned with the Higgs of the SM we impose the
hierarchy

 ( )>sv v v . 302 1
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Since the Higgs doublet is a linear combination of the two scalar doublets, then

( )+ = =v v v 246.24 GeV , 311
2

2
2

The most general scalar potential consistent with the gauge symmetry
SU(2)L ⊗ U(1)α ⊗ U(1)β is [68]:

( ) | | | | | | | | | | | |

| | | | | | | | | | | | | |
( ) ( )

†

s m m m s l l l s

l l l s l s
s s

F F = F + F + + F + F +

+ F F + F F + F + F
+

s s

s s

V , ,

linear term in or quadratic term in , 32

1 2 1
2

1
2

2
2

2
2 2 2

1 1
4

2 2
4 4

3 1
2

2
2

4 1 2
2

1 1
2 2

2 2
2 2

where a linear interaction term in σ (which we will denote as the cubic term) of the form

[( ) ]†m sF F + h.c.1 2

is possible if ασ in table 2 is taken to be αν3 − αν1. Here μ is a coupling with mass
dimensions. On the other hand, if ασ is equal to ( )a a-n n

1

2 3 1 , then the quadratic term in σ

(which we will denote as the quartic term),

[( ) )]†l sF F + h.c. ,1 2
2

is the one that is present. In this case, the coupling λ is dimensionless. By minimizing the
potential in equation pot, we then obtain that

( )

m
m

l
l l l

m
m

l
l l l

m
m

l
l l

=- - -
+

-

=- - -
+

-

=- - - -
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s
s
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s s 33
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2 3 4
1
2 2 2

2 1 2 2 1
1
2 2

2
2

in the cubic case, while in the quartic one, the corresponding expressions can be obtained
from the previous ones by making the substitution m l sv2 .

A.1. Mass spectrum of the neutral scalar sector

From the potential equation (32) and the previous minimization conditions, we can build the
mass matrices from the fields defined in equation (29). For the CP-even scalar field basis
(h1, h2, ξ), the mass matrix is given in the cubic case [73] by:

( )

( ) ( )

l
m m

l l
m

l

m
l l l

m m
l

m
l

m
l l

m

- + + +

+ + - +
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s s s s s s
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v v v
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v v
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v v v

v v

v

2
2 2 2

2
2

2 2

2 2
2

2

, 34

1 1
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1
1 2 3 4
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1 1

1 2 3 4 2 2
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2 1 2
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⎝
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⎟
⎟
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while in the quartic case, it corresponds to:

( )

( ) ( )

( ) ( )

( ) ( )

l
l l

l l l l
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l l l
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l l l l l
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These are square mass matrices of rank three with mass eigenvalues MH1
, MH2

and MH3
,

corresponding to the mass eigenstates H1, H2 and H3, respectively. We will identify the states
according to the mass hierarchy:

< <M M M .H H H1 2 3

The intermediate-mass scalar state, H2, can be identified as the SM Higgs, while the light
mass scalar state H1 and the heavy mass scalar state H3 are new scalar fields that, in principle,
can be observed in the LHC experiments. The hierarchy equation (30) causes the scalar H2 to
align with h2.

A.1.1. Mass spectrum of the neutral pseudoscalar sector. In the (η1, η2, ζ) basis, the
pseudoscalar squared mass matrix takes the following form for the cubic case:

( )m

-

- -

- -

s
s

s
s

s

v v

v
v v

v
v v

v
v

v v
v v

v

2
. 36

2

1
2

1

2
1

2 1
1 2

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

The corresponding mass matrix for the quartic case is

( )l

-

- -

- -

s

s
s

s
s

s

v

v v

v
v v

v
v v

v
v

v v
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2 2 4
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⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

In both cases, these mass matrices have rank 1. The two zero eigenvalues correspond to the
two Goldstone bosons that give mass to the Z and ¢Z bosons after the spontaneous symmetry
breaking. The non-zero eigenvalue corresponds to a measurable pseudoscalar with mass equal
to:

( )
( )

( )
( )

( )

m

l
=

-
+

-
+

s

s

s

M

v v v v

v v v

v v v v

v v

2
cubic case ,

4

2
quartic case ,

38A
2

1
2

2
2 2 2

1 2

1
2

2
2 2 2

1 2

⎧

⎨

⎪

⎩
⎪

whose mixing comes mainly from η1.

A.1.2. Mass spectrum of the charged scalar sector. In the ( )f f ,1 2 basis, the squared mass
matrix for charged scalar particles is

( )

m
l m l

m l
m

l

- - +

+ - -

s
s

s
s

v v

v
v v v v

v v v
v v

v
v

1

2

2 2

2 2
, 39
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for the cubic case, and

( )

l
l l l

l l
l

l

- - +

+ - -

s
s

s
s

v v

v
v v v v

v v v
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⎟
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for the quartic case. As before, these mass matrices have rank 1, with the only zero eigenvalue
corresponding to the Goldstone boson giving mass to the charged W boson. The remaining
charged scalar acquires a mass equal to

( )

( )
( )

m
l

l
l
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- +

- +

s

s
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v v
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Appendix B. The gauge boson masses

Let us now determine the mass of the neutral gauge bosons. These are obtained from the
scalar-gauge couplings introduced by the covariant derivatives of the scalar fields in the
Lagrangian terms

| | | | | | ( )sÉ F + F +m m m D D D , 421
2

2
2 2

where

ˆ ˆ ˆ ( )a b= ¶ + + +m m m
a a

m
b b

mD
i

g A T
i

g B
i

g B
2 2 2

, 43L j j

with T̂j,
mAj ( j = 1, 2, 3) and gL denoting, respectively, the generators, the gauge fields and the

coupling constant associated with the weak isospin gauge group SU(2)L
8, while ĉ, c

mB and gχ,
with χ = α, β, are the corresponding quantities related with the two Abelian U(1) factors. For
the Higgs doublets Φa (a = 1, 2) and the singlet σ, we have

( )

†
a b

s a b s

F = ¶ +
-

+ + F

= ¶ + +

m m
m m

m m a a
m

b b
m

m m
a s a

m
b s b

m

D
i

g
A W

W A

i
g B

i
g B

D
i

g B
i

g B

2

2

2 2 2
,

2 2
, 44

a L a a a
3

3

⎡

⎣
⎢

⎛

⎝
⎜

⎞

⎠
⎟

⎤

⎦
⎥

⎛
⎝

⎞
⎠

Here αa (βa) and ασ (βσ) denote, respectively, the U(1)α(β) charges for Φa and σ given in
table 2. Additionally, the W field has been defined as

( )=
-m

m m

W
A iA

2
. 451 2

Taking into account the definition of Φa and σ given in equation (29), as well as the basis
changes defined in equations (6) and (7), which imply

8 The SU(2)L generators are defined in terms of the Pauli matrices according to s=T .i i
1

2
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( )
( )

c a b

q q

= + + ¢ =

= +
c
m

c
m

c
m

c
m

m m m

B a A b Z c Z

A A Z

, , ;

sin cos , 46W W3

with

( )
q q q q q
q q q q q

= = - = -
= = - =

a a a

b b b

a b c
a b c

cos cos , cos sin , sin ,
sin cos , sin sin , cos , 47

W W

W W

it can be shown that the mass terms for the Zμ, m¢Z and Wμ gauge bosons are

( ) [ ( )]

[ ( )] ( )†

g g g

g g

É + ¢ + ¢ + ¢ ¢ ¢

- ¢ + ¢ ¢ +

¢

¢

m
m

s s m
m

m
m

m
m

 g v Z Z g v v v Z Z

g g v v Z Z g v W W

1

2

1

2
1

2
2 , 48

Z Z

Z Z W

2 2 2
1
2

1
2

2
2

2
2 2 2

1 1
2

2 2
2 2 2

the coupling constants gZ and gW are defined as in the SM, i.e.

( )
q

= =g
g

g
g

2 cos
,

2
, 49Z

L

W
W

L

while ¢gZ is defined through the following relations:

( ) ( )

( ) ( )

g a q b q

g a q b q

¢ = - - =

¢ =- -

¢

¢

a b

s a s b s

g g g a

g g g

1

2
sin cos , 1, 2. ;

1

2
sin cos . 50

Z a a a

Z

In terms of the x, y, z and w parameters defined in equation (27), these couplings can be
expressed as

( )g g g¢ = - ¢ = - ¢ = -¢ ¢ ¢ sg z y g z x g w, , . 51Z Z Z1 2

Writing the - ¢Z Z mixing matrix as

( )
( )

g

g g g
=

- ¢

- ¢ ¢ + ¢
º

-
-¢

¢

¢ ¢ s s
-

 
 M

g v g g v

g g v g v v
, 52Z Z

Z Z Z a a

Z Z a a Z a a

2
2 2 2

2 2 2 2 2 2
⎜ ⎟

⎡

⎣
⎢

⎤

⎦
⎥ ⎛

⎝
⎞
⎠

with a sum over the a index implied, then the square masses of the physical neutral gauge
bosons Z1 and Z2 are given by

[ ( ) ] ( )= + - +    m
1

2
4 . 53Z

2 2 2
1,2

If is the diagonalizing orthogonal matrix defining the mass basis, i.e.

( ) ( ) ( )
¢

= = Q - Q
Q Q

m

m

m

m

m

mZ
Z

Z

Z

Z

Z
cos sin
sin cos

, 541

2

1

2
⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

then the mixing angle Θ can be determined from

( )Q =
-


 
tan 2

2
. 55
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From this expression, it is possible to obtain

[( ) ( ) ]

[( ) ( ) ]
( )

q
Q =

- + -

- + - + -s q

g z y v z x v

z y v z x v w v

1

2
arctan

2 cos
. 56L

W
g v

1
2

2
2

2
1
2 2

2
2 2 2

4 cos
L

W

2 2

2

⎧

⎨
⎩

⎫

⎬
⎭

To satisfy the current constraint on the mixing angle [61] it is necessary to keep this angle
below 10−3, which is possible in two scenarios: (1) a light ¢Z mass, i.e. ¢M MZ Z or a heavy
¢Z mass, i.e. ¢M MZ Z , which requires x  1, z ∼ y = 1 and v < vσ. As usual in calculating

collider constraints [62] we assume q =- ¢ 0Z Z . In analyzing the scalar anomalies w = x − y
in the cubic case, or = -w x y

2
for a potential with quartic coupling term (as explained in

Appendix A). For that analysis, assuming a heavy ¢Z mass is more convenient.

Appendix C. Analysis of scalar FCNCs

The Yukawa interactions are described by the general Lagrangian

¯ ¯ ¯ ¯ ( )n- = ¢ F ¢ + ¢ F ¢ + ¢ F ¢ + ¢ F ¢ +n ~ ~
q y d q y u l y e l y h.c. , 57Y iL ij

ad
a jR iL ij

au
a jR iL ij

ae
a jR iL ij

a
a jR

with i, j = 1, 2, 3, and a = 1, 2. Here

˜ ( )
f

h s FF = + + F =

+

*v h i i

2

, . 58a

a

a a a a a2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

According to the non-universal U(1) charges, the Yukawa couplings present in our model are

¯ ¯ ˜ ¯ ¯ ˜

¯ ¯ ˜ ¯ ¯ ˜ ( )

n

n

- = ¢ F ¢ + ¢ F ¢ + ¢ F ¢ + ¢ F ¢

+ ¢ F ¢ + ¢ F ¢ + ¢ F ¢ + ¢ F ¢ +

n

n

 q y d q y u l y e l y

q y d q y u l y e l y h.c. 59

Y iL ia
d

aR iL ia
u

aR iL ia
e

aR iL ia aR

iL i
d

R iL i
u

R iL i
e

R iL i R

1
1

1
1

1
1

1
1

3
2

2 3 3
2

2 3 3
2

2 3 3
2

2 3

So, the Yukawa matrices have the following structure

( )= =Y

y y

y y

y y

Y

y

y

y

0

0

0

,

0 0

0 0

0 0

. 60f

f f

f f

f f

f

f

f

f

1
11
1

12
1

21
1

22
1

31
1

32
1

2
13
2

23
2

33
2

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

To analyze the FCNC, it is convenient to rotate the scalar doublets to the Giorgi basis where
only one of the CP neutral even components of the doublets acquires VEV while the
remaining ones are zero. Explicitly this corresponds to

( )b b
b b

=
-

F
F

 = Fa ab b



 R
cos sin
sin cos

. 611

2

1

2

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

In the unitary gauge

( )= + = +

+

 

 v h i

0

2
,

2

. 621 2
0 0

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

The Georgi basis should not be confused with the mass states of the scalar bosons. As
discussed in [74], in this basis, the1 boson gives mass to the SM fermions (the scalar singlet
does not couple to SM fermions) and does not generate FCNC. Therefore, it is not convenient

J. Phys. G: Nucl. Part. Phys. 52 (2025) 055002 R H Benavides et al

20



to use the mass eigenstates, a mixture of the scalar singlet and the doublets, when studying the
interactions between the scalar sector and the SM fermions. In most observables, the scalar
boson is a virtual particle, and the boson that interacts with the SM fermions is the projection
onto the subspace formed by the two doublets. In 2HDM, this feature is very useful since
FCNC in the scalar sector can only be generated by 2. Therefore, in this work, we focus on
the CP-even neutral component of this doublet.

In terms of the new basis,

˜ ˜ ( )

F =

F =

a
a

a
a

a
a

a
a





y x

y x

,

, 63

ij
f

ij
f

ij
f

ij
f

the rotated yukawa couplings are

( )

b b

b b

= +

=- +

x y y

x y y
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sin cos . 64
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f
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2 1 2

Thus
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where we have taken into account that ( )˜ = -- -   ,i T

2 2

0 0

. Next, we define the fermion

mass eigenstates as:

( )† †º ¢ º ¢f V f f V f, , 65L L
f

L R R
f

R

with ( )VL R
f are appropriated unitary matrices. In terms of the non-prime fields, we get
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where

( )† †º ºa az V x V z V x V, . 67f
L
f f

R
f gf

L
g f

R
f2 2

In this way, from equation (64), we get

( ) ( ) ( )† †b b= +z V y V V y Vcos sin , 68f
L
f f

R
f

L
f f

R
f1 1 2

( ) ( ) ( )† †b b= - +z V y V V y Vsin cos , 69f
L
f f

R
f

L
f f

R
f2 1 2
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( ) ( ) ( )† †b b= - +z V y V V y Vsin cos . 70gf
L
g f

R
f

L
g f

R
f2 1 2

In the Georgi basis, only the CP-odd component of 1 acquires VEV, and therefore, the
interaction of the SM fermions with this doublet generates the masses of quarks and leptons;
consequently, in the mass eigenstates the matrix z1 f must be diagonal, i.e.

( )=z

m

v
m

v
m

v

2
0 0

0
2

0

0 0
2

, 71f
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f

f
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⎟
⎟
⎟
⎟
⎟⎟

where mi
f corresponds to the mass of the fermion fi. Because in our model, the right-handed

quarks and leptons are singlets under the gauge group we can define the right-handed
fermions as: ( ) =f V fj R

f
ij j for all f, such that VR

f completely disappears from the Lagrangian.
This transformation leaves all the terms invariant under the gauge group since the gauge
singlets are of the form f̄ fRi i or ¯ ¶mf fRi i and VR

f is a global transformation. We are not
modifying the Yukawa interaction terms since we are only redefining them. In this way, the
coupling of fermions to scalar bosons is

† †º a a az V x V V x .f
L
f f

R
f

L
f f

A consequence of this result is that if the Yukawa coupling of a scalar boson to one of the
right-handed fermions is zero in the interaction space, i.e. =ay 0ij

f for all j, then in mass

eigenstates, the corresponding Yukawa coupling is also identically zero, i.e. =aV y 0ik
f

kj
f for all

j. That is, if the diagonalization matrix VL
f of the left-handed fermions f is given by

( )=V

v v v

v v v

v v v

, 72L
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the equation (60) implies that
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Since the coupling z1 f is diagonal, from the relation † †b b= +z V y V ycos sinf
L
f f

L
f f1 1 2 and

from the fact that if ( ) =V y 0L
f f

ij
1 then ( ) ¹V y 0L

f f
ij

2 and the opposite, it must be true that
each of the contributions must be diagonal. From the expressions (73) we have
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( )

( ) ( )

d b

d b

= = =
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z z V y i j
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sin , for any and 3. 74
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That is to say, ( )V yL
f f

ij
1 and ( )V yL

f f
ij

2 are diagonal matrix with ( ) =V y 0L
f f1

33 and
( ) ( )= =V y V y 0L

f f
L
f f2

11
2

22 . From these results, the Yukawa couplings of 2 with the
physical fermions turn out to be diagonal:

( ) ( ) ∣ ( )b b b d b d= - + = - +Îz V y V y z zsin cos tan cot .f
L
f f

ij L
f f

ij i
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ij i j i
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i
2 1 2 1

, 1,2
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In the last step we obtained the expressions for ( )V yL
f f

ij
1 and ( )V yL

f f
ij

2 from equation (74). In
matrix form this result can be written as

( )
b

b
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tan 0 0

0 tan 0
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This result is important because it shows that the coupling of the neutral scalars in the mass
eigenstates of the SM fermions is diagonal. Therefore, our model does not present FCNC in
the scalar sector. In most cases, the exact values of the matrix ayij

f are entirely unknown, and

what we know are the diagonal couplings, =z mi v i
f2 , where mi

f is a diagonal matrix whose
elements correspond to the fermion masses in the SM so that the Yukawa couplings will be
given by

†

b
d= =y V

v
m m

2

cos
, 0 where .ij

f
Lik
f

k
f

kj
f1 1

3
1

Here m1 f is a diagonal matrix with the first two eigenvalues equal to the masses of the
particles in the SM and a third element equal to zero. We have a similar expression for the
second term in equation (68)

†
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d= = =y V
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sin
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kj
f f2 2

2
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2

Here m2 f is a diagonal matrix with the first two eigenvalues equal to zero and a third element
equal to the corresponding mass in the SM. On the other hand, the Yukawa couplings
inducing flavor-changing charged currents can be written as shown below:
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Remembering that †= ºV V V VL
u

L
d

CKM and †= ºnV V V UL
e

LPMNS , it is easy to see from
equation (69) that

( )† †= = = =n n nz Vz z V z z U z z Uz, , , . 76ud d du u e e e2 2 2 2 2 2 2 2
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Appendix D. Z �Z ′ mixing

The ( )¢U 1 charge assignments of the Higgs fields ¢FQ in a specific model, generate the q - ¢Z Z

mixing [61, 75]
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å
å
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¢
¢ ¢

F F
- C
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where t3i is the third component of weak isospin of Φi, ¢g and g1(∼0.743) are the ¢Z and Z
coupling strength constants, respectively and ¢mZ and mZ its corresponding masses.

( )

( )
( )

q =- - +
-

=- - +
-

~ -

¢
¢

¢ ¢

- x z
v y x

v g

m

m

y z
v x y

v g

m

m

x

g

m

m

2
1

2
1 2

, 78

Z Z
SM

Z

Z

SM

Z

Z

Z

Z

1
2

2
1

2

2
2

2
1

2

1

2

⎜ ⎟

⎜ ⎟

⎜ ⎟

⎜ ⎟ ⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

In the last step, we use the approximation v v vSM 2
2

1
2 and x ? z. By imposing the

condition ∣ ∣q <- ¢
-10Z Z

3 which, roughly speaking, is the upper limit of the q - ¢Z Z mixing for
the leptophobic model in reference [61]. We impose this bound for our model since the
couplings to the leptons are proportional to the coupling z, which, by collider constraints is
less than 10−2 for ¢Z masses below 2 TeV where the - ¢Z Z mixing constraints are strong.

Under these considerations we obtain ( )∣ ∣ < -
¢
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2 2
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Z1
, which is an almost model-

independent result [61]. This is equivalent to
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These constraints are very restrictive for ¢Z masses below 2 TeV as shown in figure 1.
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