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Resumen

Este informe final presenta los objetivos, metodologia, resultados y conclu-
siones del proyecto Busqueda de modelos 3-3-1 y fenomenologia (cédigo 2686),
ejecutado en la Universidad de Narino bajo los términos de la VIIS. El trabajo
abordd tres frentes complementarios: (i) clasificacién y fenomelogia de modelos
SU(3)c®SU(3) .U (1)x (3-3-1) con cargas eléctricas exéticas y acoplamientos
no universales, enfatizando el rol del pardmetro § y los limites sobre el bosén
neutro pesado Z’; (ii) formulacién de una extensién electrodébil efectiva con
dos U(1) no universales, con sector escalar tipo 2HDM + singlete y una con-
dicién de acople un fermion derecho <> un doblete que garantiza FCNC= 0 en
el sector de Higgs; y (iii) desarrollo de un marco axion—sabor minimo con cinco
ceros de textura que conecta jerarquias de masas y mezclas con la solucién de
Peccei—Quinn al problema CP fuerte.

Los productos incluyen tres articulos A1, ponencias en COMHEP 2022/2023
y SILAFAE 2024, y acciones de formacién (apoyo a estudiante para la 12th
AstroTwinCoLO School). Se establecen ventanas de pardmetros y firmas ex-
perimentales clave (dileptones de alta masa, tf resonante, canales vy y Zv,
mezclas mesénicas), asi como lineamientos para ajustes globales y proyecciones
HL-LHC. El conjunto de resultados amplia el alcance originalmente comprome-
tido y consolida rutas futuras que integran sabor, gauge y axiones en un marco
coherente y reproducible.

Palabras clave: modelos 3-3-1, Z’, FCNC, 2HDM, singlete escalar, axion de
Peccei—Quinn, texturas con ceros, teorfas efectivas con U(1) no universales.
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1. Introduccién

El presente informe final presenta los objetivos, compromisos, metodologia y
resultados del proyecto de investigacién en fisica de altas energias desarrollado
en la Universidad de Narino, con una duracién de 24 meses (con posibilidad de
prérroga), de acuerdo con los términos establecidos por la VIIS [1]. El proyecto
se enfocd en problemas abiertos mds alld del Modelo Estandar (ME), tales como
el origen de masas y mezclas fermionicas, la cancelacién controlada de corrientes
neutras con cambio de sabor (FCNC), la aparicién de bosones neutros pesados
y senales tipo Higgs, y la busqueda de estructuras de sabor compatibles con
restricciones fenomenolégicas actuales.

La estrategia de trabajo se articuld en tres frentes complementarios: (i) el
andlisis y la clasificacién de modelos SU(3)c @ SU(3), @ U(1)x (3-3-1), inclu-
yendo escenarios con cargas eléctricas exdticas y acoplamientos no universales,



con énfasis en el papel del pardmetro § en el operador de carga eléctrica; (ii) la
construccién de un marco axion—sabor minimo con texturas con ceros, orientado
a reproducir masas y mezclas de quarks y leptones, y a estudiar restricciones
de decaimientos raros y acoples del axion; y (iii) el estudio de teorias efectivas
con dos U(1) no universales en el sector electrodébil, con énfasis en el potencial
escalar, el patrén de rompimiento y las condiciones de alineamiento del Higgs
(implementando la condicién un fermion derecho <> un doblete para FCNC= 0).

Como productos derivados, el proyecto generd publicaciones en revistas in-
dexadas de alto impacto: una clasificacién y estudio fenomenolégico de modelos
3-3-1 con cargas ex6ticas [3]; un modelo axion—sabor minimo con cinco ceros en
las matrices de masa, capaz de reproducir el sector de sabor observacional [2]; y
un marco efectivo del Modelo Estdndar con dos U(1) no universales que orga-
niza de manera coherente las FCNC y la fenomenologfa gauge/escalar asociada
[4].

La socializacién de resultados se realizé6 mediante ponencias nacionales e
internacionales, que incluyen un anélisis integral de modelos 3-3-1, una clasi-
ficacién con cargas exdticas y la exploracion de senales resonantes tipo Higgs
en marcos de dos dobletes (2HDM), presentadas en COMHEP 2022, COMHEP
2023 y SILAFAE 2024 [5, 6, 7]. Todas las publicaciones y ponencias reconocen
el apoyo institucional segtin los compromisos de crédito y divulgacién definidos
por la VIIS [1]. En las secciones siguientes se detallan la metodologia, resultados,
discusién, conclusiones, recomendaciones y agradecimientos correspondientes.

2. Metodologia

2.1. Enfoque general

El proyecto (c6digo 2686) se ejecutd con un enfoque tedrico—fenomenolégico
iterativo: (i) construccién y clasificacién de modelos gauge mas alld del Modelo
Estandar (ME); (ii) derivacién de contenidos de campos, cargas y acoplamien-
tos; (iii) formulacién de lagrangianos y ruptura espontdnea de simetrias; (iv)
obtencién de espectros de masas y corrientes; (v) confrontacién con restriccio-
nes de colisionadores, precisién electrodébil y sabor; y (vi) difusién de resultados
en revistas Al y eventos cientificos, en concordancia con los compromisos insti-
tucionales (informes semestrales, socializacién y producto académico) [1].

2.2. Ejes de trabajo y procedimiento

Marco tedrico y clasificacion 3—3—1 con cargas exdticas. Se sistematizo
la construccién de modelos SU(3).®SU(3),®U(1)x con 8 = v/3, definiendo
conjuntos de fermiones (tripletes, antitripletes y singletes), calculando contribu-
clones a anomalias y construyendo irreducible anomaly-free sets (IAFS) como
base para modelos de una y tres familias. Se reporté una clasificaciéon general,
condiciones para evadir FCNC/CLFV y limites del LHC sobre el bosén neutro
pesado [3].



Extension electrodébil con dos U(1) no universales. Se propuso y estu-
di6 un modelo SU(3)c®@SU(2)L®U(1)o®U(1)s con cancelaciéon de anomalias
por interplay entre familias; requiere dos dobletes de Higgs y un singlete esca-
lar. Se demostro la ausencia de FCNC escalar si cada fermion diestro acopla
a un unico doblete, y se analizaron dos potenciales escalares, contrastando con
posibles sefiales resonantes tipo Higgs [4].

Lagrangianos, ruptura de simetria y matrices de masa. Se construye-
ron términos de Yukawa y gauge, se implementaron las etapas de ruptura (alta
escala mediante el singlete y EWSB con los dobletes), y se derivaron corrientes
neutras (incluido Z’) y acoplamientos quirales; en el caso no universal se ana-
lizé la mezcla Z—Z' bajo el limite de angulo pequeno consistente con datos de
precisién [4].

Restricciones fenomenoldgicas. Se confrontaron acoplamientos y espectros
con: (a) bisquedas de resonancias dilepténicas y t¢ en ATLAS/CMS (limites
directos sobre Z'); (b) electrodébil de precisién; y (c¢) observables de sabor do-
minados por mezclas de mesones neutros. Este tridngulo de pruebas fijé regiones
viables y benchmarks [4, 3].

Espectro escalar y excesos tipo Higgs. Con dos dobletes de Higgs més
un singlete o (necesario para la masa de Z'), se obtuvieron tres escalares CP—
pares, un pseudoescalar y un cargado. Se realizaron escaneos del potencial y se
compararon distribuciones de masas con excesos reportados en vy, Z~ y canales
dibosénicos [4].

Sector de sabor y axiones (texturas con ceros). En paralelo, se abordé
el problema de sabor con texturas hermiticas y una simetria U(1)pq minima,
reproduciendo masas y mezclas y aplicando restricciones desde decaimientos
lepténicos y K+ — n¥uw, asi como el acople axién—fotén [2].

Difusién y validacién por pares. Los resultados de clasificacién 3-3-1, de la
fenomenologia asociada y del andlisis escalar se socializaron en COMHEP 2022
y 2023, y SILAFAE 2024, cumpliendo la socializacién comprometida [5, 6, 7].

2.3. Flujo de trabajo y gestion

El trabajo siguié un ciclo teoria — construccion — restricciones — ajuste
— difusion, con seminarios internos periédicos y revisién cruzada de calculos.
Se documentaron supuestos, benchmarks y cortes experimentales, manteniendo
trazabilidad de entregables segiin lineamientos institucionales [1].



2.4. Criterios de éxito y reproducibilidad

(i) Counsistencia gauge (cancelacién de anomalias, cargas y corrientes); (ii)
generacién de matrices de masas y mizing acordes con el ME; (iii) compatibi-
lidad con limites de colisionadores, precisién y sabor; (iv) publicacién en Al y
certificaciones de ponencias; y (v) detalles técnicos suficientes para reproducir
escaneos (rangos del potencial, jerarquias de VEVs y limites sobre la mezcla
Z-7") [3, 4, 2].

2.5. Gestion de riesgos

Se mitigaron riesgos tedricos (cerramiento de anomalias y ausencia de FCNC)
mediante asignaciones de cargas y condiciones de acople; y riesgos fenomenol6gi-
cos (Iimites LHC y precisién) mediante escaneos y seleccién de regiones viables.
La ejecucién se mantuvo alineada con los compromisos institucionales [1].

3. Resultados

A continuacién se consignan los resultados de investigacién alcanzados
por el proyecto Bisqueda de modelos 3-3-1 y fenomenologia (c6digo 2686),
en concordancia con los compromisos establecidos por la VIIS-Universidad de
Narino [1].

3.1. Publicaciones en revistas indexadas (A1)

= A minimal axion model for mass matrices with five texture-zeros.
Conexién entre simetrias tipo PQ/axiones y ceros de textura en matrices
de masa; implicaciones fenomenoldgicas en el sector fermionico [2].

= Alternative 3—3—1 models with exotic electric charges. Clasifica-
cion exhaustiva de modelos 3-3—1 con no universalidad y cargas eléctricas
exoéticas; analisis de restricciones de colisionadores para nuevas resonancias

(Z', etc.) [3].

= The Standard Model of Particle Physics as an effective theory
from two non-universal U(1l). Formulacién efectiva con dos U(1) no
universales; contraste con datos de LHC (senales tipo Higgs), electrodébil
y sabor [4].

3.2. Socializacién de resultados en eventos cientificos

» XV SILAFAE 2024 (Cinvestav, México): Exploring Higgs-like Re-
sonant Signals within a 2HDM Framework. (Certificado y programa en
Ponencias.pdf, Anexos.)



» 8th ComHEP 2023 (Colombia): Classification for Alternative 3-3-1

models with exotic electric charges. (Certificado en Ponencias.pdf, Ane-
X08.)

» 7th ComHEP 2022 (Colombia): Alternative 3-3-1 models: a com-

3.3.

3.4.

3.5.

prehensive analysis. (Laminas y constancia en Ponencias.pdf, Anexos.)

Aportes cientificos del proyecto

Catalogo y fenomenologia 3—3—1: construccién y clasificacién de fa-
milias de modelos libres de anomalia con acoplamientos no universales;
estudio de restricciones de colisionadores y posibles senales de nuevas re-
sonancias [3].

Dos U(1) no universales como teoria efectiva: mapeo de pardmetros
y contraste con datos de LHC, electrodébil y sabor; discusion de senales
tipo Higgs [4].

Texturas de masa y axiones: implementacion de ceros de textura com-
patibles con simetrias de sabor y un sector axiénico minimo con conse-
cuencias en jerarquias de masas [2].

Formacion de talento humano y apoyo estudiantil

Apoyo econémico a estudiante: Maderli Selena Toro asisti6 a la 12th
AstroTwinCoLO School (U. de Antioquia, Medellin; tépico: Weak Gravi-
tational Lensing Techniques). (Constancia en Ponencias.pdf, Anexos.)

Gestion y ejecuciéon del proyecto

Cumplimiento de compromisos VIIS: productos acadimicos (articu-
los Al) y socializacién de resultados en evento nacional/internacional,
conforme a [1].

Duracién y prérroga: ejecucion inicial de 24 meses con prorroga auto-
rizada (ver [1] y Actas en Anexos).

Resumen de productos (ver Tabla 1)

4.

4.1.

Discusion

Qué propusimos y qué logramos

El proyecto aprobado por la VIIS de la Universidad de Narifo (Buisqueda
de modelos 3-3-1 y fenomenologia asociada, cédigo 2686) planteé como obje-
tivo central la clasificacion y el anélisis fenomenolégico de modelos 3-3-1, con
productos de divulgacion y al menos un articulo indexado con reconocimiento



Tabla 1: Resumen de productos del proyecto.

Tipo Producto / Referencia

Articulo Al A minimal axion model for mass matrices with five texture-zeros [2]
Articulo Al Alternative 3-3-1 models with exotic electric charges [3]

Articulo Al SM as an effective theory from two non-universal U(1) [4]

Ponencia int. XV SILAFAE 2024: 2HDM Higgs-like signals (Anexos: Ponencias.pdf)
Ponencia nac. ComHEP 2023: Classification for Alt 3-3-1 (Anexos: Ponencias.pdf)
Ponencia nac. ComHEP 2022: Alt 3-3-1 comprehensive analysis (Anexos: Ponencias.pdf)
Formacién Apoyo a estudiante: 12th AstroTwinCoLO School (Anexos)

de la financiacién institucional [1]. Durante su ejecucién se alcanzaron resul-
tados que no sélo cumplen, sino que ademds amplian el alcance original: (i)
una clasificacién exhaustiva de modelos alternativos 3—3—1 con cargas eléctricas
exdticas y su fenomenologia colisionaria y de flavor [3]; (ii) un marco efectivo
del Modelo Esténdar (ME) proveniente de dos simetrias U(1) no universales,
con dobletes de Higgs miltiples y condiciones claras para suprimir FCNC [4];
y (iil) un modelo axifonico minimo que resuelve simultdneamente el problema
CP fuerte y reproduce texturas realistas de masas con cinco ceros [2]. Estos
productos fueron socializados mediante ponencias nacionales e internacionales
y con apoyo directo a formacién de talento humano (estudiantil) acorde con los
compromisos del proyecto.

4.2. Puntos mas algidos y caminos de solucién

(1) Modelos 3-3—1 con cargas exdticas: no universalidad vs. restric-
ciones de flavor y colisionarias. Tension: La no universalidad de las cargas
bajo el bosén gauge adicional (Z’) tiende a inducir transiciones de flavor prohi-
bidas a arbol (FCNC) y pone a prueba los acoplamientos lepténicos y hadrénicos
mediante busquedas directas en colisionadores. Ademas, ciertas incrustaciones
de las familias pueden tensionar limites de precisién si no se controlan las asi-
metrias de carga. Camino de solucion: Se llevé a cabo una clasificacién sis-
tematica de los embeddings lepténicos y hadrdénicos permitidos, identificando
configuraciones en las que (a) las dos primeras familias de quarks comparten
las mismas cargas para minimizar FCNC y (b) la asignacién lepténica evita
acoplamientos excesivos al Z’. Con ello se delimitaron ventanas de pardmetros
(incluida la del pardmetro 8 caracteristico de estos modelos) que compatibili-
zan datos de precisién, pautas de flavor y limites colisionarios multi-TeV [3].
Resultado: La clasificacion obtenida proporciona un mapa de escenarios viables
y sus firmas experimentales dominantes, que guifan nuevas pruebas en LHC y
futuros colisionadores.

(2) Dos U(1) no universales y 2HDM: FCNC, mezcla Z-Z', y senales
tipo Higgs. Tensidn: La presencia de dos U(1) no universales, junto con un
sector escalar tipo 2HDM (o 2HDM + singlete), puede generar FCNC mediadas



por Higgs y mezcla cinética o masiva entre Z y Z’, sometida a cotas de precisién
electrodébil. Camino de solucidn: El andlisis mostrado en [4] implementa una
asignacién de Yukawas en la que cada fermion derecho acopla de forma exclu-
stva a un doblete, suprimiendo exactamente las FCNC de Higgs (alignment por
construccién). Simultdneamente, la mezcla Z—Z’ se restringe a valores pequetios
compatibles con datos de precisién. El espectro escalar resultante (tres CP-par,
uno CP-impar y cargados) deja abierta la interpretacién de senales tipo Higgs
reportadas por ATLAS/CMS dentro de un marco con no universalidad bien
controlada. Resultado: E1 ME como teorfa efectiva emergente de U(1) x U(1)’
no universal queda coherente con observables de precisién y sugiere canales de
biisqueda especificos en resonancias escalares y en Z’ ligeros a intermedios, sin
requerir ajuste fino severo.

(3) Axién + texturas con cinco ceros: sabor y CP fuerte con natu-
ralidad. Tensidn: Los ansdtze con seis ceros (tipo Fritzsch) no acomodan si-
multdneamente todos los dngulos y jerarquias del sector quark; a la vez, resolver
el problema CP fuerte con un axién de Peccei-Quinn sin arruinar la fenomeno-
logia de sabor es desafiante. Camino de solucidn: En [2] se construye un marco
axiénico minimo con matrices de masa hermiticas (via descomposicién polar)
y cinco ceros, normalizando las cargas PQ al anémalo QCD. Las texturas resul-
tantes ajustan masas y mezclas de quarks y leptones con Yukawas mds naturales
que en el ME, mientras que el acople axién-materia estd controlado por f, 1y
respeta limites indirectos de baja energia. Resultado: Se obtiene un escenario
predictivo que conecta sabor y CP fuerte, compatible con los limites axiénicos
contemporaneos y con espacio para pruebas experimentales en bisquedas de
axiones y observables raros de flavor.

4.3. Convergencias y siguientes pasos

1. Observables discriminantes. Las tres lineas convergen en firmas claras:
conversién coherente y — e en ntcleos, mezclas KO-K° y B-B°, canales
raros de top (t — He, Hu) y bisquedas directas de Z’ en el rango multi-
TeV. Priorizar limites de flavor con correlaciones gauge/escalares puede
cerrar regiones de parametros.

2. Ajustes globales. Integrar de forma sistematica datos de precisiéon elec-
trodébil, limites de mezcla Z—Z', y espectros escalares (2HDM + singlete),
realizando scans conjuntos que identifiquen islas viables y proyecciones de
sensibilidad.

3. Puentes sabor—gauge. Explorar cémo texturas con cinco ceros y si-
metrias PQ pueden emerger de simetrias horizontales (gaugeadas o dis-
cretas) ya presentes en extensiones 3-3-1, unificando las tres lineas del
proyecto en una unica narrativa de sabor+gauge.

4. Fenomenologia extendida. En 3-3-1, estudiar leptones doblemente car-
gados y quarks exdticos en canales multileptén de alta energia (y topo-



logfas boosted); en U(1) x U(1)’, detallar correlaciones entre resonancias
escalares y firmas de Z’ con no universalidad controlada; en el marco
axidnico, cuantificar proyecciones de futuros experimentos sobre f,.

4.4. Reflexion final y coherencia del documento

El programa de trabajo abordé el niicleo comprometido en [1] (clasificacién
3-3-1 y su fenomenologia) y, ademds, avanzé mds alld con (a) un mecanismo
constructivo para FCNC=0 en 2HDM no universal [4] y (b) un marco axiéni-
co minimo y predictivo [2]. Para mantener la coherencia global del informe,
se recomienda que la Introduccién mencione explicitamente: (i) el papel del
pardmetro § en la clasificacién 3-3-1 [3]; (ii) la condicién de acople un fermion
derecho <> un doblete como via de FCNC=0 en el sector escalar [4]; y (iii) el
doble objetivo sabor + CP fuerte en el modelo con cinco ceros y simetria PQ [2].
Con ello, la Discusién aqui presentada mantiene continuidad con la Metodologia,
los Resultados y las Conclusiones.

5. Conclusiones

1. Aportes tedricos principales. El proyecto consolidé y amplié la cla-
sificacion sistematica de modelos 3-3—1, incluyendo escenarios con cargas
eléctricas exdticas, construyendo conjuntos irreducibles libres de anomalia
y modelos fenomenoldgicamente distinguibles; se reportaron los acopla-
mientos del bosén neutro pesado Z’ a los campos del SM y limites infe-
riores para su masa, asi como las condiciones para evadir FCNC y CLFV
[3]. En paralelo, se propuso y estudié un marco con dos simetrias U(1)
no universales que reproduce al Modelo Estandar como teoria efectiva y
presenta un mecanismo de cancelacion exacta de FCNC en el sector de
Higgs cuando cada fermion derecho del SM acopla sélo a un doblete [4].
Finalmente, se desarrollé un modelo minimo axién—sabor con cinco ce-
ros de textura que, con cuatro dobletes de Higgs, ajusta masas y mezclas
de quarks y leptones dentro de los valores experimentales, abordando de
manera simultdnea el problema CP fuerte a la Peccei-Quinn [2].

2. Implicaciones fenomenolégicas y limites. La fenomenologia de los
modelos 3-3—1 con cargas exoéticas indica limites para Mz en la franja
multi-TeV, consistentes con restricciones de colisionadores y con la po-
sible aparicién natural de escenarios fuertemente acoplados; en los casos
analizados, los encajes y limites resumidos implican Mz en el rango de
varios TeV, coherente con la clasificacién y las condiciones de ausencia de
FCNC/CLFV reportadas [3]. En el marco con dos U(1) no universales, se
mostré que es posible ajustar todas las masas y angulos de mezcla con dos
dobletes de Higgs y un singlete, preservando la cancelaciéon de anomalias
por interaccién entre familias y suprimiendo FCNC en el sector escalar [4].
En el modelo axional, los decaimientos semilepténicos de mesones carga-
dos (como K* — 7tvi) dominan la exclusién del espacio de parametros
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(¢, fa), mientras que los acoples axién—fotén refinan la regién permitida;
el enfoque mejora el fine-tuning de Yukawas en el ajuste de texturas [2].

3. Socializacién, validacion por pares y formacién de talento hu-
mano. Los resultados fueron socializados en eventos nacionales e inter-
nacionales (SILAFAE, COMHEP, entre otros), incluyendo contribuciones
sobre clasificacién 3-3—1 y senales tipo Higgs en 2HDM extensos, con cons-
tancias de participacién/ponente. Ademas, se apoy6 a estudiantado en su
formacion, con asistencia certificada a escuelas especializadas. Estos hitos
fortalecen la apropiacién social de los resultados y el relevo generacional.

4. Cumplimiento de compromisos del proyecto. El proyecto Bisque-
da de modelos 8-3-1 y fenomenologia (c6digo 2686) fue aprobado con
duracién de 24 meses, y conté con prérroga hasta la culminacién esta-
blecida, cumpliendo la entrega de productos cientificos y la socializacion
programada, en concordancia con los acuerdos y el acta de cumplimiento
de la VIIS. Los articulos Al publicados reconocen el apoyo de la VIIS y
de Minciencias/ICETEX, evidenciando la trazabilidad institucional de los
resultados.

En conjunto, el proyecto (i) amplia el mapa de modelos 3-3—-1—incluidos ca-
S0s no universales y con cargas exdticas—con caracterizaciéon fenomenolégica y
limites robustos; (i) propone y valida un mecanismo novedoso de supresién de
FCNC en marcos U(1) x U(1) no universales, compatible con masas y mezclas
fermionicas; y (%ii) presenta una via axional minima coherente con datos de
sabor y astro/fenomenoldgicos. Todo ello fue acompanado de publicacién en re-
vistas A1, diseminacién en congresos y fortalecimiento de capacidades humanas,
superando el alcance minimo originalmente trazado en el plan de trabajo.

6. Recomendaciones

A partir de los resultados del proyecto y de los productos obtenidos, propo-
nemos las siguientes lineas de accién y mejora:

1. Profundizar la fenomenologia de los modelos 3—3—1 con cargas
eléctricas exdticas. Ampliar el anélisis detallado de los 33 modelos cons-
truidos a partir de 14 conjuntos irreducibles libres de anomalia (AFSs),
incluyendo scans sistematicos de parametros y un estudio comparativo de
acoplamientos del Z’ y limites de colisionadores para cada incrustacién
fermfionica reportada [3]. Priorizar:

= Ajustes globales con restricciones de FCNC/CLFV y mezclas meséni-
cas (K°—K?Y), ya motivadas por la presencia de quarks exéticos [3].

» Busquedas dirigidas de Z' — ¢t¢~ y Z’ — tt, y firmas con leptones
doblemente cargados en el LHC y HL-LHC [3].
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= Actualizar y homogeneizar los limites inferiores de masas en un mis-
mo marco estadistico.

2. Consolidar la extensién con dos U(1) no universales como EFT
del SM. A partir del marco con dos U(1) no universales y su bosén Z’
efectivo, recomendamos:

» Realizar un fit conjunto de los pardmetros (z,y, z, w) a datos de bajas
energias y colisionadores, usando limites de ATLAS en di-leptones y
tt para acotar los acoplamientos quirales [4].

» Estudiar sistematicamente modelos no universales (dos familias con
cargas idénticas y una distinta) frente a casos universales como B—L
[4].

= Integrar proyecciones HL-LHC para definir regiones de interés expe-
rimental (dileptones de alta masa y tt resonante).

3. Enlazar el sector escalar 2HDM + singlete con anomalias del
LHC.

= Cerrar la versién de articulo con el espectro (Hj 2 3, A, C%) y el mapa
de parametros que reproduce indicios en 95 y 151 GeV, y su conexién
con Z' [4, 1].

= Anclar el anélisis numérico a restricciones de ATLAS/CMS y proyec-

ciones HL-LHC para resonancias escalares y Z’ (canales y7, Z7, bb,
WW/ZZ, hh).

4. Programa de axiones y texturas de masas (via PQ/flavor).

= Explorar la regién de parametros (fq,m4) y los acoples gy ¥ gae com-
patibles con limites astrofisicos y helioscopios, usando las expresiones
de referencia para gq y mq [2].

» Estudiar la UV completion donde la simetria PQ/flavor se incruste en
escenarios 3-3-1 o en el marco con dos U(1), buscando predicciones
correlacionadas en flavor y cosmologfa [2].

5. Herramientas, reproducibilidad y sinergias.

» Implementar todos los escenarios en SARAH/SPHENO/MADGRAPH
con un repositorio publico (pardmetros, cards y scripts de fits), faci-
litando replicabilidad de cédigos y figuras.

» Integrar tablas comparativas de limites de masas (leptones/quarks
exdticos, Z') y acoplamientos, armonizando supuestos experimentales
a lo largo de los tres ejes de trabajo [3].

6. Formacidon, colaboracién y difusion. Potenciar la participacién estu-
diantil (tesis, internships) y la presentacién de resultados en eventos de
alto impacto, consolidando redes con los coautores y grupos afines; conti-
nuar la socializacién nacional e internacional iniciada en las ponencias del
proyecto.
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7. Gestién y plazos. Alinear los productos por escribir (al menos un articu-
lo por linea: 3-3—1 detallado; EFT con dos U(1); axiones+texturas) con la
prorroga autorizada hasta el 14 de septiembre de 2025, reportando avances
semestrales conforme a la VIIS [1].

Nota de coherencia interna. Si se incorporan estos ejes (por ejemplo, la conexién
2HDM + singlete con dos U(1) y la extensién PQ/flavor en 3-3-1), recomenda-
mos ajustar la Introduccion y los Objetivos especificos para reflejar claramente
el alcance ampliado del proyecto a la luz de los resultados obtenidos.
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Resumen

En esta investigaciéon vamos a estudiar de manera sisteméatica todos los modelos posibles SU(3). ®
SU(3)r ® U(1),, libres de anomalias y sin cargas eléctricas exdticas, y su correspondiente fenomenologia.
Estamos considerando una extension del Modelo Estandar, en el que el sector electrodébil SU(2)r @ U(1)y
es extendido a SU(3)r ® U(1)x, lo cual enriquece la teoria con un nuevo contenido de particulas exoticas e
interacciones que pueden explicar algunas de las incégnitas desconocidas actualmente en la fisica. Los modelos
SU(3). ® SU(3)r ® U(1), han sido estudiados, pero atn hay aspectos por resolver: no se ha profundizado
en la fenomenologia de muchos de estos modelos, falta descubrir nuevos modelos interesantes y, ademas,
se carece de una estructura analitica para identificarlos, tomando en cuenta que pueden existir estructuras

"Vector-Like".

Palabras Claves:

Modelos 3-3-1, Extensiones del Modelo Estindar.

1. Planteamiento

Revisaremos de forma sistemética cémo construir
modelos SU(3). ® SU(3)r ® U(1),, (modelos 3-3-1) li-
bres de anomalias y sin cargas eléctricas exéticas. Hare-
mos fenomenologia con algunos de estos modelos nue-
vos. Ya existen amplios estudios de los modelos 3-3-1,
desde los trabajos originales de Pisano y Pleitez [1]
y Frampton [2], hasta los trabajos del profesor Pon-
ce [3, 4]. La idea es sistematizar el proceso para en-
contrar todos los modelos posibles libres de anomalias,
universales y no universales, con tres o mas familias en
el sector de quarks y leptonico.

2. Justificacion

La razon de esta propuesta de investigacion es darle
un mejor sentido y tener una mejor comprension de la
cantidad de modelos 3-3-1 que han sido propuestos en
la literatura, por ejemplo, el modelo minimo [1, 2] que
contiene cargas eléctricas exdticas, y modelos sin cargas
eléctricas exéticas como el modelo 3-3-1 con neutrinos
derechos [5, 6, 7] y el modelo 3-3-1 con leptones carga-
dos exoticos [8, 9, 10], modelos que han sido extensa-
mente estudiados desde el punto de vista fenomenologi-
co. Pero hay varios modelos 3-3-1 sin cargas eléctricas
exo6ticas que no han recibido la suficiente atencion y
que so6lo se han identificado como modelos C, D, E, F,

G,H,IyJ|[3,4,11]. Esperamos entonces que un ana-
lisis sistematico nos permita encontrar mas modelos, y
confiamos que sean todos los posibles modelos libres de
anomalias, y asi poder identificar modelos interesantes
que ameriten profundizar en su analisis fenomenologi-
co.

3. Objetivo general

Encontrar un método de construcciéon de modelos
3-3-1, en especial sin cargas eléctricas exoéticas, e iden-
tificar modelos 3-3-1 nuevos e interesantes para su ana-
lisis fenomenologico.

3.1. Objetivo especificos

s Identificar las estructuras fermioénicas cerradas
—Resultado->encontrar las estructuras que con-
tengan las antiparticulas de todas las particulas
cargadas eléctricamente, y que consistan de tri-
pletes SU(3), izquierdos y singletes derechos.

» Encontrar las estructuras bésicas libres de ano-
malias —->>con estas estructuras se podrian cons-
truir todos los modelos 3-3-1.

= Identificar modelos con una fenomenologia in-
teresante —->tendriamos a nuestra disposicién



modelos nuevos que pasarian a enriquecer la lite-
ratura cientifica.

4. Marco tedrico

El impresionante éxito del Modelo Estandar (ME)
basado en el grupo gauge local SU(3). ® SU(2);, ®
U(1)y con el sector de color SU(3). confinado y el
sector de sabor SU(2);, ® U(1)y oculto y roto esponta-
neamente por el mecanismo minimo de Higgs [12], no
ha sido capaz de proporcionar una explicacién de va-
rios problemas fundamentales, entre ellos: la jerarquia
de masas y los angulos de mezcla para ambos casos, el
sector de quarks y leptonico, la cuantizacion de carga,
la fuerte violacion de la simetria carga-paridad (CP),
masas de neutrinos y sus oscilaciones, y por tltimo
pero no menos importante, la abundancia de mate-
ria oscura y energia oscura en el universo. Debido a
esto, muchos fisicos creen que el ME no representa
la teoria final, representando solo un modelo efectivo
originado a partir de uno més fundamental. Las ex-
tensiones minimas del ME surgen o bien anadiendo
nuevos campos, o bien ampliando el grupo gauge lo-
cal (anadiendo un campo de neutrinos de quiralidad
derecha constituye una extension simple, algo que me-
jora, pero no resuelve los problemas mencionados an-
teriormente). Las extensiones simples del grupo gauge
local consideran un sector electrodébil con una sime-
tria abeliana extra SU(2);, ® U(1), ® U(1), [13, 14],
o bien el llamado modelo simétrico izquierda-derecha
SU(2)L ® SU(2)r @ U(1)(B-r) [15, 16, 17], 0 también
una simetria de la forma SU(3)r ® U(1)x, siendo este
altimo caso el que vamos a considerar en este estu-
dio [1, 2, 3, 4].

En lo que sigue suponemos que el grupo gauge
electrodébil es SU(3). ® SU(3);, ® U(1)x (para abre-
viar 3-3-1) en el cual el sector electrodébil del ME
SU(2),®@U(1)y es extendido a SU(3), ®U(1) x. Tam-
bién suponemos que, como en el ME, el grupo de co-
lor SU(3). es vectorial (libre de anomalias) y que los
quarks izquierdos (tripletes de color) y los leptones iz-
quierdos (singletes de color) transforman bajo las dos
representaciones fundamentales de SU(3); (la repre-
sentacion 3 y 3*).

Aparecen dos clases de modelos: los modelos uni-
versales de una familia en los que las anomalias se can-
celan en cada familia como en el ME, y los modelos de
varias familias en los que las anomalias se cancelan por
una interaccién entre las diversas familias.

Para los modelos 3-3-1, el operador de carga eléc-
trica mas general en el sector electrodébil extendido
es

Q =al3+ %b)\g-i-XIg (1)
donde Ao, =1,2,...,8son las matrices de Gell-Mann
para SU(3)r normalizado como Tr(AaAg) = 204, €
Is = Dg(1,1,1) es la matriz unitaria 3 x 3. a = 1/2
si se asume que el isospin SU(2); del ME esta ente-
ramente embebido en SU(3)r; b es un parametro libre
que fija el modelo y los valores de X se obtienen por

cancelacion de anomalias. Para los 8 campos gauge Aj

de SU(3)1, X = 0 se pueden escribir como [3, 4]
b+1/2
Dy, wr o KT
Z )\aAz =2 Wu_ DO KI(Lbfl/z)
a K;(b+1/2) K, (b 1/2) Dg#

(2)
donde DY, = A%/vV2+ AS/V6,D), = —A% /2 +
A8 /\6, y DY, = —2A% /\/6. Los indices superiores de
los bosones gauge representan la carga eléctrica de las
particulas, siendo algunos de ellos funciones del para-
metro b.

4.1. El modelo minimo

En la referencia [1, 2] se ha demostrado que, pa-
ra b = 3/2, las sigulentes estructuras fermionicas
estan libres de todas las anomalias gauge: ©j, =

(Vl’l l+) ~ (173a0)7 ZTL = (divuivxi)L ~
(3,3*,-1/3), QI = (us,ds,Y) ~ (3,3,2/3), donde
Il = e,u, 7 es un indice para las familias leptonicas,

1 = 1,2 para las dos primeras familias de quarks, y los
numeros después del signo de similaridad significa re-
presentaciones 3-3-1. Los campos derechos son uf; ~
(3*5 L, _2/3)7 dgL ~ (3*7 L, 1/3)7 XiCL ~ (3*5 174/3) y
YF ~ (3%,1,-5/3), donde a = 1,2,3 es el indice de fa-
milias de quarks, y hay dos quarks exoticos con cargas
eléctricas —4/3 (X;) y otro con carga eléctrica 5/3 (V).
Esta version es llamada modelo minimo en la literatu-
ra, porque no hace uso de leptones exoticos, incluyendo
posibles neutrinos derechos.

4.2. Modelos 3-3-1 sin cargas eléctricas

exoOticas

Si se desea evitar cargas eléctricas exoéticas en los
sectores de fermiones y bosones como las presentes en
el modelo minimo, se debe elegir b = 1/2 en la ecua-
cion (1) como se muestra en la referencia [3, 4].

Para comenzar nuestro anélisis sistematico, empe-
zamos con estructuras cerradas de fermiones que con-
sisten solo de un triplete SU(3)[, izquierdo y singletes
derechos, donde por cerradas entendemos estructuras
que contienen las antiparticulas de todas las particu-
las cargadas eléctricamente. Siguiendo la notacion de
las referencias [3, 4], s6lo existen las siguientes seis es-
tructuras de este tipo que contienen al menos todos los
campos fermionicos de una familia del ME:

= S = [(z/ e, E] )®@et®E] L con ntimeros cuan-
ticos (1,3,-2/3); (1,1,1) y (1,1,1) respectiva-
mente.

n Sy = e*]r con ntimeros cuanticos

[(e™, v, NY) &

(1, 3%, 71/3) y (1,1, 1) respectivamente.

» S5 = [(d,u,U) @ u® & d° @ U°]r con niameros
cuanticos (3,3*,1/3); (3*,1,-2/3); (3*,1,1/3) y
(3*,1,—2/3) respectivamente.

« Sy = [(u,d,D) du® dc ® D) con nime-
ros cuanticos (3,3,0); (3*,1,—2/3); (3*,1,1/3) y
(3%,1,1/3) respectlvamente.



» 55 = [(N207E2+76+) ® E5 @ e”]L con nameros
cuanticos (1,3*,2/3); (1,1,—-1) y (1,1,—1) res-
pectivamente.

» So = [(EF,NY,N{)® E; L con ntimeros cuanti-
cos (1,3,1/3) y (1,1, —1) respectivamente.

donde por razones fenomenologicas permitimos la pre-
sencia de varios leptones exdticos (cargados y neutros),
pero sblo un quark exético de cada tipo. En los prime-
ros conjuntos, N y NY pueden desempefiar el papel del
campo de neutrino derecho 12¢ en una base SO(10).

Notese que en este punto, nuestro enfoque es di-
ferente al presentado en la referencia [3, 4], siendo la
diferencia que solo se utiliza un triplete SU(3)r, en ca-
da conjunto, en lugar de los compuestos presentes en
la referencia original (tales estructuras leptonicas com-
puestas aparecerdn mas adelante en nuestro anélisis
sistematico).

Las diversas anomalias gauge calculadas para estos
seis conjuntos se indican en la Tabla I; donde nétese
que los valores de anomalia para Sy , S , S3 y S4 coin-
ciden con los presentados en la referencia [3, 4], siendo
los valores para S5 y Sg nuevos resultados.

Anomalias St Sa S3 Sy S5 Se
[SU3)c]PU(1)x 0 0 0 0 0 0
[SUB)PU()x | —2/3 —1/3 1 0 2/3 1/3

[Grav]2U (1) x 0 0 0 0 0 0
U1)x]? 10/9 8/9 —-4/3 -2/3 -10/9 -8/9
[SU(3)L]? 1 -1 -3 3 -1 1

Tabla 1: Anomalias para algunas estructuras de campos fermioénicas 3-3-1.

Ahora bien, si queremos considerar una sola familia
de quarks, basta con los conjuntos S3 o Sy, pero para 3
familias de quarks hay que utilizar una de las siguientes
combinaciones 353 , 35y , (255+54) y (S3+254), donde
las dos primeras estan asociadas a modelos universales.

A partir de la Tabla I es sencillo leer los siguientes
conjuntos libres de anomalias:

= Modelo A: 355 + S3 + 25,
= Modelo B: 357 + 253 + .54
= Modelo I: 255 + S4 + S5

(e, 2, N))@et @ (B, NS, N El © (N, ES,Ef)® E; @ By @ (u,d, D) ®u® ®d°® D).

Por por muy feo que sea, debido a la presencia
de leptones exdticos, algunos con los mismos ntmeros
cuénticos de los ordinarios, podemos decir que este mo-

= Modelo J: 257 + S5 + Sg

donde las estructuras I y J [11] contienen s6lo una fa-
milia de quarks, y A y B son modelos de tres familias
de quarks. Pero, ;podemos ver a I y J como mode-
los libres de anomalias de una familia (“Universal”)? la
respuesta es si, si permitimos modelos con electrones
exOticos y nuevas particulas eléctricas neutras. De he-
cho, podemos escribir el contenido de particulas para
el modelo I como:

3)

delo atin no esta excluido de la fenomenologia actual.
De forma similar, el contenido de particulas de la
estructura J puede escribirse como [11]:

(W, e ,E[)®et @ Ef ® (Ny,Ey ,Ey)®Ef @ Ef © (Ef,N),N))® E; @ (d,u,U)©u®d°®U L. (4)

Las otras dos estructuras A y B corresponden a
dos modelos no universales bien conocidos y ya presen-
tes en la literatura; A se denomina “modelo 3-3-1 con
neutrinos derechos” [5, 6, 7] y B se denomina “modelo
3-3-1 con leptones exoticos cargados” [8, 9, 10].

5. Antecedentes

Como se pudo observar en el marco tedrico, sec-
cion 4, la riqueza fisica y matematica es bastante am-
plia de lo que pretendemos investigar, desde la cons-
truccion de modelos, estudiados ampliamente en la li-

teratura, secciones 4.1 y 4.2, hasta el desarrollo de nue-
vos modelos como los indicados en las ecuaciones (3)
y (4). Pretendemos seguir este camino, que indicaremos
a continuacioén, en la metodologia de trabajo.

6. Metodologia

El método que pretendemos seguir en nuestra in-
vestigacion consiste de varios pasos:

1. Construir méas estructuras bésicas (S’s), con sus
respectivas anomalias, como las indicadas en la

Tabla 1.



2. Construir mas modelos libres de anomalias, ju-
gando con estos conjuntos, S. Estos modelos pue-
den ser universales o no universales.

3. Finalmente, identificar modelos nuevos interesan-
tes a los cuales poderles hacer la fenomenologia,
identificacion de cargas y corrientes, y hacer fisica
con el nuevo boson exodtico Z'.

7. Novedad en el aporte a la cien-
cia, la tecnologia, la innova-
cion o la creacién artistica y
cultural

Esta investigacion es en fisica bésica, su aporte va
dirigido hacia la ciencia pura. Nuestra investigacion va
dirigido al estudio de los constituyentes dltimos de la
materia, de qué esta hecha y como interacttia ésta pa-
ra formar los cuerpos macroscopicos. La novedad esta
en que atun hay muchas preguntas sin responder; por
ejemplo, no hemos sido capaces de proporcionar una
explicacion de varios problemas fundamentales, entre
ellos: la jerarquia de masas y los angulos de mezcla
para ambos casos, el sector de quarks y leptonico, la
cuantizacion de la carga eléctrica, la fuerte violacion de
CP, masas de neutrinos y sus oscilaciones, y por ultimo
pero no menos importante, la abundancia de materia
oscura y energia oscura en el universo.

8. Impactos esperados
= Impactos cientifico y tecnolégicos del pro-

yecto en las entidades participantes —
descripcién—>Esperamos publicar los resultados

Referencias

de nuestra investigaciéon en revistas de alto im-
pacto cientifico tipo Al. Lo que generard en la
entidades participantes, la Vicerrectoria de in-
vestigacion e Interaccion Social (viis) y la Uni-
versidad de Narino una mayor visibilidad y me-
jor posicionamiento en el escalafén investigativo
y académico.

Formacién de recursos humanos en investi-
gacion, nuevas tecnologias y en gestion tec-
nolégica —descripciéon—>Respecto a este im-
pacto, tendremos dos estudiantes vinculados al
proyecto, que recibirdn una preparaciéon invalua-
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gacion a fin de consolidar colaboraciones. Actual-
mente tenemos colaboraciones con investigadores
de la Universidad Nacional de Bogotéa, Universi-
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ACUERDO N° 53
marzo 14 de 2023

Por el cual se aprueba un Proyecto de Investigacion para su ejecucion y financiaciéon

EL COMITE DE INVESTIGACIONES DE LA UNIVERSIDAD DE NARINO
En uso de sus atribuciones estatutarias y reglamentarias y

CONSIDERANDO:

Que mediante Acuerdo No. 162 de 17/06/2022, emanado de este organismo, se expidié la Reglamentacion y el Calendario de
la Convocatoria de Investigacion Docente 2022.

Que los profesores YITHSBEY GIRALDO USUGA, EDUARDO ROJAS , GERMAN ENRIQUE RAMOS ZAMBRANO y JUAN
CARLOS SALAZAR MONTENEGRO adscritos al(los) Departamento(s) de Fisica presentaron el proyecto "BUSQUEDA DE
MODELOS 3-3-1 Y FENOMENOLOGIA ", registrado con cédigo 2686, el cual, es finanfiable, una vez surtido el proceso de la
convocatoria.

Que es necesario expedir el acto administrativo de aprobacién del proyecto y definir las condiciones basicas para su ejecucion.

Que el proyecto cumple con los requisitos exigidos en la Convocatoria de Investigacion Docente 2022.
ACUERDA:

ARTICULO 1°.- Aprobar el proyecto de investigacién "BUSQUEDA DE MODELOS 3-3-1 Y FENOMENOLOGIA "a los
profesores YITHSBEY GIRALDO USUGA, EDUARDO ROJAS , GERMAN ENRIQUE RAMOS
ZAMBRANO y JUAN CARLOS SALAZAR MONTENEGRO adscritos al(los) Departamento(o) de Fisica el
cual tendra una duracion de 24 meses para su ejecucion.

ARTICULO 2°.- El proyecto de investigacion sera coordinado por el profesor YITHSBEY GIRALDO USUGA, identificado
con cédula de ciudadania No 71.741.558.

ARTICULO 3°.- Adjudicar recursos por valor de VENTICINCO MILLONES DE PESOS MDA. CTE. ($ 25.000.000 ), segun
certificado de disponibilidad presupuestal No. 2162-1 de 28/02/2023, para garantizar el desarrollo del
proyecto.

ARTICULO 4°- El desarrollo del proyecto se regira de acuerdo con lo establecido en el Acuerdo No. 162 de 17/06/2022,

emanado de este organismo y la ejecucion de los recursos se sujetara al presupuesto presentado en el
proyecto, cumpliendo con las normas fiscales nacionales e institucionales establecidas para el manejo de
dineros publicos. Los avances y el plazo para la legalizacién de los mismos seran autorizados mediante
resolucién emitida por el Vicerrector de Investigaciones e Interaccion Social.

Paragrafo: El primer desembolso debe solicitarse hasta el 15 de septiembre de 2023, de lo contrario se asume que
el proyecto no se desarrollara y sera cancelado.

ARTICULO 5°- Se iniciard con la ejecucion de recursos una vez esté firmada el acta de cumplimiento, por el(la)
Coordinador(a) del proyecto y los Coinvestigadores.

ARTICULO 6°- Los investigadores deben cumplir con la presentacion de un informe parcial cada 6 meses y uno final,
ademas de los demas compromisos establecidos en el acta de cumplimiento suscrita por el docente
responsable.
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ARTICULO 7°- Los docentes con vinculacion por hora catedra y tiempo completo ocasional que lideren proyectos,
deberan suscribir una péliza de cumplimento del 40% del valor total del proyecto, la cual debe tener una
vigencia que comprenta el tiempo establecido para el desarrollo del proyecto mas seis meses. Dicha
pdliza deberd adquirirse y cargarse al sistema de informacion hasta el 22 de marzo de 2023, de lo
contrario se asume que el proyecto no se desarrollara y sera cancelado.
ARTICULO 8°- La Vicerrectoria de Investigaciones e Interaccidon Social, y el(los) Departamento(s) de Fisica , anotara(n)

lo de su cargo.

COMUNIQUESE Y CUMPLASE

Dado en San Juan de Pasto, a los 14 dias del mes de marzo de 2023.

Firmado digitalmente
WILLIAM ALBARRACIN HERNANDEZ
Presidente

NATHALY LORENA SANTACRUZ RECALDE
Secretaria
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ACTA DE CUMPLIMIENTO No. 18
marzo 14 de 2023

Entre los suscritos WILLIAM ALBARRACIN HERNANDE?Z identificado con cédula de ciudadania nimero 79.788.448, en calidad
de Vicerrector de Investigaciones e Interaccion Social de la Universidad de Narifio y quien para la presente acta se denominara
LA VICERRECTORIA DE INVESTIGACION E INTERACCION SOCIAL, de una parte y de la otra los profesores YITHSBEY
GIRALDO USUGA, EDUARDO ROJAS , GERMAN ENRIQUE RAMOS ZAMBRANO Y JUAN CARLOS SALAZAR
MONTENEGRO adscritos al(los) Departamento(s) de Fisica quienes para los fines de la misma se denominaran LOS
INVESTIGADORES, se celebra la presente acta de cumplimiento la cual se regira por las siguientes clausulas: PRIMERA.- LA
VICERRECTORIA DE INVESTIGACION E INTERACCION SOCIAL a través del Fondo de Investigaciones se compromete a
financiar el proyecto de investigacién "BUSQUEDA DE MODELOS 3-3-1 Y FENOMENOLOGIA ", registrado con cédigo 2686
aprobado mediante Acuerdo No. 53, de 14/03/2023 por un valor de $25.000.000 , los cuales seran ejecutados segun el
presupuesto aprobado en un término de 24 meses, contados a partir de la fecha de la firma de la presente acta.- SEGUNDA .-
LOS INVESTIGADORES se comprometen a desarrollar todos los objetivos de esta investigacion, contenidos en el proyecto
aprobado.- TERCERA.- LOS INVESTIGADORES implementaran las medidas necesarias para asegurar la participacion de
TODOS los integrantes, de acuerdo con los compromisos de cada uno.- CUARTA. - LOS INVESTIGADORES se comprometen
a entregar como resultados de la investigacién: a) Informes semestrales los cuales seran requisito para solicitar recursos
financieros e informe final a través Sistema de Informacion del Sistema de Investigaciones. b) Socializacion de los resultados
de la investigacion en un evento cientifico de caracter nacional o internacional. c) Generacion de un producto académico de los
establecidos en los literales a, b, ¢, d, e, g, i, j, 6 k exceptuando el sublieral B "Otras modalidades de publicaciones en revistas
espcializadas" del articulo 10 del decreto 1279 de 2002. Paragrafo 1. En el caso del literal a subliteral A del Articulo 10 del
Decreto 1279 de 2002, los investigadores podran presentar el articulo cientifico preferiblemente a una revista actualmente
indexada u homologada por MINCIENCIAS (PUBLINDEX), o en su defecto en una revista indexada en uno o mas repertorios,
repositorios, indices o bases de datos de revistas cientificas reconocido internacionalmente, dependiendo de su area de
profundizacion como: Scopus, EBSCO, PubMed, Scielo, ISI, CUIDENplus, Psicodoc, Clase, DOAJ, IRESIE, IDEAS, LILACS,
Mathematical Reviews. PERIODICA, SSCI, DIALNET, REDALYC, Web of Science, LATINDEX, REDIB, Clarivate Analytics,
Elsevier , Crossref, Philsopher’s Index, Publons, COSMOS, ESJI, ICMJE, ISIFI, DRJI, ISI, Scilit. En el caso de que la revista
este indexada en un repertorio, repositorio, indice o base de datos diferente a los estipulados en este paragrafo, los
investigadores deben consultarlo con el Comite de Investigaciones para obtener el aval, antes de enviar el articulo a la revista.
Paragrafo 2. El numero de productos a los que se refiere el literal c) sera igual o superior al numero de grupos que realicen el
proyecto, con coautorias de los grupos participantes en todos ellos y se debera hacer referencia a la financiacion otorgada por
la Universidad de Narifio a través de la Vicerrectoria de Investigaciones e Interaccion Social. Paragrafo 3. Para el caso de los
libros de investigacion, ensayo o texto, se cumplira el requisito una vez se encuentre certificada su aceptacion para publicacién
por el Consejo Editorial de la Universidad de Narifio o por una editorial de reconocido prestigio, las anteriores deben estar
avaladas por el Consejo Editorial de la Universidad de Narifio. Paragrafo 4. Para los productos académicos de los literales b, i y
k del Articulo 10 del Decreto 1279 de 2002, se cumplira el requisito una vez el Comité de Asignacion de Puntaje los haya
aceptado como produccion académica de los docentes. Para el caso de docentes hora catedra dichos productos se evaluaran
por pares designados por el Comité de Investigaciones, teniendo en cuenta los criterios establecidos por el Comité de
Asignacién de Puntaje (CAP). Una vez se entregue dicha informacién, se podra expedir el acto administrativo de terminacion
del proyecto. QUINTA.- LA VICERRECTORIA DE INVESTIGACION E INTERACCION SOCIAL se reserva la facultad de
supervisar y auditar el desarrollo integral de la investigacion en sus diferentes fases, lo mismo que el cumplimiento de las
observaciones y recomendaciones establecidas por los evaluadores y el Comité de Etica en Investigaciones, tanto en el
proyecto como en el desarrollo del trabajo de campo y en el informe final.- SEXTA.- Los bienes no fungibles que se adquieran
en el desarrollo de este trabajo son de propiedad de la Universidad, los cuales quedaran a cargo de uno de los docentes de
tiempo completo que hacen parte del proyecto de investigacién.- SEPTIMA.- LOS INVESTIGADORES, cuando sin causa
justificada no cumplan la totalidad de los objetivos aprobados en el proyecto de investigacién, o se abstengan de legalizar uno o
varios desembolsos o los ejecuten en contra de lo establecido por la ley o por los reglamentos de la Universidad o no remitan
oportunamente los informes parciales o final dentro de los plazos estipulados, deberan reintegrar en forma solidaria en los
términos de la Ley Civil, los dineros destinados por la Universidad para el desarrollo de la investigacion, independientemente de
los procesos disciplinarios a que hubiere lugar.- OCTAVA.- Si un INVESTIGADOR hizo uso de los beneficios de la asignacion
académica por investigacion y no culmind a satisfaccion con la entrega de los productos correspondientes en los tiempos
estipulados en el proyecto, sin justificacion oportuna o de fuerza mayor, debera reintegrar los recursos ejecutados, segun lo
establecido en el Articulo 28 del Estatuto del Investigador. De igual manera debera reintegrar los dineros equivalentes al valor
de las horas asignadas, indexados a la fecha en la cual se inicia el proceso de reintegro, ademas de someterse a las sanciones
a que hubiese lugar. NOVENA .- El desarrollo del proyecto se regira segun lo establecido en la Convocatoria de Investigacion
Docente aprobada mediante Acuerdo No. 162 de 17/06/2022, y Acuerdo No. 070 de 2017, emanados de este organismo, asi
como las demas normas institucionales vigentes.

COMUNIQUESE Y CUMPLASE



Dada en San Juan de Pasto, a los 14 dias del mes de marzo de 2023.

WILLIAM ALBARRACIN HERNANDEZ Yithsbey Giraldo Usuga Eduardo Rojas
Vicerrector Investigador Investigador
German Enrique Ramos Zambrano Juan Carlos Salazar Montenegro

Investigador Investigador
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ACUERDO No. 0137
(Mayo 31 de 2023)

Por el cual se autoriza el retiro de co-investigadores en proyecto de investigacion.

Universida

EL VICERRECTOR DE INVESTIGACIONES E INTERACCION SOCIAL DE LA
UNIVERSIDAD DE NARINO
En uso de sus atribuciones estatutarias y reglamentarias y

CONSIDERANDO:

Que mediante Acuerdo No. 53 del 14 de marzo de 2023, fue aprobado el proyecto de investigacion
“BUSQUEDA DE MODELOS 3-3-1 Y FENOMENOLOGIA ", registrado con cédigo 2686 en la
Convocatoria Docente 2022. Presentado por las docentes YITHSBEY GIRALDO USUGA, EDUARDO
ROJAS, GERMAN ENRIQUE RAMOS ZAMBRANO y JUAN CARLOS SALAZAR
MONTENEGRO adscritos al(los) Departamento(s) de Fisica de la Universidad de Narifio.

Que mediante oficio del 4 de mayo de 2023, el Docente Juan Carlos Salazar Montenegro identificado con
c.c. 98.398.864. Solicita ante el Comité de Investigaciones la aprobacion de su retiro como coinvestigador
en el marco del proyecto de investigacion “BUSQUEDA DE MODELOS 3-3-1 Y FENOMENOLOGIA".
La solicitud obedece a que el mencionado docente se encuentra como investigador principal en un proyecto
de la convocatoria 2022 y en otro proyecto de la convocatoria Docente 2023, por el caracter de su
participacion en dichas investigaciones requiere mayor tiempo para el cumplimiento de los objetivos
propuestos, aunado a ello menciona las multiples ocupaciones académicas y administrativas del docente
coinvestigador.

Que el articulo 12 del Acuerdo No. 0162 del 17 de junio de 2022 Por el cual se expide la Reglamentacion
de la Convocatoria de Investigacién Docente 2022, establece:

Articulo 12. El reemplazo, adicion o retiro de investigadores a partir de la suscripcion del acta de
cumplimiento se podran realizar, con solicitud al Comité o Consejo de Investigaciones,
unicamente, hasta transcurrido el 50% del tiempo de ejecucion del proyecto. Las solicitudes
que se reciban superado este porcentaje seran tratadas exclusivamente por fuerza mayor o
caso fortuito.

Pardgrafo. El retiro de un investigador se aprobara siempre y cuando el proyecto siga cumpliendo con
las condiciones de la convocatoria, previa aprobacion del Comité de Investigaciones. El
investigador que se retira suscribird oficio manifestando su renuncia al proyecto y a la
propiedad intelectual generada después de su retiro.

Que mediante consulta 008 del 5 de mayo de 2023, el Comité de Investigaciones aprobd el retiro del
coinvestigador Juan Carlos Salazar Montenegro del proyecto denominado: “BUSQUEDA DE
MODELOS 3-3-1 Y FENOMENOLOGIA”

Que mediante Acuerdo 0154 de 2 de noviembre de 2021, el Comité de Investigaciones delega al
presidente de dicho organismo para resolver algunas solicitudes, como: tramitar prorrogas de proyectos de
investigacion, tramitar el registro de proyectos en la Vicerrectoria de Investigaciones que son financiados
y/o no corresponden a las convocatorias internas, resolver las solicitudes de aceptaciéon de renuncias o
inclusion de investigadores a los proyectos de investigacion docente y la recepcion y analisis de informes
finales y productos de investigacion. La realizacion de estas funciones se hace con el fin de descongestionar
las solicitudes ante el Comité de Investigaciones y dar celeridad a los procesos del Sistema de Investigacion.
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Universidad de Narifio
ACREDITADA DE ALTA CALIDAD
RESOLUCION MEN 10567 - MAYD 23 DE 2017

RESUELVE:

ARTICULO 1° Retirar del proyecto de investigacién 2686 denominado: “BUSQUEDA DE
MODELOS 3-3-1 Y FENOMENOLOGIA” al docente JUAN CARLOS
SALAZAR MONTENEGRO identificado con c.c. 98.398.864, adscrito al
Departamento de Fisica de la Universidad de Narifio.

ARTICULO 2°  La Vicerrectoria de Investigacion e Interaccion Social, el Sistema de Investigaciones

y el Departamento de Fisica de la Universidad de Narifio, anotaran lo de su
competencia.

COMUNIQUESE Y CUMPLASE.

Dado en San Juan de Pasto, a los treintaiun (31) dias del mes de mayo de dos mil veintitrés (2023).

, , /7
IN HERNANDEZ NATHAL‘ZLZ
esidente €cretari
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ACUERDO N°. 072
(12 de febrero de 2025)
Por el cual se autoriza Prérroga a un proyecto de Investigacion

EL COMITE DE INVESTIGACIONES DE LA UNIVERSIDAD DE NARINO
En uso de sus atribuciones estatutarias y reglamentarias y

CONSIDERANDO:
Que segun Acuerdo No. 080 del 23 de diciembre de 2019 del Consejo Superior se expide el Estatuto General de la Universidad de Narifio.

Que el Acuerdo No. 080 del 23 de diciembre de 2019 , establece en el "ARTICULO 143. Derogatorias y Vigencia. El presente Estatuto General rige a partir de su publicacién y deroga todas las
disposiciones que le sean contrarias, en especial el Acuerdo 194 del 20 de diciembre de 1993, expedido por el Consejo Superior Universitario”.

Que el Acuerdo No. 080 del 23 de diciembre de 2019, establece en el "ARTICULO 141. Periodo de Transicion. Mientras se promulgan los Estatutos relacionados en los articulos anteriores y se
reglamentan por parte del Consejo Superior, el Consejo Académico, la rectoria y las vicerrectorias, seguin sea el caso, las funciones de los cargos contemplados en este Estatuto, seguiran vigentes los
estatutos y demas normas internas actuales".

Que mediante Acuerdo 053 de 14 de marzo de 2023 se aprueba el proyecto de investigacion titulado "BUSQUEDA DE MODELOS 3-3-1 Y FENOMENOLOGIA" (Cod 2686) a los profesores Yithsbey
Giraldo Usuga CC 71741558, Eduardo Rojas CC 13957295 y German Enrique Ramos Zambrano CC 98388559 adscritos al(los) Departamento(s) de Fisica respectivamente, el cual tendra una duracion
de 24 meses para su su ejecucion, por valor de VENTICINCO MILLONES DE PESOS MDA. CTE. ($ 25.000.000)

Que el Articulo 2 del Acuerdo 0149 de junio 29 de 2023 reza:

Prérroga Ordinaria Se asigna un tiempo adicional correspondiente el 50% del tiempo inicialmente otorgado para la terminacién del proyecto, previa verificacion de la justificacion. Cuenta con el
respectivo acto administrativo.

El investigador debera estar al dia en legalizaciones de avances e informes, a fin de solicitar la prérroga.

Para otorgar la prérroga, una vez culminado el cronograma del proyecto, el investigador tendra hasta 15 dias habiles para solicitar la misma. De lo contrario, el proyecto pasara a estado vencido
de manera definitiva y tendra maximo 15 dias habiles para cumplir con los compromisos establecidos.

Que mediante Resolucién Rectoral No. 004 de 01 de enero de 2025, la Rectora de la Universidad de Narifio resuelve designar a partir del dia tres (3) de enero de 2025, al Doctor ALVARO JAVIER
BURGOS ARCOS, identificado con cedula de ciudadania No.12.978.849, como Vicerrector de Investigacion e Interaccion Social de la Universidad de Narifio.

Que mediante Acuerdo 0154 de 2 de noviembre de 2021, el Comité de Investigaciones delega al presidente de dicho organismo para resolver algunas solicitudes, como: tramitar prorrogas de proyectos
de investigacion, tramitar el registro de proyectos en la Vicerrectoria de Investigaciones que son financiados y/o no corresponden a las convocatorias internas y la recepcién y andlisis de informes finales
y productos de investigacién. La realizaciéon de estas funciones, se hace con el fin de descongestionar las solicitudes ante el Comité de Investigaciones y dar celeridad a los procesos del Sistema de
Investigacion.

Que el investigador principal se solicita una prérroga, con el fin de culminar el proyecto, y que la misma es viable de acuerdo a la norma y la informacioén presentada.
Que, en virtud de lo anterior,

ACUERDA:

ARTICULO 1 °. Autorizar una prérroga ordinaria de 6 meses, solicitados por el investigador, esto es hasta 14 de septiembre de 2025. al proyecto de investigacion titulado: "BUSQUEDA DE MODELOS 3-
3-1Y FENOMENOLOGIA" (Cod 2686) , teniendo en cuenta la parte motiva del presente acto administrativo.

COMUNIQUESE Y CUMPLASE

.

NATHALY LORENA SANTACRUZ R.
Secretaria

Universidad de Narifio VIIS - Bloque 5 - Oficina 102 - Carrera 33 No. 5-121 - Barrio Las Acacias
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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* — miv. 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—
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71, 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.

Inthe 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 NOvA
[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 vg 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 m p, 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 M. For a very large Mg, it would
give effective Majorana masses for left-handed neutrinos as
Meff R m% /Mp. 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
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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, A2y, Zp, 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 x 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/ Ven| = 0.06 is too small compared to the experimental
value [Vyp/ Veplexp =~ 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 (“6-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 f,. One consequence
of this breaking is the existence of a particle called the axion,
which is the Goldstone boson of the broken U(1)pg 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:

famn JZ 1012Gev>

fa 1+z fa ’
where z = 0.56 is assumed for the up and down quark mass

ratio, while f; ~ 92 MeV and m, = 135 MeV are the pion
decay constant and mass, respectively.

a ey

~ 6ueV (
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The effective couplings of axions to ordinary particles are
inversely proportional to f,, 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/f,, making its direct detection extremely
difficult. The combined limits from unsuccessful searches in
nuclear and particle physics experiments and from stellar
evolution imply that f, > 3 x 10° GeV [151]. Furthermore,
there is an upper limit of f, < 10'2GeV 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 f,, 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] 1073
eV<my, < 10~ 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].

o E 2z+4
gw=——(——— ) @

2nf, \N 3z+1
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 g, < 2.8 x 10713 [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 x 1073, 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 o confi-
dence interval g, = 1.570 x 10713 (95% CL) [165,166].
The two groups studying the axion-electron coupling are
M5 [161] and M3 [167]. Their combination yields the limit
8ae = 1.6f8§3 x 10713, 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]:

0 0 C,
0 Ay, By |,
Crx B Dy
0 Cs 0
C;? 0 By
0 B Ag

MY =
3)
MP =

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

0 0 |Cyu|et®Cu
MY = 0 Ay |Byle'?s
|Cu|e_i¢C" |Bu|3_i¢3” D, n
0 [Cql O @
MP =11Cql O |B4l].
0 [Bgl Ag

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

D, =my —mc+m; — Ay, (5a)
|By| = (Ay —my)(Ay +me)(m; — Ay) ’ (5b)
Ay
m, mem
|Cul = A— (5¢)
Ag =myg —mg +myp, (5d)
Byl \/ (mp = ms)oma + my)(ms — ma) .
mg — mg + myp
|Cy| = _ Mamsmp (5f)

mg —mg +mp

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

my < Ay < my. (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 Vpyns (mixing angles and
the CP violating phase), the charged lepton masses, and the
squared mass differences in the normal mass ordering.

0 |Cylecr 0

MY = |Cyle”  E, Byl ],
0  |Byle ™ A,
7
0 |Cil O
ME =|ICil O |B
0 |Bgl Ay

Without loss of generality, by using a WBT, the phases of the
charged lepton mass matrix, M~ can be absorbed into the
entries C,, and B, of the neutrino mass matrix, M~ . 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, my and m, and the masses of the neutrinos m, m» and
m3, in the normal ordering (m| < my < m3):

Apg=me —my +me, (8a)

|By| = (my — mu)(me +mr)(mu —m,)
Mme —my + mq

Cy| = [ eMue (8¢)
Me — My + mq

, (8b)

E,=mi —ma+m3—A,, (8d)
A, — A —A
|BU|=\/( o M)+ mms — ), -
v
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mimoyms
Cy)l=,]—F—, 8f
1Cyl a, (8f)

where the values of the masses and the parameter A, 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, —m
and —m,,, are negative quantities. The exact diagonalizing
matrices of the mass matrices (7) are shown in Appendix C,
Eqgs. (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 Egs. (4)
and (7) can be generated by imposing a Peccei—-Queen sym-
metry U(1)pp 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]

2
L1o D (D @) D*OY + 3 iy Dy + ) (D, S) DMS;
W i=1

- <éLiY£‘)a O*dgj + éLiyi[j/'a&)auRj

+ ELiinjacDaeRj + ELiyi]}/a&)aij + h.C)

+ (A gQRQLS: +hc) — V(®, S1, 52) . 9)

As it was shown in Ref. [58], at least four Higgs doublets
are required to generate the quark mass textures, therefore
a = 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 D, = 9, +il";,
is the covariant derivative in the SM. The scalar potential
V(®, S1, S») is shown in appendix A (for further details, see
Ref. [58]). In Eq. (9) ¥ 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 S»
is allowed. We assign Opq charges for the left-handed quark
doublets (g1.): x4;, right-handed up-type quark singlets (ug):
Xy;, right-handed down-type quark singlets (dg): xg;, left-
handed lepton doublets (£1,): x¢,, right-handed charged lep-
tons (eg): x,; and right-handed Dirac neutrinos (vg): x,, for
each family (i = 1, 2, 3). We follow a similar notation for the
scalar doublets, xy, (o =1,2,3,4), and the scalar singlets

Xo .
S1,2

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:

SN* #£0SN* =0 SN #0

0x0
MV =|xxx| — |She=0s¥=0sh=0],
0xx SPe£0shr =08} =0
(10
0x0 SE¥ #£0 SE* =0 SE* #£0
ME=|x0x]| — Sﬁ“:OSﬁ“;&OSZE;‘ZO ,
0xx

SEe#£0 85 =0 SE* =0
11

where S{}’“ = (—x¢; +xv; — xg,) and 55“ = (=xg +x¢; +
Xpy)-

Since the PQ charges of the Higgs doublets (¢ =
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 S; and S, that
break the global symmetry U(1)po. The QCD anomaly of
the PQ charges is

3 3 3
N=2% x4 = xu—Y x4+Ag. (12)
i i i

where Ap = xg —xgr 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 xgy g,
respectively. We can write the charges as a function of N
(since N must be different from zero), such that

N, N . . A
st= g8, 5‘2:3(64—5‘1), with e:l—WQ,
(13)

where §1 and € 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
€= w # 0. With these definitions for Flavor-Changing
Neutral Currents (FCNC) observables, the relevant parame-
ters are 51 and €. This parameterization is quite convenient
(for those cases where the parameters «,; and oy are not rel-
evant) because by fixing N and f,, we can vary §; and € for
a fixed Apg = fu 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,
O p, for each family of quarks and leptons in the SM. 51, s> and « are real parameters, with 51 # s>

Particles Spin SU@B3)c¢ SUQ2)L U(l)y Upq(i =1) Upq(i =2) Upq(i =3) 0pq
qLi 12 3 2 1/6 =251 + 252 + a4 =51+ 852+ ay ag Xg;
UR; 12 3 1 2/3 s1+ag §2 + g =51+ 252 + oy Xu;
dgi 172 3 1 —1/3 251 — 357 + oy §1— 2852 +ay —s2 +ay Xd;
lri 12 1 2 —1/2 =251+ 250 + oy —81 + 82 + oy ay Xy,
eRi 172 1 1 —1 251 — 352 + o s1 — 280 + oy —s52 +ayp Xe;
VRi 12 1 1 0 —4s1 + 552 + ap —s1 4+ 250 + oy 52 +ay Xy,
and thei espective PO changes, TSNS Sin SUGle  SU@u UMy e 0r
TepmmesemEs w0 1 2w .
(o)) 0 1 2 12 52 X
[OF 0 1 2 172 —s1 + 250 X3
Dy 0 1 2 172 —3s1 + 452 Xy
or 172 3 1 0 X0, X0,
Or 172 3 1 0 X0 XQp
S1 0 1 1 0 K ) Xg,
S 0 1 1 0 XQor — X0, X,

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:

0 0y
Yooy v, |
vy o1y 00 v

0 IyR'los 0
ly3 103 | (14)
0 203 v

MU

~ Ua
Valij = 0

D ~ . D D4~
M" = Uozyija = | Iyy lvg 0

(i)

where the 9; are defined in terms of the vacuum expectation
values, 0; = v;/ V2. 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 y%z, y2D33 and
y1U31), in this way we obtain:

U1 = 1.71GeV,
U3 = 174.085 GeV,

$, = 2.91GeV,
94 = 13.3MeV. (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:
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(1) 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 P Q 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) pp 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]:

0 yM'o 0
yoa 20, v | (16)
0 P03 N
0 5l 0
Iy 103 | (17)
0 &0 yio

N A N
M = Uayija =

E A E E4 )\~
M~ = Uayija = |)’12 [v4 0

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 P Q charges to gen-
erate the mass matrices and texture zeros for the lepton sector,
Eq. (7). To get an Hermitian mass matrix M N it is neces-
sary to impose yN*/yM1* = 01 /04 and y2? /y1* = 1 /03,
requlrlng that the diagonal elements be real i.e. )’222 = yévzz*
and y33 = y332* 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:

IvEY = 0.569582, Iy} = 0.00248291,

yE =0.574472, Iy Nl = 4.74362 x 1075,

N4 = 0.000609894, y? = 6.68808 x 107,

|y 'l =0.0000159881, |y 3| =1.57047 x 1077,

¥ =8.65364 x 107°.

To reproduce the neutrino masses quoted in [126], in the SM
is required a Yukawa coupling around 10~!. 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 = cade Ogoe + 618—03 +6‘28 Ow + 038—00,
(18)

2
cqoe and ¢ 2 3 are Wilson coefficients; o1 2 3 = g 3 where
g1.2.3 are the coupling strengths of the electroweak and strong
interactions in the interaction basis; and the Wilson operators
are:

oM .
an) = l_a ((DMcDOl)TcDC( _ CDO!'{ (Duq)a)> ,
ApQ
O = ——2 B, B",
Apg

a -
Oy = — we Wy
Apg ny
a -
O¢ = ——G% G, (19)
Apg my

where B, W¢ and G“ correspond to the gauge fields associ-
ated with the SM gauge groups U (1)y, SU(2) and SU(3)c,
respectively. a is the axion field which corresponds to the CP
odd component of Sj. It is possible to redefine the fields by
multiplying by a phase

Yo

DY 5 ¢ B P
WL

YL —> e Tng ¢ YL,
R

Yr — ¢ " yp,
s

S; —> e M. (20)

In this expression, xy corresponds to the PQ charges of the
SM fermions, i.e., {xy, o} = {Xg, Xu;» Xd;» Xi;» Xe;» Xv;}
and {xg«} are the PQ charges of the Higgs doublets {®*}.
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 A;é can be written as
[187,189]:

LxLo — Lnro + A~LNLo, 21
where
AENLO = ALKQ) + A,Cpr + A;CKS + AE(F/,LU)’ (22)

with

or
ALygo = ixge X a [(D, @) ®* — &*T(D, )],
PQ

d,.a -
ALgy = 52— (kg — Xy )Vv" V¥
2ApQ m
— Xy, + Xp) VY Y,

ALgs = “[usots = 5] (Dus)] +he. 23

o*a
[Xg —— Ao

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:

IPP =% gy — Xy )Wy Y 1910,

MIre = Zszw(xl/,L — Xy VYU

- Z(XIIIL - xl/fk)alz—n(wBuvéuv
v
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Wa Wa;w

- Z x‘ﬂL

SUR)L doublets

- Z(XRDL xl//R

SU (3)triplets

G“ G““ v 24)

where the hypercharge is normalized by Q = T3;, + Y. The
relation (24) is an on-shell relation, which is consistent with
the momentum of an on-shell axion.

Substituting this result into Lpy = 2%l Pos

2Apq B =
> we obtain new contributions to the leading-
order ({Vﬂson coefficients [192]

1 8 2
cl —> c] — ng—i— —Zu+§§]d— Yl +2%e,

3
¢y — ¢ —3%¥q — XX,
3 —> 3 —2Xq+XZu+Xd—Agp, (25)
where Xq = x4, + x4, + x43. The corresponding NLO

Lagrangian is

a o
AL(F, = Ao
(Fuv) Apq 87

22 e W (33q + 30
Apq 87

a 93 a Fapv
=G4 GU (229 —Tu—Xd+ Ap).
ApQ 87 MY ( i " + Q)
(26)

1 8 2
—By vBM( -2g— ZSu—S3Td+3e-2%
<3 q 3 u 3 + e)

—+

Itis convenient to define ceff =c3—-2¥g+Zu+Xd—-Ag =
—N. In our case, ¢; = 0 and the only contributions to ceff
come from the anomaly. It is customary to define Apg =
fa |c§ff| to include the factor ceff 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 xy, corresponds to
Xy / ceff For normalized charges, cgff = 1, therefore, we still
maintain the general form despite writing all the expressions
in terms of the effective scale f,,.

The scalar fields and their PQ charges are the same as in
the Ref. [58], so the scalar potential V (P, §) 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
Z% W= and has an extra field that can be identified with the
axion a.

@ Springer

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+ — 7*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* — 7%pv and leptons £; — £r+missing energy.
From the term ALy, we obtain the vector and axial cou-
plings for a multi-Higgs sector model, as shown in Refs.
[58,160]

ALyy = —0pafiy" (gffifj + )/Sg?ﬁf,> fis 27)
where
QA 1 AFii 28
ﬂftf/ facgff V,A> ( )
where:
AV = AR () £ AL (@), (29)

A\ 1
with &[] (@) = (Ufx, Uf")" and A @) = (U}jxd

ij
U;:T) . In these expressions, F' stands for U, D, N or E and

the U f g are de diagonalizing matrices (see Appendix C). In
Eq. (28), we normalize the charges using ceft
in the last paragraph of Sect. 5 (in other references |5
IN| is considered, corresponding to the SU((3) x U(1)pg

anomaly). The branching ratio for lepton decays ¢; — £ a

is given by [134]
3 2\3
_ My 1— ey |gatie, |2
167 T (£1) mj ) U

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

as explained
eff | —

Br(4y — ¢ra) =

2 \%4 2 A 2
|8at,6,1” = |galllz| + |ga€162|

where m is the mass of the leptons and I" (¢;) is the total decay
width of the particle £;.

For the lepton decay ¢; — {;ay, 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(¢; — lray) = (%/dx dyf(x, y)> Br(¢4y — £ a),
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K* — n*a (N62)

4= — ¢*a (TRIUMF)
4~ — e*ay (CristalBox)
7% — pFa (ARGUS)

7% — e¢*a (ARGUS)

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 s — s = Ne/9, hence the flavor-changing neutral-
current couplings (the off diagonal elements) just depend on €

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

I-x2—-y—xy)
Vax+y—-1)

flx,y) = (30)

depends on the mass and the energies x = 2E,/my, and
y = 2E, /my,. For the lepton decay u© — ea y, the con-
straints come from the Crystal Box experiment [194], with
cut energies E,,, E. > 30MeV, 6., > 140°, where:

2(1 —x —
Coseeyzl_i_u’
Xy

(€29

so that fdx dyf(x,y) =~ 0.011 (Table 3).

In our model, there is a natural alignment between the
@3 (which is quite similar to H; 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 v;, with
i = 1,2,4, respect to vz, 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/M* (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 x 10°GeV < f, < 2.8 x 10'7GeV.

Zo 10 1 s
! i 3
> 4 @
o 2
C’Jv 1071 ‘Z’ § q
1 < = f
N 2 o ||
DM-RADIO =N

N, %

N\
H
S

—-l<e<l1

mg (eV)

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 v [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) p g 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

. Collaboration
come from the window for new

Upper bound

physics in the branching ratio
uncertainty of the meson decay
in a pair vv

N62 collaboration [193]
TRIUMEF [195]

Crystal Box [196]
ARGUS [197]

ARGUS [197]

B(K+ — mta) < (106733, £ 0.955) x 107!
ut —eta) <2.6 x 10

ut —etya) < 1.1 x 1077

™t > eta) <1.5x 1072

™ > puta) <26 x 1072

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 x 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 —AN in such a
way that by keeping the parameter € # 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* —
7Dy, The results are shown in Fig. 1, where the allowed
region in the parameter space generated by € and the axion
decay constant f, is displayed. This figure shows that the
strongest constraints come from the semileptonic meson
decay KT — mvb. 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
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are summarized in Fig. 2; the gray region corresponds to the
parameter space of our model in the interval —1 < € < 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 &, with the SM fermions is given by

=i Do ;'] ~/i 5 Ua, '] o1l Ea /]
L_—qLCIJO,yij dp —qLCbayij 75 —ELCDayij ep
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— Ui doyN*vi +hee, (32)

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

¢+
¢, = (Ua+/’la+l77a ,
V2

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

O, =ioy®f. (33)

H1 q)l
H )
i | = RBORBIRB [ | = Rpa®er (B4
Hy oy
where the orthogonal matrices
cosBp sinB; 00
| —sinBicosB; 00
R =10 o] (350)
0 0 01
1 0 0 0
|0 cospy sinBr 0
R = | 0 Zoin o cos o 0| (35b)
0 O 0 1
10 0 0
01 0 0
R3(B3) = 00 cosfs sinps |’ (35c¢)

0 0 —sin B3 cos B3

‘/v2+v2+v2 vZ4v?
where tan 8; = %, tan B, = 22 ! and tan B3 =
“ and Hp = (HJ, (H) +iHg%)//2)". This basis is cho-
sen in such a way that only the neutral component of H;
acquires a vacuum expectation value

(Hlo) =\/v12+v§+v§+vfzv,
(H)y=0, (H))=0, (H))=0. (36)

In this way ®oy/* = y[*RlsRp, @,
F =U, D, N, E; where we have deﬁned

y Hﬁ, and

VP = Rpayle. 37)

With these definitions, Eq. (32) becomes

L=—qiHpYV P dil — a} Ay il — U] HpY P el

— 0¥ Hg yNﬂ I 4 he. (38)

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

fLr=Uf g fl & (39)

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

8 - 8 - —
ECC = _E’/Liyudii W+ - EEIL”/MVZJ-W ~|—hC
8 -
= _EMLZ'V/ ( CKM) dL]W+
_ & m W
ﬁeL,y (VPMNS)I.J. v W™ +he, (40)

it is possible to obtain the CKM (Vo, = UJU f ") and
PMNS (Vouns = U LE U Z%) 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.

f _TdZHf?y 7 % dHY Y
_ JE‘/’HoyEﬂ % . 7 HO*yN/S 4 he
B _TdLHﬂ ¥y - T_LHO*YU'B uk
J— e HyY, M ep — «/15 HY*YPvh +he,
where Y FB _

<UF)1F/3UFT) In these expressions the
ij

mass functlons in the interaction basis are:

D U
M7 =—ZV7 M=

f
E:_
NG}

\/_yl/ ’

LNt 41
ﬁyl, @1

E1l N __
yij , M,'j =

where v = (H 10 ) is the Higgs vacuum expectation value.

Appendix B: Scalar potential

As studied in [58], the scalar sector requires four scalar dou-
blets ¢* to reproduce the mass textures of the fermion sector
correctly, and two scalar singlets S; and S» that break the
PQ symmetry while generating a phenomenologically viable
scalar mass spectrum. The S; 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:

4 2 4
2
Vs = idole+ 3 2 sis+ > (0] ;)
i=1 k=1 i=1
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2

+) g (SESK) +
k=1 i

;) (@) + 5y (o] ;) (@j@))

S (0]

1 k=1

M»

) )

4
+ Yy (kij (o]
ij=1
+hsis (STS1)(5552)
+K1 ((@]@2) (0]@2) +h.c.)
((@ d>4) (<1> @1) +h.c.)
Fi ((@3@3) 81 +h.c.)
)y ((CI) Cbz) S1 +h.c.)
45 (e )3y 6+ 5 (me, ) g 880 “2)

where the terms proportional to F; are allowed by the partic-
ular choice of PQ charges and these couplings F; 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:

¢y s
(Da == Uot+ha+i7’]a ’ q>0l = lO'Zq)a, o = 17 23 3747
V2
v + &5, +ids; .
Si=——F7=—; i=12, (43)

V2

where the VEVs satisfy the following hierarchy: vs <«
v, 12 K v3 K vs; ~ vs,. The scalar singlets S| and S,
break the PQ symmetry at the high energy scale given by
Vs, A Vy,. The last two terms in Eq. (42) correspond to the
soft-breaking masses of the imaginary and the real parts of
S>, which are generated at one loop in the Coleman-Weinberg
potential from the interaction term 1 9S> QrQp +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:

AM =l =d =y = Ay = Agsr = 1,
Az = 0.463
Ajj = lforanyi, j,

Ajs; = Ajg, = 1forany j,
Jio =Ji3 =3 =Juu =
Ki =K, =-1,

F| = F, = —1GeV. (44)

—1, otherwise J;; =1,

In particular, the value of A3 adjusts the SM Higgs mass. The
v; are determined from the SM fermion masses and the quark
mass matrix textures, Eq. (15). The VEV vy, remains a free
parameter; however, this parameter is important for the axion
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physics due to the relationship [165],

fa= 2, (45)
2N
In our calculations we took vy, & vy, &~ 108GeV. It is impor-
tant to emphasize that in our model, f, can take arbitrary
values; nevertheless, a small f, restricts € (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 x 10%, 1. x 10%, 6.54 x 10°, 1.97 x 10,
1.09 x 103, 125},
CP odd = {6.54 x 10, 1.97 x 10°, 1.09 x 10*, 0,0, m, },
Charged fields = {6.54 x 10°,1.97 x 103, 1.11 x 10%, 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., f1 r = Uf’RfLR, 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 I, [ = 1 with I = diag(1l, —1, 1),
i.e.,
M= (urur) = (v mtUf)
ij ij
U \,F1 v F

= Eyij = ERlayija, 47
where y,.f.ﬁ and R, were defined in Appendix A, AUD —
diag(my,q, —me.s, M p) andmU-P = diag(my g4, me,s, Mt p),

with similar definitions in the lepton sector, i.e., ANE —
diag(ml,e» —M2 s m3,r)’ mNE = diag(ml,ea ma s m3,r),
and

uf =uf, v} =nut, (48)
where the U’ diagonalization matrices are defined below.
It is important to stress that the texture-zeros pattern in the
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matrix y,.’; ! are identical to those in the original Yukawa cou- Lo — ?ff_ —— B, B — ST = @2 3V W3k
. Fa . . R, 871’APQ 87TAQ
plings y; ;% since the sum over o does not mix the i, j indices. 4
. eff eff v
In fact, according to Egs. (14) and (17), MF = %yij“ = ( +c3) QF Was
v F ) . . . .
7§R1a i jo‘, therefore R, = =. The diagonalization matri-
ces are:
G, +01) \/ memy(Au=mu) __ _ i (e, +0u) \/w i(be, +03) [ __me(mi—Am,
Ay (me+my)(me—my) Ay (me+me)(me~+my) u(me~+mye)(me—my)
UUT — _el(d)gu +614) (Ay+me)(m—Ay)my l(¢3u +92u)\/mr(mt —A)(Ay—my) l(¢3u +63,) (Au"l‘mc)mt(Au my) (49)
Ay (me+my)(me—my) Ay (me+me)(me+my) A (me+my)(me—my) ’
ei9|u my (Ay—my) el@zu me(Ay+me) me(me—Ay)
(me+my) (me—my) (me+me)(me+my) (me+my)(my—my)
eield\/ mp (mp—my)ms _eiGZd\/ mp(mp+mg)mg \/ mg(mg—mg)ms
(mp—mg)(mgq+ms)(mp+mg—my) (mg+mg)(mp+mg—my)(mp+myg) \ (mp—mg)(mp+mg—ms)(mp—+my)
UDT — eif1a mgq(mp—my) el (mp+mg)mg mp(ms—mg)
(mp—mg)(mg+my) V (mg+my)(mp+my) (mp—mg)(mp~+msy) ’
it mq(mp+mg)(ms—mg) — it (mp—mg)mg(ms—mg) mp(mp+mg) (mp—my)
(mp—mgq)(mag+mg)(mp+mqg—msy) (mg+mg)(mp+mg—mg)(mp+ms) \ (mp—mg)(mp+mg—ms)(mp—+ms)
(50)
where 61,, 6., 034, 014 and 64 are arbitrary phases (a third o
Yp ( 4 eff + eff Z Z/w
. .. . — ———(sycC ot csfhy
phase for the diagonalization matrix (50) can be absorbed 87c?, 52, wol wr2 ) fa
by the remaining phases) that are useful for conforming to 20 - a
the Vekm = Ug UET matrix convention. Taking as input the - T— (cwes — chl )—F 7w
. . WSW
SM parameters at the Z pole, the best fit values are given in 20 Ar
e 77 a
Table 4. . =e*Cpy—Fu F™ + 232 —ZuwZ"
Similarly, in the lepton sector, the diagonalization matrices w APQ
of the mass matrices (7) are:
el Otey) mom3(Av—mi) _ _ i(Bntey) [ mumamatAv) Li(030+cy) [ mima(m3—Ay)
Ay (ma+my)(m3—my) Ay (ma+my)(m3+my) Ay(mz—my)(m3+m2)
UNt = ei()].,\/ mi(Ay—mp) eiez‘)\/ ma(Avtma) ,i63, \/ m3(m3—Ay)
(my+ma)(m3z—mj) (ma+my)(m3+m2) (m3—my)(m3+m2)
IR myi(Ay+ma)(m3z—A,) — ¢l (02=by) my(Ay,—my)(m3—A,) el (03=by) m3(Ay—m1)(Ay+mp)
Ay(my+ma)(m3z—my) Ay (m7+m|)(mz+m7) A, (m3—my)(m3+my)
em” \/ mymy (me—my) _ eigy memy (Me+my) memy, (my —ne)
(me—my~+mze)(my+me)(me—me) (me—my~+me)(my+me)(me+my) \ (me—my+me)(me—me)(me~+my)
Ef _ i0 me(me—my) 60 my (me+me) me (my —me)
vhi=1¢é M‘/(ﬂm-%—me)(mrime)el J\/(M;I-Iirne)(mr-%—mu) (Mr—me))(rm-%—mu) ’ (51)
_ ,ib1e e (me+mq)(my—me) _ Liby my (my—my,)(my—me) me (me—my)(me+me)
¢ Gne—mAm) G me)me—me) € Gng=m o) (mytme) e+ \| Wne=my e ) ome—me) me )
where 01y, 03¢, 011, 02, 63, are necessary phases in order to
adjust to the established convention for the PMNS mixing
: 1.
matrlx [229] *; and ¢, 2.11’1(1 b;\,, a.lre the phases of C, and B, 262 Cyz a  p, le (52)
in the neutral mass matrix M" in Eq. (7). The best fit values cwSw APQ
for these quantities are shown in Table 5. " 1 8 2
§'=c1—=Zg+-Zu+-%d — Tl +2%e (53)
3 3 3
eff __
Appendix D: Axion decay into photons c; =c—3%q - %l (54

In the SM, B* = cosfwyA* — sinfyZ* and W3* =
sin Oy A" + cos Oy Z*, where A* and Z* are the SM fields
for the photon and Z gauge bosons, replacing these expre-
sions in Eq. (26) we obtain

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

where X 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

a3 a
_Ceff

55
8w ApQ (55

Ga Gau,v _gZCGG AP Ga Ga;w
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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

O1u 02 O3u 014 024 o, B,

—2.84403 1.85606 —0.00461668 1.93013 —0.976639 —1.49697 0.301461

Ay my me my mq mg mp

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

Table S Best fit values
e 02¢ (o 03y Cy by
0.154895 2.01797 —0.835504 221169 1.81786 1.01608 2.03726
A, (eV) m, (MeV) my, (MeV) m; MeV)  my (eV) my (eV) m3 (eV)
0.0251821  0.5109989461 105.6583745  1776.86 0.00353647  0.00929552  0.0504034

where cgff =c3—2Xqg+ Xu+ Xd — Agp, in our particular
case ¢; = 0. In axion phenomenology, it is usual to define

1

£f eff eff
Cpr=———=(c2cST—c2 M, Coo=— St
Y 3271,2 w2 wel 3271_2 3

(56)

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

drolm?
Fa— yy)=—5—2IC8 2,
Apq
8ma(m )m m?2 :
[(Z = ya) =~ 2|CH2 (1- 22 ) . (57
2 2 2
3chWA m7

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]

ff eff ff
Ccll = -2 S (TS ).
3272 st

ett 2 eff 2 eff
£ _ 3 Cwl — CwC
cetf — T ( cgff — 0.74/2> . (58)

It is usual to define Apg = |cetf| fa-

E + ceff
5= T. (59)

@ Springer

The axion—photon interaction is given by

2 eff
4de ny _ o

(E -2 03) (60)
C2nfs

where o = 4 . Due to the gluon-axion interaction, the axion
gets a mass term, which is described at low energies as an
axion—pion interaction [231]

8ayy = Arg

1012GeV
mg =5.7(T)peV (— . (61)
Ja
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Abstract

We report the most general classification of 3-3-1 models with 3 = /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 § = J3, 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 SU3) ® SU(3) ® U(1)
(hereafter 3-3-1 models for short) have been proposed since the early 1970s [1-11]; however,

* Authors to whom any correspondence should be addressed
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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
0= J3 [12]. As far as we know, an exhaustive classification of models with this 5 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 [ [49]; however, this solution does not account for all the
possible models for a given (5. As we will see, the parameter 5 cannot be arbitrarily large,
from the matching conditions || S cotfy ~ 1.8. 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);. 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
= /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 SUQ).®
SUQ3); ® U(l)x, expanding the electroweak sector of the SM, SUQ),® U(l)y, to
SU@3); ® U(1)x. Furthermore, we assume that, similar to the SM, the color group SU(3). 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), (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

0= aTps+ BTg+ X1, (D

here, Tr,= A\,/2, where \,, ;a=1, 2, ..., 8 represents the Gell-Mann matrices for SU(3),
normalized as Tr (A \,) =204, and 1 =Diag(l, 1, 1) is the diagonal 3 x 3 unit matrix.
Assuming a=1, the SU(2); isospin group of the SM is fully covered in SU(3);. The
parameter 3 = 5 is a free parameter that defines the model (3 is proportional to b present in

2
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Table 1. Z' chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;;. Here, Oy is the electroweak mixing angle.

¢ = (v, )" C3,exC1 (asin Siy)

. z' z'
Fields &y €L 8/ €R
v, gL 2cos? Oy — 3 0
cosBw \[3(1 — 4sin? Oy)
e 8 2cos? Oy — 3 g V3sintly
cosOw [3(1 —4sin20y)  cosOw 1 — 4sin2 oy

the electric charge of the exotic vector boson K,,). The X values are determined through
anomaly cancellation. The 8 gauge fields A;f of SU(3), can be expressed as [46, 47]

0 b+1/2
Dl/l, W;jr K;S 2
S XA =2 W, Dy, KV )
a4 —(b+1/2)  p—(b—1/2) 0
K# K# D3ﬂ

here, DY, = A} /N2 + A¥ /6, Dy, = —A}/V2 + A} /6, and DJ, = —24%/J6. 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 =13/2 (i.e. 8 = J3 ), the following
fermion structure is free of all gauge anomalies: 1/JITL =, 1/?, M~ (1, 3%)0),
Or = (u, di, X)), ~ (3,3, —1/3), and Qf, (ds, uz, Y) ~ (3, 3%,2/3), where I=e, pu, T
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
us ~ (3%,1, =2/3), d ~ (3*,1, 1/3), X;i ~ (3%,1, 4/3), and Y} ~ (3*,1, —5/3), 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 S;; and quarks Sg; 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 3 = /3, the electric charges of the 3 and 3* triplets are:
Ooep(3) = Diag(1 +X, X, — 1 +X) and Qgrp(3*) = 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: Sy, S;2,5.3, Sp1 and
Sz, the Z' charges are shown in tables 1-5, respectively.

* Lepton generation S;; = [(ug, e, E; ) ®et @ ES 1. 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:

e SetS;, = [(e7, 19, E/") @ et @ E[ ], 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:

3



J. Phys. G: Nucl. Part. Phys. 51 (2024) 035004 E Suarez et al

Table 2. Z' chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;,. Here, Oy is the electroweak mixing angle.

¢ = (v, ep)T C3% egC 1 (asin Spo)

. 7! 7!
Fields 8r€T 8/ €R
v, g 1 —4sin20y 0
cos Ow 23
e o 1 —4sin6y 8L 3sin* 0y
cos Oy 23 cosOw /1 — 4sin?

Table 3. Z' chiral charges for the SM leptons and the right-handed neutrino when
embedded in S;3. Here, 6y is the electroweak mixing angle.

¢ = (v, er)T, er C 3% (as in Sy3)

. z z'
Fields 8r€T 8/ €R
v, 8L \/1 — 4sin® Oy 0
cos Oy 2J3
e g 1 —4sin? 0y g 1 —4sin? 0y
cos Oy 2J3 cos Oy V3

Table 4. Z’ chiral charges for the SM quarks when they are embedded in Sy,. Here, 0y
is the electroweak mixing angle.

q = (ug, dp)T C 3%, ug, dr C 1 (as in Sgp1)

. VA 7
Fields & €L 8/ €R
u 8L 1 & 25sin Oy
cosOw 2,/3(1 — 45in26) cos fw \[3(1 — 4sin? )
d 8 1 I sin Oy
cos fw 2,/3(1 — 4sin26) cosfw \[3(1 — 4sin? )

Table 5. Z’ chiral charges for the SM quarks when they are embedded in Sg,. Here, 6y,
is the electroweak mixing angle.

q = (ug, ;)" C 3, ug, dg C 1 (as in Sg,)

. VA z'
Fields 8y €L 8/ €R
B & 1—2sinfy & 2sinfy
cos O 2,[3(1 — 4sin? ) cosfw \[3(1 — 4sin?0)
d g 1-—2sin’ly 8L sin?
cos 0w 2,/3(1 — 4sin?6) cosbw \[3(1 — 4sin?0)

* Set S5 = [(e, 12, et)], with quantum numbers (1, 3*, 0). The Z’ charges for the SM
fields are shown in table 3:

* Set Spg1 = [(d, u, Ql5/3) @ u¢ @ d° @ Qf]p 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 Spy = [, d, 0;*3) @ u¢ @ d* @ Qf];, 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:
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Table 6. Contribution to the anomalies for each family of quarks Sy, leptons S;, and
exotics Sg;, for 3-3-1 models with § = J3.

Anomalias Sii Sz Sz Sor S Sei Sk
SURPUMDy 0 0 0 0 0 0 0
[SUGYPUD -1 0 0 2 -1 1 0
[Grav]*U(1)y 0 0 0 0 0 0 0
Uy 6 0 0 -12 6 -6 0
[SUQ)LF 1 -1 -1 =3 3 -1 1

Table 7. AFSs for § = +/3. We have classified the AFS according to the content of
quark families, i.e. 0%, QI and Q™. Combinations of these sets with three SM quark
and three SM lepton families can be considered as 3-3-1 models.

Vector-like lepton

i set (L;) One quark set (Q}) Two quarks set (Qiﬂ) Three quarks set (Qim)
1 Se2 + Sio S+ 28501 + So1 Sp1+ S+ So1 + S 3801+ 2801 + S

2 Se1 +Su Se1 4+ 2810 + So2 Sp1+ Sz +So1 + S 381+ So1 + 2802

3 Sp+ 813 Sg1+ 82+ S13 + S 3813+ So1 + 282

4 SEl +2SL3+SQ2 2SL2+SL3+SQ1 +2SQ2
5 SL2 + ZSL3 + SQ1 + 2SQ2

* To cancel anomalies, it is advantageous introducing triplets and anti-triplets of exotic
leptons; for example, Sz = [N, EJ, E5 ") @ E; @ E5 ], 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. Sg» = [(Es, N3, Eg) @ E5 @ E¢'l, with quantum
numbers (1, 3, 0); (1, 1, —1) and (1, 1, 1), respectively. A more economical set is
Ses = [(Es', Ny, E5)] which has identical contributions to the anomalies as Sz, but
different Z’ charges. However, these details are irrelevant for the low energy
phenomenology, so we do not include Sg; 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 O, QF and Q™ 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, L;, 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 M 10, 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:

5
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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 o 38,1 + 2801 + Soo
M2 QY 3810 + So1 + 2500
M3 o3 3813 + So1 + 2502
M4 'y 2812+ Sp3 + So1 + 2802
M5 o Stz + 2813+ So1 + 2S00
M6 0"+ 0f 3811+ Si2 + Se2 + 2501 + So2
M7 QO+ Of Sp1+ 38+ Ser + So1 + 2S5
M8 o' + 04 Sp1+ 2815 + 813 + Se1 + So1 + 2502
M9 QIH + Qz{ Sp1+ Sp2 + 2813+ Se1 + So1 + 2502
MIO 0, + Qf 3811 + 83 + Sex + 2801 + Sz
Mil Q'+ 0 Se1 42812+ Si3 + Se1 + So1 + 2502
MI2 0+ 0f Sp1+ 82+ 2813 + Se1 + So1 + 2802
Mi13 o'+ Of Sei+ 3803+ Se1 + So1 + 2S00

Ml4 O+ Q)+ QF 2811 +3S2+ Sis+ 25k + Sz + So1 + 2802
MI5S QO + Q3 + Qf 2811+ 2515 + 2815 + 28k1 + Se2 + So1 + 2502
M16 Q] + Qf + Qf 2811+ Sio+ 3813+ 2Se1 + Se2 + So1 + 2802

M17 0} + 0!+ 0] 38124 3513 + 38k + 3802

MI8 30/ 6511 + 35k + 3801

M19 20+ 05 4811 + 2810+ 28k + Se1 + 2801 + Son
M20 20!+ QF 4811+ Spo + Sp3 + Se1 + 2852 + 2801 + S2
M2l 20 + Q4 4501+ 2813 + Sg1 + 2562 + 2501 + Son
M22 30} 6512+ 35Sk + 3502

M23  20] + O 2811 + 4812 + 28g1 + Sg2 + So1 + 2802
M24  20; + 0F 5812+ Sp3 +3Se1 + 3502

M25 201 + 0l 4815+ 2815 + 3Sk1 + 382

M26 301 3812+ 3813 + 38k + 3502

M27 201 + O 2871 + 2810 + 2813+ 2SE1 + Sga + So1 + 2802
M28 201 + Of 4875 + 2873 + 35k + 3802

M29 207 + Of 2812 + 4815+ 38k + 3502

M30 30f 613+ 35Sk + 35S0

M3l 20+ 0O 2871 + 4813 + 28e1 + Sp2 + So1 + 2502
M32  20i + 05 287 + 4813+ 38k + 3502

M33 20} + 04 Spa + 5813+ 38k + 35S0

» 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 S;; and the remaining lepton families in S;; and Sj,.
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 35,3 + 3S,. The remaining fields are considered exotic
fermions and are necessary to cancel anomalies.

6
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Table 9. The lepton families Sz, and Sy, are strongly coupled (For Sy, and S, the left-
handed lepton doublet #and the right-handed charged lepton singlet ez have couplings
greater than 1, respectively). Therefore only S, is phenomenologically viable for the
first family. Depending on the quark content, i.e. Sy, or Sp,, we have two different
constraints.

Particle content LHC-lower limit

first generation in TeV
Si3+So1 7.3
S+ S 6.4

e 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]. 35,5 + Sp1 + 2S¢ (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~" [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 — 7' mixing angle 6 (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 S;3 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 S; 3, 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
L — e conversion in a muon atom, K® — K% and B — B mixing, ¢, and ¢’/¢, lepton, and
semileptonic decays (e.g. i — e7y) 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 S;; and S;,, 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

7



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 ¢ (7) stands for a left-handed lepton doublet embedded in a SU(3), triplet (anti-
triplet), and ¢’ (e") is the right-handed charged lepton embedded in a SU(3), triplet (singlet). The check mark v'means that at least two (2+1) or
three (universal) families have the same charges under the gauge symmetry. The cross x 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 S;3. 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
M3 = Q"(Minimal) — Bs5 " v x 2802 + So1 6.4 TeV
M4 =" — 283+ SH x v 2502 + So1 6.4 TeV
M6 = (0 + Q'Y 1 B/ 14802 + Sz v x 2801+ Sz e

2 285" + SEN4S0 + S x v 2501 + So2 el
M17 = (0} + 0} + oy 1 B85 143805 + 38 v x 380 sc

2 1BS5 143812 + 38z v x 3500 6.4 Tev

3 2875 + S5 1S + 285 + 38w x v 350 6.4 TeV

4 1S5 + 285 142802 + 813+ 38 x v 380 6.4 TeV
M10 = (0! + Q1) 1 BSH 13 + S v x 2501 + Sz sc

2 2S5 + S5 1S + Sp x v 2501 + o 73 Tev

¥00S€0 (4202) LS "SAUd "Med 'oNN 1D "sAud T

e Jo zaseng 3
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Figure 1. Doubly charged exotic lepton contribution to the process
qG — Z' — EYTE~ — (N = Lt u (7).

K~ -
5 —a— — e
KO Q—4/3A VQ—4/3 KO
Kt
d —_— ——p———— S

Figure 2. Exotic quark contribution to the K — K° mixing.

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  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 ¢’ 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 ¢q§ — Z' — EYTE~~ — {H — (T~ (7"17), generating four boosted
leptons in the final state (the doubly charged exotic lepton appears in S;;, 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® — K° 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 3 must be less than
B 5 cotby = 1.8 (for sin?fy = 0.231 in the MS renormalization scheme at the Z-pole
energy scale), and the values of 3 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 3 = /3 ~ 1.73. This case is
important since it contains the Pleitez-Frampton minimal model. We have constructed three
sets of lepton families, S;;, two quark families, Sy;, and two exotic lepton families Sg;, and we

9
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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 3 = /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.

Acknowledgments

This research was partly supported by the ‘Vicerrectoria de Investigaciones e Interaccién
Social VIIS de la Universidad de Narifio’, project numbers 2686, 1928, 2172, 2693, and
2679. ER, RHB and YG acknowledge additional financial support from Minciencias CD
82315 CT ICETEX 2021-1080.

Data availability statement

All data that support the findings of this study are included within the article (and any
supplementary files).

Appendix A. Z’ charges for a general 3-3-1 model

At low energy, the 3-3-1 models, i.e. the gauge symmetry SU3)c ® SU(3), ® U(1)x reduces
to the low energy effective theory SU3)c ® SU2); ® U(1)g, @ U(1)x — SUB)c @ SU2), ®
U(1)y. From the covariant derivatives, for the neutral currents, we obtain the interaction
Lagrangian

=L D gl A + 8 Asi + 8x X Axps (AD)
which can be written as

7£NC = giJi;/,Aj'“ = gjjj,u Ojk OleAlu7

= &AL (A2)

where A!' = OJ A/}, then (A}, Al) = (AL, A), A, A))) = (B, Z'M), (gJ}'s &J4") =
(g AL, exAY) and (GA!", 5A5) = (g}, gzJy)- At high energies, the symmetry is
broken following the breaking chain SUQ3)c® SUB), ® Ux(1) — SUB)c@SU(2), ®
Usp (1) @ Ux(1) = SUB)cRSUQR), @ Uy(1) ® U'(1), i.e.

Az

Az 1 0.0

(B”]Z (02 1 02;2) Ag | (A3)
N X

VAL 2\ AY
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Next step SU(3)c ® SU(2), @ Uy(1) ® U'(1) — SUB)c ® Ugen(1), i.e.
Al sinfy  cosfy 0\(A;
(Z”’] =|cosOy —sinfy O]l B~ (A4)
A 0 o 1)\zn
where the fields correspond to the SM photon A* and the Z* boson, and a heavy vector-boson
Z'. Proceeding similarly for the currents, and limiting ourselves to the fields on which the
orthogonal submatrix Q, .- acts, from equation (A2) we obtain g J;' = gJf' Oy, ie.

~ 7 L 7 Y U 011 012
ngku:(gyJ{/, gz/J£/>:(gLJ£8’ gXJ;()(OZI O0xn)

= (8715011 + 8xJ4Oa1. 8, J}5012 + 8y} On). (AS)
Without further assumption
(011 012) _ (cpsw —sin w)’ (A6)
0, Oy sinw cosw

so that

gyly = g lfgcosw + gy Jf sinw,

8ylh = —g Jlgsinw + gy J§ cosw. (A7)
The charge operator in a three-dimensional representation is given by

Oqep = Tp3 + BTz + X1, (A8)
hence

Y = BT + X. (A9)

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

J) =Bl + J§. (A10)
Comparing this result with (A7)
g cosw | = gy Sinw

B 9
8y 8y

(Al1)

From cos?w + sinfw = 1, we obtain

2 2
(ﬁ) " (L) _ Lz (A12)
gL gX gy

In the SM, g, ~ 0.652 and g, = g tanfy,
g tan Oy
gX Eliaar————____ .
J1 — B%tan? 0y

This expression shows that the parameter 5 cannot be arbitrarily large from the matching
conditions [ S cotfy; some care must be taken on this approximation since this is a
renormalization-scheme dependent inequality. From these expressions, we obtain

(A13)

11
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cosw = ﬁgy = Btanfy, sinw =1 — B>tan?0Oy. (A14)

8L

From equation (A7), g, ez = —g Ty sinw + gy Xx cosw, we obtain

tan? Oy, X
8per=—8 Tisy1 — B2 tan? Oy + ﬂgl‘—w,
J1 — B%tan? 0y

2
_ gL(—TLga 4 pan GWX), (A15)

where & = /1 — B2 tan? Oy = _]9 J1 — 4sin? 0y, for g = /3.
cos Oy

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),,

singlet, in general we have

1 tan2 Oy,

_ﬁ& + 4 a X 0 0
gei® =g 0 —%a + ﬁta";ewx 0 L eh =gy
0 0 %5{ + ﬂﬂX
(B1)

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,

1 ~ tanZ Oy

then e = —gL(

Appendix C. The conjugate representation 3*

To cancel the anomalies of SU(3);, triplets must be put in the conjugate representation. In
general, for any set of generators 7 of an SU(N) symmetry with N < 3 there exists another set
of generators —T“, 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

1 00 010
p12 = O 1 0 5 ﬁlZ =11 0 0 . (Cl)
000 000

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. p,, also permutes the first two
eigenvalues to make a proper comparison with the conjugate operator. We can obtain the X,
i.e. the charge of the triplet 3* in the conjugate representation, from the equation

12
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P~]2(TL3 + BT1s + Xﬂ)ﬁé
= pip(—=Tp3 — BT + XDp)l, (C2)
only the signs of the SU(3) generators were changed. This matrix equation is equivalent to a

=
An equivalent treatment is to obtain the conjugate representation from T, — 8Tg; + X©,

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 3*, and right-handed fermions
in an SU(3), singlet, we have, in general,

couple of linear equations. These equations have the solution X¢ = (% +X ) = (1 + X).

1 tan? Oy,
+—a + f—TXC 0 0
2J3 a
’ 1 tan? / tan® 6
el =g 0 4 &+ 5MXC 0 , el = gLﬁMXC‘
2J§ & &
2
0 0 L gy gttt e

3 a

(C3)
If the charge conjugate of the right-handed fermion is identified with the third component

of a triplet, then €% = —gL(—%d + 5@)@).

Appendix D. Z-Z’ mixing

Mixing angle 6 between Z and Z’ is tightly constrained [61], i.e. 6 < 10~; however, in
several phenomenological analyzes, it is still useful delivering expressions for the mass
eigenstates.

Zl'=2ZF'cosf + Z'"sin ),
Z}'=—Z'sin@ + Z'" cos 6. (D1)
At low energies, Z; 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

gll' = g, I} cos O + g, ) sin 6,
g2‘]2“ = 7gz-]; sin 6 + gZ/Jé'} cos 6. (DZ)
From which we get

8,01 =8,07c080 + 8,07 sinb,
8,00 =—g,0z7sin0 + g, 0y cosb. (D3)
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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
SUB)c ® SU2);, @ 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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Table 1. Here, i runs over the number of families (i =1, 2, 3), and a =1, 2.

L= (v, i)’ ViR €ir q; = (uig, dig)" Uir dir = (q%’ ¢2)T g
n 1 1\ 1 1\T 1 1\
Lo (5-3) o 0 (> -3) o 0 (-3) 0
7 1 0 ) 1 4 _2 1 0
3 3 3
3 T 2 1\7 2 1 T
0 . ~1) 0o -l (G -3) 2 3 (1,0) 0
Qi Qy, Qgj aq[ Qi Qg Oy Ay
/811' ﬂui ﬁei ﬁqi ﬁui ﬂdz’ ﬂa /60

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 SU3)c ® SU2), ® U(1), ® U(1)4, 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 v;z (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 SUB)c ® SU2), ® U(1), ® U(l)s where SU3)c and SU(2), 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 o able to spontaneously break
the U(1), ® U(1)g 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); scalar doublet ®, (developing
a vacuum expectation value (VEV) at an energy scale v,) must be introduced, in such a way
that the remaining symmetry SUQ3)c ® U(1)y 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);, scalar doublet ®; must be included. This doublet develops
a VEV at an energy scale v; < v,. 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 73,
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hypercharge Y, and electric charge Q of the particles. In our analysis, we will assume that
X5 = Xp = Xppr where Xy stands for the Abelian «, 3 charges, f=¢q, u,d,l, v,eand 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:

[SUB) P ® U Y Qay — i — ag) =0,
[SUQLP @ U(Da: D Bagi + ay) =0,

[grav]? @ Uy Y (60 — 30 — 3ag + 20y — i — o) = 0,

1
[UMaPUM)s: Y (6084 — 30 Bui — 30 Bai + 20581 — opiBui — ciBei) = 0.

[U(1)a]?: Z(M;} —3al, = 3ad, + 205 — ol — ) =0,
! (1

together with the five corresponding equations for the U(1)z group. These are obtained from
the previous ones via the o < 3 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 D,, for the electroweak (EW) sector is given by

. 85 oyt 7
Dit = 0" + ig ALT; + i%B#d + ifﬂ’a" . @

where f} A}” (with j = 1, 2, 3) and g; denote, respectively, the generators, the gauge fields,
and the coupling constant associated with the weak isospin gauge group SU(2),, while ¥, B’
and g,, with x = q, 0, 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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LD — V(®, s, o)

+IDIRIP + |DFD, | + |DHof?

+iq;Pg; + iwirPujr + idigPdig + il;Pl; + ivRPrjg + i@rPejr

Y5 L®er — Yi®ivg — Yiq®idie — Yiiq i

—YiU®resg — YiUidovag — Y53 0adsg — Y53, Dpusg + hec., (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 ®, 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 ®, 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)oep
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 vsy; = 246.24 GeV. 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), ® U(1); gauge symmetry implies the following
relations between the x( = «, ) charges:

Xj — Xi — Xea =0
Xj = X2 = Xez =0,
X+ X1 — Xpa =0,
X; + X2 — X3 =0,
Xg = X1 = Xaa =05
Xg = X2 = Xa3 =0,
Xg T X1 = Xua =05
Xg T X2 = Xu3 =0 4)

2.3. Spontaneous symmetry breaking
Our aim is to break the gauge symmetry of the model in two steps, namely,

(o) (%)
SUQR)L, @ U, @ U(l); — SUQR), @ U(l)y — U(l)g (&)
where a = 1, 2. To achieve this, we allow the SM scalar singlet o (charged under both U(1)’s
factors) to acquire a VEV at a high energy scale, inducing a mixing between the B, 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 # is the angle
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parameterizing this mixing, then

By _ (cos 6 —sin 9)( B ) )
BY sinf cosf J\z'")
Finally, at a lower energy scale (the EW one), the neutral components of the scalar doublets
®, and P, develop VEVs inducing the last breaking. Consequently, the B and A5 fields mix,

giving rise to the massless photon A* and the massive SM neutral gauge boson Z. The
corresponding mixing angle is the well-known Weinberg angle 6y

A{") _ (sinfy cosOy ( Au) )
Bt)  \cosOy —sindy J\2z1)
The unbroken electric charge generator O can be expressed as a linear combination of the

three diagonal (broken) generators of the gauge group after the spontaneous symmetry
breaking, that is

A 1 .
Q=1+ E(CIYOC + by D), ()
from which it follows that the SM hypercharge ¥ can be identified as

Y =ay & + byp, 9)

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 simplicity’ In accordance with
equation (9), the U(1) charges displayed in table 1 must satisfy the following relations:

ai + B = —1,
i + B =0,
Qi + Boi = =2,
Ogi + B = 1/3,
Qi + Bui = 4/3,
agi + Bai = —2/3,
Qg+ fBa=1,

a; + B, =0, (10)

fori=1,2,3 and a = 1, 2. Thus, the breaking induced by the singlet o at an energy scale v,,
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 ®, induces the
breaking that gives rise to the local gauge SUB)c ® U(1)o 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

2

0
(%) = (_) (a=1,2). (11)

5 From equation (10), one of them can be absorbed in a redefinition of the scalar singlet hypercharges
(ay = —byB,0,).
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Table 2. Here i = 1, 2, 3 and a = 1, 2. The corresponding U(1); charges can be easily
obtained by replacing (3 instead of a.

Field U(1), Field u@), Field U(l),
Ui, Q41 Uar a1 + dag @, a1 + 3a,
Usr a3 + 4aql
di dar —Qy — 2C¥q1
dig —uz — 204 @, a3 + 3a,
1279 =3ag VaR Q.
V3R Q3
€ir, €aR —Qy — 60éq1 g Oy
€3R —Q3 — 6O¢q1

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

nY wY, mY
e V1Y2f1 V1Y2f2 V2Y2f3 > (12)
\/E f f f

viYsy, viYy vl

M =

for f=u, d, v, 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 ®,, while both &, and $, 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 x 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 [S1]; that is: 6my; = m3 — m{, 6m3; = mi — mi* (where {m;}i—, 23
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: «,;, o, and a,3°. From this it follows

6 The o charge of the singlet o, «,,, 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 «,; = «,3. 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© — F° mixing processes (F = K, B, 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

gH

8L JU'B,,,, + ?Jé‘Bg,,,,, (13)

8
—L D =E=UpWi +he) + TLJ;‘AM, +

V2

where the W, field has been defined as W = (A{" — iA}')/~/2 and the currents are given
by

8a
2

Sy = Diyrer + iy di,
H =gy + Dy — digydi, — eyters
S = Xy ui, + digydin) + Xy vie + ayter)
+ Xt TRY"UiR + Xgi AirRV'AiR + Xoi RY'ViR + Xoi GRY€iRs (14)
with a sum over the i index is implied and x = «, (. In the basis defined by equation (6), the
Lagrangian in equation (13) can be expressed as

&

Lo (L Withe) + %J{WM + %JY"BH + 8,007, (15)
where the interactions of fermions with the Z’ boson are given by
8,0} = gzl cosO — g J) sind),
= ng;ﬁwagh + eRPR)f,
= gz/;ﬁwg; — & (16)

Here, f runs over {u, d, v, e}, i = 1, 2, 3 (corresponding with the SM family),
Pir=0F 'ys) /2 are the chirality projectors and

8
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1, - R .
gZ,Ef’?R - E[gﬁﬁ(ij’R)cosa — 8,0(fip g)sind], 17

1
5V,A _ ~L ~R

In equation (17), ® denotes the left(right)-handed chiral coupling of the f; fermion to the Z/

boson, while in equation (18), g%“’ represents the corresponding vector (axial-vector)

coupling. As for the couplings to the B field, we have that
gylY = 8, Ji cos O + gyJf sin ),
=gy > T L + T ™Y () (19
f
with

gy Y (fip) = 8,0(fyp p)cos 0 + g3 B(f p)sin. (20)

By comparing equations (9) and (20), taking into account our choice ay = by = 1, we get the
following relations among the coupling constants g, g3, gy and the mixing angle 6:

8y

cosf = g,sinf = ——, 21
8 83 NG 21
from which it follows that
@g=5% g Ly L_2 22)
2 & & &

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

—L D eJl'Ay + 8,0} 7, + 8,007, + gy Il Wi + he., (23)
where
8L
8w = ﬁ

elll = ey f' Q)L
f
. 8L 7 L R
JP=—=>> fy"(csPL+ €5Pr)f, 24
8797 ZCOSQW%:fl’Y ( AL f R)ﬁ (24)
with the chiral couplings to the Z boson defined as
. ) R 1A
6_Lﬁ"R = 2{B(ﬁLR) - 31n20W|:T3(f1:L,R) + EY(](I:L’R)]}' (25)

To obtain these expressions, the identification e = g sinfy = g, cos 0y was made, which
implies the well-known relation

gy = & tanfy. (26)

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

9
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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' — ¢+~ branching [59] (green
continuous line) and the corresponding upper limits on the Z' decaying to 77 pairs [60]
(red continuous line).

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

S Vip V3 €12 [} 3] us ) ds
_L 1 1 1 1
87 €f —Z —Z —Z —Z EZ EZ EZ EZ
g8 -y —x y-2 x-2 -y+i -x+ik y-3 x-%
tan 6
X = &Tw(cotﬂ + tan @) a3,
tan 6
y= 8L \/_W( cotf + tan0) vy,
_ 8 ta
7= \/_ [ ot — 3(cotd + tan )],
_ 8 ta
w= \/_ (cot9 + tan 0) o, 27)

the Z’ chiral couplings given by equation (17) can be expressed as indicated in table 3’. 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 ®; and ®,, their Z’ couplings
are given by z — y and z — x, respectively.

4. Low energy and collider constraints

For the process §g — Z' — £74~, ATLAS reports upper limits on the fiducial cross-section
times the Z' — €*{~ 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
J5 = 13 TeV and an integrated luminosity of 139 fb~'. From these constraints, we obtain
upper limits on the y and z couplings corresponding to the green dashed and orange dotted

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.

10
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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 77 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 36.1fb~' 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 T3z(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 o3/2, whose representation in the third
family of the SM is (b, tz)T. If we allow right-handed neutrinos, as is, in fact, the case in our
model, a lepton representation (7, 14%)! is also possible.

From reference [61], the Z — Z’ mixing angle © is restricted to be less than 1073, which
holds true for most models. Based on this result, we can assume © 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: K°—mixing, p—e
conversion, etc. In our case, one of the strongest constraints on the parameters comes from
B°-B°-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
o 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, /iy, h,, and &, we can obtain using a unitary transformation, the neutral states
in the mass space, H;, H,, H3. Great interest has generated an anomaly that can be explained
by a light neutral scalar Higgs with a mass My =~ 95 GeV [64] and a charged Higgs around
M+ =~ 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 M, 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, vy and Zv (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 vy
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 o.
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 o charge).
If the Z’ coupling of o is x — y, that is, o, = a3 — 1, then the following term is allowed:

pl(@®)o + he.l.

In this case, the coupling constant  has dimensions of mass, and in order to have a consistent
mass spectrum, its values must be in the range —77.3 GeV < p < 0. Similarly, if the coupling
of o to the Z’ boson is %(x — y), or equivalently o, = (av,3 — ,1)/2, it is possible to form the
term

AL(@] D)0 + h.c)l, (28)

where the constant A 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

12
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Figure 2. Distribution of the scalar mass My, (the blue round points) and the
pseudoscalar M, (orange triangle points) for a scalar potential including the cubic term
u®i®y o+h.c. In this term, p 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 v, as a free parameter
ranging from 250 to 2000 GeV. The VEV’s v; and v, vary subject to the conditions

Jv? + v = v =246.24 GeV and v, > v;. The masses of the scalars and pseudo-
scalars: My,, My, and M, are determined by the tadpole equations (33). See the text for
further details (see appendix A).

assign its well-known mass of My, = 125GeV. In our model, we ensure that only the
massive charged scalar field coincides with the anomaly M-+ = 130 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 (My,, My, and M,) 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 ®; and $,, they are chosen
such that v? + vj = (246.24 GeV)? with v, > v,. This hierarchy between VEVs is
necessary to align the Higgs doublet ®, with that of the SM. We take the VEV of the scalar
singlet (0) = v,//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 2 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 My, versus My, and My, versus M, axes. It is important to emphasize our iden-
tification of the lightest CP-even Higgs scalar H; 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 mpy, < mpg, < mp,. The results are identical if we choose mpy, < mp, and
identify the Higgs with Mpy,. 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

13
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Figure 3. Distribution of the scalar mass My, (the blue round points) and the pseudo-
scalar M, (orange triangle points) for a scalar potential including the quartic term
AD[®, o2 +h.c. In this term, A 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 v, as a free parameter
ranging from 250 to 2000 GeV. The VEV’s v; and v, vary subject to the

conditions /v + v} = v = 24624 GeV and v, > v,. The masses of the scalars
and pseudoscalars: My,, My, and M, are determined by the tadpole equations (33). See
the text for further details.

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 SUQ3)c ® SU2), ® U(1), ® U(1)g,
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

14
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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 (Mz < 5 TeV), only the residual symmetry 75x(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, & g < 0.1. Fora
Z' coupling to the third family, it is possible to have Z’ charges such that g, & g ~ 1 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 My,, My, and
Mpy,, M, 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, ®; and ®,, and a scalar singlet o. In general, these
fields can be expressed as

+ ¢+
_ % : |2 . _wHEFil
o =|vi+h+in|P= v2+h2+ln2,U—T, (29)
N 7

where (®,) = (0, vi/\2)7,(®,) = (0, v2/~/2)T and v, = /2 (o). For the doublet &, (which
is close to H; in the Georgi basis) to be aligned with the Higgs of the SM we impose the
hierarchy

Ve > Vo D> . (30)
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Since the Higgs doublet is a linear combination of the two scalar doublets, then

Jv2 4 v = v =246.24 GeV, (31)

The most general scalar potential consistent with the gauge symmetry
SUQ2)L, ®@ U(1), ® U(l)g is [68]:

V@1, By, 0) = puy 1942 + 13 197 + g2 1o + N 1®41* + Xy 191 + A, lol?
+ X3 1D 21D,17 + Ny |¢>f<I>2|2 + Ao [@1Plol? + Ay 1Dy lol?
+ linear term in o (or quadratic term in o), (32)
where a linear interaction term in ¢ (which we will denote as the cubic term) of the form
pl(@[®y)0 + h.c.]

is possible if «, in table 2 is taken to be «a,35 — «,;. Here p is a coupling with mass
dimensions. On the other hand, if o, is equal to %(aﬁ — 1), then the quadratic term in o
(which we will denote as the quartic term),

(@] ®2)0? + h.c)l,

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

2 _ N2y A2 — A + )\szz _ )‘ng
2 v 2 2
2 :7£NV1VU W Az + /\4vlz g V2,
2w 2 2
Np)
W R Y e (33)
7 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 /2 1 — Av.

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
(hy, hy, &), the mass matrix is given in the cubic case [73] by:

p VIR L A ARG SRS V) R D W

ﬁvl \/E \/E
Vy V1Y, v
/j/? + vz + Ag) 205 — /\1/51‘:2: % + A2V |, (34)
1%} V1 2 Hviva
— + Aoviv, — + A 20,V —
\/E 1o V1Ve \/5 20 V2 Vo o \/EV(,—
while in the quartic case, it corresponds to:
2 2
20 = 22 B 0+ A b0 + o)
1
2 Avv? (35)

+viva(As + Ay) 205 — Ve vy + Aoga) [

V2
Ve (Ava + Ajgvy) Vo (Av] + Apv2) 2)\(,v3



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

These are square mass matrices of rank three with mass eigenvalues My, My, and My,
corresponding to the mass eigenstates H,, H, and H3, respectively. We will identify the states
according to the mass hierarchy:

MH1 < MH2 < MH_;'

The intermediate-mass scalar state, H,, can be identified as the SM Higgs, while the light
mass scalar state A, 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 H, to
align with h;.

A.1.1. Mass spectrum of the neutral pseudoscalar sector. In the (1;, 1,, () basis, the
pseudoscalar squared mass matrix takes the following form for the cubic case:

Vo Vs
-— W v
V]
ViVe
Koy 2 e | (36)
V2 V)
Vv
Vs - o 1V2
V(7

The corresponding mass matrix for the quartic case is

_nk o, 2,
Vi
Ay y —e gy
2 7w ‘ D

2\/2 —2V1 —4 Viv2

Vo

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:

R )
«/Evlvzv(,
_ /\(4v12\/22 + vzvf)

2viva

(cubic case),

M2 = (38)

(quartic case),
whose mixing comes mainly from 7;.

A.1.2. Mass spectrum of the charged scalar sector. In the ((b]i, @[) basis, the squared mass
matrix for charged scalar particles is

7\/§M‘;ﬂ — A3 V2w 4 Ay
I

1 : (39)

2 «/Euvg + Agvivy —ﬁm — /\4v12
V2
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for the cubic case, and

A 2
| _AnV AaVo )\VU2 + Agvivy
- " , : (40)
5 Aviv;
/\VU + Agviva — — A4vy
V2

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

2
_"?(\/E AN )\4), (cubic case);

1%20%)
ME=1 a2 (41
v \Vs .
——( + )\4), (quartic case).
2 %0%)

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

LD IDﬂ<I>1|2 + IDN<I>2I2 + |Du0|2, 42)
where
, i A i . i LA
DF = 9F + EgLAfY} + Egaliﬁ,’a + EgﬂBé ﬁ, (43)

with fj, A}" (j =1, 2, 3) and g; denoting, respectively, the generators, the gauge fields and the
coupling constant associated with the weak isospin gauge group SU(2),%, while g, B'and g,
with x = a, (3, are the corresponding quantities related with the two Abelian U(1) factors. For
the Higgs doublets @, (@ = 1, 2) and the singlet o, we have

i Al 2w i
D’u¢a - 811 + - + - ,OégB'“’ + - aBN ¢a,
[ 2gL[J§WW YV L 588
Dto = (6# + %gﬂaaB({,” + éggﬁgBé‘)a, (44)

Here a, (8,) and o, (8,) denote, respectively, the U(1),s, charges for ®, and o given in
table 2. Additionally, the W field has been defined as

Al — Al
N

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

W = 45)

8 The SU(2), generators are defined in terms of the Pauli matrices according to 7; = %(7,-.
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Bl'=a A" + b ZI + ¢, Z'", x = a, B);

Al =sin Oy A* + cos by ZH, (46)
with

a, = cos f cos Oy, b, = —cos 0 sin Oy, Cy = —sind,

ag = sin 6 cos Oy, bg = —sin 0 sin Oy, ¢z = cos b, 47

it can be shown that the mass terms for the Z*, Z'* and W* gauge bosons are
1 1
LD (g7 2! + Slep (v + 9vE + Y vdIZZ

1
—5[2gzgz/w{vﬁ + VYDIZ, 20 + gh vIW W, (48)

the coupling constants g, and gy, are defined as in the SM, i.e.

8 8
L gy = =, (49)

82~ 2cos Oy 2

while g, is defined through the following relations:
8= f%(gaaa sinf — g;03, cos 0), (a=1,2);

1 .
4=~ S 0 5in0 - 5,0, cost). 0

In terms of the x, y, z and w parameters defined in equation (27), these couplings can be
expressed as
87N =2-Y 827, =2~ X, 877, = —W. G

Writing the Z — Z' mixing matrix as

. gov? g8 | (A —C 5
=7 — | 12 2,22 n.xn|"|-C B Y (52)
87287 VVa 87V Ve + Vo Vs)

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

my = %[A + B F (A - B? + 4C?]. (53)

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

(Z“ ) _ 0 Z _ (cgs@ —sin @) z{ ’ (54)
z zl sin® cos® J\ Z§
then the mixing angle © can be determined from

tan20 = 2C (55)
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From this expression, it is possible to obtain

g [ — Vi + @ — x)v3]

B e e

6= %arctan (56)

To satisty the current constraint on the mixing angle [61] it is necessary to keep this angle
below 103, which is possible in two scenarios: (1) a light Z' mass, i.e. Mz» < My or a heavy
7' mass, i.e. My > My, which requires x 2 1,z ~y < 1 and v < v,. As usual in calculating
collider constraints [62] we assume  6;_, = 0. In analyzing the scalar anomalies w =x — y
in the cubic case, or w = % 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

—Ly = Gy Budjp + Gy Buttip + Ly Buejp + Ly Bt + hec. (57)
withi,j=1,2,3,and a = 1, 2. Here
G
Q= v+ hy + in, |- &, = io . (58)

2

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

—Ly = q_,'/Ly,‘Ld(pld;R + qi/LyiL”CT)m;R + li/Ly,'Lg(I)le(;R + lilLyiilyfi)lVlaR
+ Gy Padsg + Gy Pausg + Ly ®resg + Ly Paviet hc. (59)
So, the Yukawa matrices have the following structure
ylllf yg 0 00 y123f
1| L I 2 2f
YV = B Y 01, Y¥=10 0 i | (60)
i v 0 00 yf

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

Hi) ([ cosB sinB\( P .
(Hz)_(—sinﬂ COSﬂ)((I)z)—)Ha—RQM‘I)J. (61)

In the unitary gauge

0 Ht
Hy=|v+h| Ho = | HO+iA° | (62)
N N5
The Georgi basis should not be confused with the mass states of the scalar bosons. As

discussed in [74], in this basis, the H; 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
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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 H,. Therefore, in this work, we focus on
the CP-even neutral component of this doublet.

In terms of the new basis,

y;f o, = xi;“fHa,
)’Uaf 'i)a = -xij‘yfﬂ(u (63)
the rotated yukawa couplings are

xi]]f =cos 3 yl.jl.f + sin 3 y;f ,

2f : 1 2
xl.jf = —sinf yl.jf + cos 3 yl.jf ) (64)

Thus
Ey:—"’x Hodjg “"’H alljg — le‘“H eir ,Lx“”'H Vig + h.c.,

— 1d 2d 2u

—_— il .x“ H] 'jR - iinj HQ iR - H] qu/R

/ 2 /
- le H]e]R l-Lx,jeHzejR le VH]VJR iinj H2VjR + h.c.,

— 3! . 1d lu le v,/
- (V + h)(diinj jR + ulL‘xlj R + eleU ejR + l/lL‘xlj VjR)

ﬁ

1 : 3! .2d 2¢ 1
- T(HO + lAO)(dlel] dj + elel]e R) - f

— H* (), Lx d]R + Z/Lxljzeele) + H (de,] ug + eny "Vig) + hec.,

. —/ 2 /
(H° — l.AO)(uiin ujg + Uipx: Vg

—iA
NG

where we have taken into account that 7:l2 = (H s —H*) . Next, we define the fermion

mass eigenstates as:
L=V, fr =V fr (65)

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

1 -
1d o1 o _
Ly=——=0+ Wiz dir + &rz; er + iz, wir + Virz;;"vjr)

\/E
- T(HO + IAO)(dlLZ dir + etLZU ‘ejg) — %

~ ud 2ve —(7 2du S 2ev
— HH (@2 dig + Dz er) + H (dipzg™ g + @2 vig) + h.c.,

. ) .
(H — i @iz wig + Uiz vir)

(66)
where
2 = vITxav], 24 = vEX V. 67)
In this way, from equation (64), we get
2V = cos BV TYVVE) + sin (VI Ty¥ V), (68)

¥ = —sin BVITYYV]) + cos B(VITYH V), (69)
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22 = —sin B(VETYV V) + cos B(VETyY V). (70)

In the Georgi basis, only the CP-odd component of H; 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 z'/ must be diagonal, i.e.

mf

0 0
1%
Samd
M= o ™o | a1
v
0 0 2m{
A%

where mif corresponds to the mass of the fermion f;. Because in our model, the right-handed
quarks and leptons are singlets under the gauge group we can define the right-handed
fermions as: fj” = (VI{ )ijf; for all f, such that VI{ completely disappears from the Lagrangian.
This transformation leaves all the terms invariant under the gauge group since the gauge
singlets are of the form fy, f; or fr;9.f and Vj 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

2 = VITxof vl — v/fTxef,

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. yl.J‘.‘f = 0 for all j, then in mass
eigenstates, the corresponding Yukawa coupling is also identically zero, i.e. Vl.[ yk‘]?f = 0 for all
j. That is, if the diagonalization matrix VLf of the left-handed fermions f is given by

Vlji Vlj; Vlj;
(72)

the equation (60) implies that

% 1f % _1f * 1f k. If * _If * _1f
Vu)’l{ + Vzlyz{ + v31y3{ Vuyl{ + Vzl)’zg + V31)’3£ 0

VI = visyll + vyl + vyl vyl + vl + vyl 0}

Vi vl vl v + vl v 0

0 0 viyy + vyl + vy

VIYY =10 0 viy¥ +viyd + vy | (73)
00 vf§y123f + Vﬁ'}yg + v3*3y32{

Since the coupling z'/ is diagonal, from the relation z/ = cos 3V/yY + sin 8V/'y¥ and
from the fact that if (V/y"); = 0 then (V/y¥); = 0 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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zi}f =7/ 6; = cos BV} yV);, foranyi andj = 1, 2.
Zi,lf =7/ 6; = sin B(V{y¥);, forany i andj = 3. (74)
That is to say, (V/y"); and (V/y¥); are diagonal matrix with (V/yY)3;; =0 and

(VLf ¥ = (VLf y*¥)2, = 0. From these results, the Yukawa couplings of H, with the
physical fermions turn out to be diagonal:

¥ = —sin BV yY); + cos BV y¥); = —tan Bz} 6l jeqr.) + cot Bz 6.

In the last step we obtained the expressions for (V;/ y'); and (V/ y¥); from equation (74). In
matrix form this result can be written as

—tan 3z 0 0
% = 0 —tanBz) 0 | (75)
0 0 cot Bz

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 yy(.‘f are entirely unknown, and

what we know are the diagonal couplings, z; = gmif , where mif is a diagonal matrix whose
elements correspond to the fermion masses in the SM so that the Yukawa couplings will be
given by

v _ oyt V2

1 1
Y = Vi m 8, 0 = m3' where..
v cos

Here m'/ 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)

o _ yft V2

yi = Vik— mszékj, 0 =my = m¥ where.

Here m*/ 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:

72 = —sin VT VA(VITYAV] + cos BIVETVE(VETy2V),

22 = —sin BV VAV YUV + cos BIVETVE(VE Y2V,

7% = —sin BIVITVE(VETYIVE] + cos BIVYTVE(VETy2eVEI,

22 = —sin BV VL (VY V)T + cos BIVETVE (V]Ty V)L
Remembering that Vegy = ViV = V and Vpyns = ViTVY = U, it is easy to see from
equation (69) that

ZZud — VZZd, ZZdu — VTZZM’ Z2Ve — UTZ2e’ ZZez/ — UZZV_ (76)
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Appendix D. Z—Z' mixing

The U (1)’ charge assignments of the Higgs fields Q4 in a specific model, generate the 6,_
mixing [61, 75]

/ 2 QL vE 2
6y = Cg_(m_z) _ Mg_(m_z) , o

7 2
g \mz Zitsi"' g \mgz

where t3; is the third component of weak isospin of ®;, g’ and g;(~0.743) are the Z' and Z
coupling strength constants, respectively and my and my its corresponding masses.

2, 2
0y p— 2(x - M)L(m_z)

Vsm g\mz

=2y —z+ vf(x_—y) i(m_z)z ~ z_x(ﬂ)z (78)
VSZM g\mz g \mz

In the last step, we use the approximation vgy > v# > vZ and x > z. By imposing the
condition |0;_z| < 10~ which, roughly speaking, is the upper limit of the f,_ 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 1072 for Z' masses below 2 TeV where the Z — Z’ mixing constraints are strong.

2
ﬂ) < 1073, which is an almost model-

Under these considerations we obtain =11 |gx | (m
1 z
independent result [61]. This is equivalent to

mz' 2
x| < (—) . (79)
4.68 TeV

These constraints are very restrictive for Z’' masses below 2 TeV as shown in figure 1.
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Abstract

We review in a systematic way how anomaly free SU(3). ® SU(3), ® U(1),

models without exotic electric charges can be constructed, using as basis closed

sets of fermions which includes each one the particles and antiparticles of all the

electrically charged fields. Our analysis reproduces not only the known mod-
ip the literature. but also shows the existence of several more indenendent
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Abstract

@ We review in a systematic way how anomaly free
SU(3): ® SU(3); ® U(1)x models without exotic electric charges can
be constructed, using as basis closed sets of fermions which includes

each one the particles and antiparticles of all the electrically charged
fields.

@ Our analysis reproduces not only the known models in the literature,
but also shows the existence of several more independent models for
one and three families not considered so far.

@ A phenomenological analysis of the new models is done, where the
lowest limits at a 95 % CL on the gauge boson masses are presented.
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Introduction

Introduction

* The impressive success of the Standard Model (SM)
based on the local gauge group
SU3).® SU(2), ® U(1)y, has not been able
enough to provide explanation for several
fundamental issues.

e Minimal extensions of the SM arise either by adding
new fields, or by enlarging the local gauge group
(adding a right handed neutrino field constitute its
simples extension). The electroweak gauge group is
SU(3). ® SU(3), ® U(1)x (3-3-1 for short) in
which the electroweak sector of the standard model
SU(2), ® U(1)y is extended to SU(3), ® U(1)x.

e Our analysis is to obtain the alternative embeddings
for some of the well-known 3-3-1 models in the
literature.
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3-3-1 Models

Two classes of models will show up: universal one family
models where the anomalies cancel in each family as in
the SM, and family models where the anomalies cancel by
an interplay between the several families.

For the 3-3-1 models, the most general electric charge
operator in the extended electroweak sector is

1
= aA: bis + X I. 1
Q =als+ V3 8 + A, (1)
where \,, a = 1,2,...,8 are the Gell-Mann matrices

for SU(3);, normalized as Tr(AoAg) = 20,5 and I3 =
Dg(1,1,1) is the diagonal 3 x 3 unit matrix. a = 1/2,
the isospin SU(2); of the SM is entirely embedded in
SU(3)1, and if one wishes to avoid exotic electric charges
in the fermion and boson sectors as the ones present in
the minimal (3-3-1) model, one must choose b = 1/2.
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Models Without Exotic Electric Charges

S, = [(#2, e, By) @ et @ E{']. with quantum numbers
(1,3, —2/3);(1,1,1) and (1,1, 1) respectively.

So = [(e, 0, N?) @ e"]. with quantum numbers

(1,3*, —1/3) and (1,1, 1) respectively.

Sy = [(d, v, U) & u® b d° b U] with quantum numbers
(3,3%,1/3) ; (3,1, —2/3) ; (3%,1,1/3) and (3*,1, —2/3)
respectively.

Sy = [(u,d, D) P u” P d° D D) with quantum numbers
(3,3,0); (3*,1,—2/3); (3*,1,1/3) and (3*,1,1/3)
respectively.

S5 = [(N, ES,et) & E5 & e |r with quantum numbers
(1,3*,2/3) (1,1, —1), and (1,1, —1) respectively.

Se = [(F£5, N, NY) éb F5 ], with quantum numbers
(1,3,1/3) and (1,1, —1) respectively,

S7 = [(e , 2, NP) @ (N9, E*,e") e £~ ] with quantum
numbers (1,3*, —1/3) ; (1,3%*,2/3) and (1,1, —1)
respectively.

Ss = [(¢l, e, E7) b (£, NP, N9) @ e"]. with quantum
numbers (1,3, —2/3), (1,3,1/3) and (1,1, 1) respectively.
So = [(cis Ve, Ni)) S= (Ei’ Né), N(i)) S=4 (N(l)’ BT, ch)]L with
quantum numbers (1,3*, —1/3);(1,3*, —1/3) and

(1, 3*,2/3) respectively.

Shio = [(ve, e, E7) & (E3, NP, NY) @ et &

(NS, E5, E;) é Ef" é@ E5],. with quantum numbers

(17 37 _2/3); (17 3’ 1/3); (17 17 1)7 (17 37 _2/3); (13 1’ 1)1
and (1,1, 1) respectively.

S = [(eiv Ve, Ni)) S=] (Né)’ E1+’ €+) S=4 (MU’ E2+’ E;L) S=4
F & F5 @ F5]r with quantum numbers

(1,3*%, —1/3); (1,3*,2/3); (1,3*,2/3); (1,1, —1);

(1,1, —1), and (1,1, —1) respectively.

Shio =

(v, e, E7) @ (), NY, N9) & (5, NS, NY) et @ 5L
with quantum numbers (1,3, —2/3);

(1,3,1/3); (1,3,1/3); (1,1,1), and (1,1, —1);
respectively.

Yithsbey Giraldo (Universidad de Narifio) November 28, 2022 7/11



Irreducible anomaly free sets

Irreducible anomaly free sets

Vector-like lepton sets (L;) One quark set (Qf) Two quark sets (Q) Three quark sets (Q7)

O ~NO A WN .

S+ S5
So + S
S7 4+ Ss
S1o+ S
Sy + Sio
S|+ Sg + 57
S + Ss + Sy
Sy + S5 + Sy
S5+ S7 + Sho
So 4+ S7+ Sio
S1+ Ss+ Sy
S1+ 256 + Sy
S + 257 + Sho
Sy + 255 + Sy
S5 4+ S + Sy + Sho
So + 255 + Sho
S1+ 257+ Sio
S1 4+ S5 + S+ Sio
So + 255 + Sy
257 + Sg + St
255 + S5 + S0

Sy + Sy
Sz + S1o
So + Sy + S7
S1+ S3+ S
251 + S5+ S
255 + Sy + S5
S+ Sy + 257
Sy + S5 + 255
51+SQ+53+S12
S|+ So+ Sy + S
Sy + 357+ S
S5+ 355 + Sy
251+ S3 4+ 57+ Sio
251+ Sy + S7+ Sy
255 + S3 4+ Ss + Sio
255 + Sy + Ss + Sy
35> + S5+ 2519
35>+ Sy + Si1 + S
351 + S35+ Si1 + St
351 + Sy + 251

S1 4+ S+ S5+ 5,
251+ S3+4+ Sy + 57
255 + S3 4+ Sy + Sy
385y + S5+ Sy + Sio
351 + 255+ Si»
355 + 25 + Sy
351+ S35+ Sy + S1i

35y + S3+ 25,
351+ 253+ S,

IAFSs. Any general Anomaly Free-Set (AFS) containing quarks, must be a combination of IAFSs (i.e., L;, Q!, Q' and
Q"7 even for more than three families. For leptons, the second column (L) is not exhaustive and it was not possible to
account for all the possibilities.
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Collider Constraints

SM Lepton Embeddings ~ Universal | 2+1 | Lepton Configuration | LHC-Lower limit (TeV)
- 395+ X 30, 4.87

- 351+ 3C, 5.53

1 S ghre g gt Ci+Cy+Cy

2 (S04 5¢7) + S5t 4 (Sh45¢) 20, + 4.87

1

2

et gl 4 glee? 20, + 0, 553

Site’ 4 QAT 30, 553

Alternative embeddings for the classical AFSs. The superscripts correspond to the particle content of the SM, where £ ({)
stands for a left-handed lepton doublet embedded in a SU(3); triplet (anti-triplet), and ™ (¢*) is the right-handed
charged lepton embedded in a SU(3);, triplet (singlet). The check mark v" means that at least two families (2+1) or
three families (universal) have the same charges under the gauge symmetry, the cross x stands for the opposite. LHC
constraints are obtained for embeddings for which we can choose the same Z’ charges for the first two families, otherwise
we leave the space blank.
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Conclusions

Conclusions

The main conclusions of this work are:

o

© 0

Restricting ourselves to models without exotic electric charges, we have built 12
sets of particles S; from triplets, antitriplets and singlets of SU(3). ® U(1)x. These
sets are constructed in such a way that they contain the charged particles and
their respective antiparticles.

With these sets, we built the IAFSs L;, ,’ Q,-” and Q,-”' depending on their quark
content. From the IAFSs it is possible to systematically build 3-3-1 models. It is
important to realize that if we restrict the AFSs to a minimum content of
vector-like structures (i.e, L;), having a lepton and quark sector consistent with the
SM, our analysis is reduced to the AFSs that contain the classical 3-3-1 models.

If we allow alternative embeddings for SM particles within S;, we get new
phenomenological distinguishable model.

We found 1682 models which could be of phenomenological interest.

We can see that, independent of the model, the mass value of the new neutral
gauge boson for all the 3-3-1 models without exotic electric charges is above
4.87 TeV.
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Conclusions

THANK YQOU!
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We report the most general classification of 3-3-1 models with 8 = v/3. We found several solutions
where anomaly cancellation occurs among fermions of different families. These solutions are partic-
ularly interesting as they generate non-universal heavy neutral vector bosons. Non-universality in
the SM fermion charges under an additional gauge group generates Charged Lepton Flavor Viola-
tion (CLFV) and Flavor Changing Neutral Currents (FCNC); we discuss under what conditions the
new models can evade constraints coming from these processes. In Addition, we also report LHC

constraints.

I. 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, 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 perspec-
tive [12], it must be chiral, the triangle anomalies must
be canceled out only with a number of generations mul-
tiple of 3, and most importantly, it must contain the
Standard Model (SM).

n th O
Universidad de Narini

al_mndels withont exotic len-

[ 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 8 [49]; however, this solution
does not account for all the possible models for a given
B. As we will see, the parameter 8 cannot be arbitrarily
large, from the matching conditions |3| 5 cot Oy ~ 1.8.
This condition constitutes a very important restriction
regarding the possible realizations of the 3-3-1 symme-
try at low energies as it limits the number of possible
non-trivial cases to a countable set.

In section II, we review the basics of the 3-3-1 models.
In section III, we propose sets of fermions corresponding
to families of quarks and leptons with the left-handed

December 6, 2023

[hep-ph]
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Abstract

o We present a comprehensive classification of 3-3-1 models with

B =43

o We have identified multiple solutions where anomaly cancellation
takes place across fermions from distinct families.

@ These solutions are particularly intriguing as they give rise to
non-universal heavy neutral vector bosons.

@ Non-universality in the charges of Standard Model fermions under an
additional gauge group leads to Charged Lepton Flavor Violation
(CLFV) and Flavor Changing Neutral Currents (FCNC); we explore
the conditions under which the new models can circumvent
constraints arising from these processes.

@ We provide an overview of constraints from the LHC.
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Introduction

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. These models 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

o Pleitez and Frampton proposed the non-universal 3-3-1 models as
examples of electroweak extensions with lepton number violation,
where the number of families is determined by anomaly cancellation.
It has exotic electric charges in the quark sector and corresponds to
what is known in the literature as 8 = v/3. The parameter 3 cannot
be arbitrarily large, from the matching conditions || < cotfy, ~ 1.8.
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3-3-1 Models

The most complete electric charge operator for this electroweak sector is
Q=aTi+ BT+ X1, (1)

assuming o = 1, the SU(2), isospin group of the SM is fully covered in
SU(3);.

The parameter 5 = \2/—% is a free parameter that defines the model (5 is
proportional to b present in the electric charge of the exotic vector boson
K,). The X values are determined through anomaly cancellation. The 8

gauge fields A% of SU(3), can be expressed as

DY wi o KPT)
7 1
Z )\aAZ = \/i W/J_ Dg’u Kl(Lb_l/2) ) (2)

b=13/2(ie., B=+/3).
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3-3-1 Models

o Lepton generation S;3 = [(12,e7,E; ) @ e™ & ES ], with quantum
numbers (1,3, —1);(1,1,1) and (1,1,2) respectively.

o Set S;p = [(e7,12, E{") @ et @ E; ], with quantum numbers
(1,3%,0); (1,1,1) and (1,1, —1), respectively.

o Set S;3 = [(e7, v, e")], with quantum numbers (1,3*,0).

yT e

o Set So1 = [(d, v, Q5/3) @ u¢ ® d° @ Qf], with quantum numbers
(3,3%,2/3); (3*,1,—2/3); (3*,1,1/3) and (3*,1,—5/3), respectively.
o Set Sgo = [(u,d, Q2_4/3) ® u® d d° @ Q5] with quantum numbers
(3,3,-1/3); (3*,1,—-2/3); (3*,1,1/3) and (3*,1,4/3), respectively.
o Triplets and anti-triplets of exotic leptons; for example,
Se1 = [(N?, E;", ES7) @ E,” @ E5 "], with quantum numbers
(1,3%,1); (1,1,—1) and (1,1, —2), respectively.

o Ser = [(E5, N9, Eg ) ® ES @ E ], with quantum numbers (1,3,0) ;
(1,1,—1) and (1,1, 1), respectively.
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Irreducible anomaly free sets

Irreducible anomaly free sets

Contribution to the anomalies for each family of quarks Sg,, leptons S;.
and exotics Sg;, for 3-3-1 models with 8 = V3.

Anomalias SLl 5L2 5[_3 SQl 5Q2 551 SE2
[SUB)c]?U(1)x | 0 0 0 0 0 0 0
[SUB)J?U()x | -1 0 0 2 1 1 0
[Grav]?U(1)x O 0 0 0 0O 0 0
[U(1)x]? 6 0 0 —-12 6 -6 0
[SU3).)3 1 -1 -1 -3 3 -1 1

AFSs for 5 = v/3. We have classified the AFS according to the content of
quark families, i.e., Q!, @/, and Q!"". Combinations of these sets with
three SM quark and three SM lepton families can be considered as 3-3-1

models.

Vector-like lepton set (L;)

One quark set (Q])

Two quarks set (Q/)

Three quarks set (Q)

Sea + Si2
Se1+ Sia
Se2 + Si3

Gl B W N =~

Se2 + 2511 + Sq1
Se1 + 2512 + Sq2
Se1+ Sio + Si3+ 5Q2
SeE1+ 2513+ Sq2

Si1+ Si2+ 51 + Sq2
Si1+ Sz + Sq@1 + Sq2

3511 +25q1 + Sq2
3512 + Sq1 +25q2
351_3 + SQl + 25Q2
2512 + Si3+ Sq1 + 2502
Si2+2513+ Sg1 +25¢2

Yithsbey Giraldo (Universidad de Narifio)
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Collider Constraints

Collider Constraints

Muodel 71 SM Lepton Embeddings Universal 241 COuark Configuration LHC-Lower limit
M3 = QI (Minimal) [asE r'] v « 2802 + Son 6.4 TeV
M4 = Qi 2805 + 5T x v 2502 + S 6.4 TeV
M6 = (O + 0Ty 1 [3S01° | +SL2 + Sz v % 2801 + Soa sC
o b 22851 + 8575 |+ S + S . v 3851 + Sz sC
1| (35757 |+3S0s + 35,1 vy x 3850 sC
M7 = (Q4 + QL + Q)i |2| 3515 | +3SL + 35k, vy x 3502 6.4 TeV
3|[2555°" + SE4T] + Spa + 2513 + 35k x v 3800 6.4 TeV
A [S5ET 4 28T T 4280 + S + 35m x % 3502 6.4 TeV
M10 = (Q] + Q) 1BSL® ]+ S1s + Spo v x 25g1 + Sq2 sC
: =\ 2 ) ) ' "
! 2([25007° + 547 |+S0 + Se2 P v 2Sg1 + Sga 7.3 TeV

TABLE X: Alternative embeddings of the SM fields for some of the models in Table VIII. The lepton sets in square brackets (blue)
contain the standard model fields. The superscripts correspond to the particle content of the SM, where £ (£) stands for a left-handed
lepton doublet embedded in a SU(3), triplet (anti-triplet), and 7 (e7) is the right-handed charged lepton embedded in a SU(3),
triplet (singlet). The check mark v means that at least two (241) or three (universal) families have the same charges under the gauge
symmetry. The cross = stands for the opposite. LHC constraints are obtained from Table IX for embeddings in which we can choose the

same Z' charges for the first two families, otherwise, we leave the space blank.

is necessary to embed the first Lepton family (electron and electron neutrino) in Spa.
the different embeddings. The embedding also defines the content of exotic particles in each case.

Yithsbey Giraldo (Universidad de Narifio)
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Conclusions

Conclusions

Q Since that for 3-3-1 models, the absolute value of the parameter 8 must be less
than 8 5 cotw = 1.8 (for sin? @, = 0.231 in the MS renormalization scheme at
the Z-pole energy scale), and the values of 3 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.

Q We have constructed three sets of lepton families, S;;, two quark families, Sg;, and
two exotic lepton families Sg;, and we 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 embeddings) 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 5 = v/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.
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Higgs-like Resonant -
HDM Framework * /
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A

XV Latin American Symposium on High Energy Physics

In this work, we explore Higgs-like resonant signals within the framework of Two-Higgs-Doublet Models (2HDM). We address the recent anomalies observed at the LHC
and propose extensions to the Standard Model that could explain them, focusing on the inclusion of a scalar singlet 0. We analyze the resulting particle spectrum and how
it aligns with experimental observations without the need for fine-tuning the model parameters.

Beyond the Standard Model
Motivations

o Existence of neutrino mass.
o Evidence for dark matter.
® Observed matter-antimatter asymmetry of the
universe.
This requires extending the Standard Model (SM) either
in the scalar, gauge, or fermion sector.

Search for Higgs Bosons Beyond the
SM at the LHC

ATLAS and CMS have intensively searched for
new Higgs bosons beyond the SM.

Analyzing various decay channels and production
processes to detect new scalar particles.

Decays into two photons (77): Excesses
around 95 GeV and 151 GeV.

Decays into Z~: Observed in combinations of
associated production channels.

Decays into pairs of bottom quarks (bb):
Indicative in the excess around 95 GeV.

Decays into pairs of W'W ™ and ZZ
bosons: Suggest heavy scalar bosons.
Production of Higgs pairs (di-Higgs):
Especially in asymmetric processes like H — Sh
or H— SS.

Mass Range of Scalar Resonances

Around 95 GeV:
e Indications of a possible new scalar boson.
e Observed in channels like vy, 777, and bb.
o Local and global significances in ATLAS and
CMS.
Around 151 GeV:
e Significant deviations in vy and Z~ channels.
o Suggest the existence of a new scalar in this mass
range.

Two-Higgs-Doublet Models (2HDM)
and Extensions

2HDM Type Il and Type IV:

e Can accommodate an additional scalar boson

around 95 GeV.

o Compatible with excesses in 7y and 7777.
N2HDM (Next-to-Minimal Two-Higgs-Doublet
Model):

o Includes an additional doublet or scalar singlet.

o Allows interactions between multiple scalars.
S2HDM (2HDM Extended with a Singlet):

e Explains simultaneously the excesses in vy and bb

around 95 GeV.
A2HDMS Model:

o Extension with two Higgs doublets, a real singlet,

and a real triplet.

o Explains observed excesses in multiple channels.

The Proposed Model:
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Scalar Potential

Scalar content:
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General scalar potential:
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+ cubic or quartic terms in o
o Cubic term: p[(®{®,)0 + h.c]
o Quartic term: A[(®]®;)02 + h.c]
Mass Spectrum of the Neutral Scalar
Sector

o After minimizing the potential, the mass matrix
for neutral scalars is obtained.

e Two cases are considered: potential with cubic
term and with quartic term.

e Mass hierarchy: My, < My, < Mg,

Numerical Results (cubic term)

M, =125GeV, M_=130GeV
—

g
g

680 Gev.
575 Gev.

200 Gev
152 GeV.

Scalar mass (GeV)

=
8

5 95Gev.

Figure: Distribution of the scalar masses My, (blue dots) and the
pseudoscalar M 4 (orange triangles) for the potential with cubic
term.

Mass Spectrum of the Neutral
Pseudoscalar Sector

o Mass matrix for neutral pseudoscalars in both
cases (cubic and quartic).
o The mass of the pseudoscalar A is:
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Mass Spectrum of the Charged Scalar
Sector

Mass matrix for charged scalars in both cases.

The mass of the charged Higgs CF is:
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Conclusions

Recent anomalies observed at the LHC can be
explained through extensions of the SM,
specifically 2HDMs.

The inclusion of a scalar singlet o that provides
mass to a new boson Z’ enhances the model's
ability to explain these anomalies.

The model predicts a particle spectrum consistent
with experimental observations, including:

o Three CP-even scalar bosons: H;, H,, Hj.

® One CP-odd scalar boson: A.

o One charged scalar boson: C'*.

The masses and parameters of the model
naturally align with the observed anomalies
without the need for fine-tuning.

Numerical Results (quartic term)
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Figure: Distribution of the scalar masses My, (blue dots) and the
pseudoscalar M4 (orange triangles) for the potential with quartic
term.
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To whom it may concern (Universidad de Narifio),

It is my pleasure to acknowledge the participation at the XV Latin-American Symposium on High-
Energy Physics (SILAFAE), which was held at the Cinvestav premises in November, 4-8, 2024, in
Mexico City, Mexico, of the professors (delivering the presentation, specifying type and title,
indicated):

- German Ramos Zambrano (poster, ‘Symplectic formulation for Q.E.D., on the null plane”)

- Juan Carlos Salazar Montenegro(poster, ‘A minimal axion model for mass matrices with five texture-
zeros’)

- Yithsbey Giraldo Usuga (poster, ‘Exploring Higgs-like Resonant Signals within a 2HDM
Framework”)

- Edwin Delgado Insuasty (poster, ‘Possibility to observe Earth matter effects via non-standard neutrino
properties and a robust analysis of supernova neutrino spectra’)

- Eduardo Rojas Pefa (talk, ‘Alternative 3-3-1 models and Collider constraints’)

We are particularly grateful for your participation and involvement in the whole event, particularly in
the planning of the future of our community. More information on the event can be checked at its

indico https://indico.nucleares.unam.mx/event/2125/.

If any further information is needed, please do not hesitate to contact me through my emails
pablo.roig@cinvestav.mx or paroig@gmail.com .

T

Pablo Roig (Ph. D.)
Researcher (staff) at Phys. Dept. Cinvestav, Mexico City, Mexico
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