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Resumo

Nesta tese apresentamos um estudo de como as simetrias discretas grandes podem tornar as
solu¢des de problemas como o da violagdo CP forte, mais naturais. Em particular, trataremos
de extensdes SU(3)c®SU(3).®U(1)x do Modelo Padrio. Veremos como uma simetria discreta
grande torna automatica, em nivel classico, a simetria de Peccei-Quinn. O dxion do tipo invisivel
tem a sua massa protegida contra os efeitos semi-cldssicos de gravitacdo quantica através da
simetria Zy.

O limite perturbativo desses modelos também é investigado. A classe de modelos em que a
simetria discreta é quase automatica tem a sua validade perturbativa apenas em uma escala de
energia relativamente baixa, na ordem dos TeV. E, entao, proposta a extensao com um contelido
minimo de representagao adicional onde o limite perturbativo pode ser ampliado para escalas
de mais de uma dezena de TeV; deixando, portanto, esses modelos mais atrativos do ponto

de vista fenomenoldgico nas energias que estardo sendo alcangadas em um futuro préximo nos

aceleradores de particulas.



Abstract

In this thesis we perform a study about how large discrete symmetries can make pro-
blems solutions like the strong CP violation, more natural. In particular, we shall treat of a
SU(3)c®SU(3),®U(1) x Standard Model extension. We shall see how a large discrete symme-
try makes, at the classical level, the Peccei-Quin symmetry automatic. The invisible axion has
its mass protected against quantum gravity semi-classical efects by means of a Zy symmetry.

The perturbative limit of some of those models is investigated. The class of models in
which the dicrete symmetry is almost automatic can be treated with perturbation theory only
at energy scales below few TeV. It is, then, proposed a model extension with a minimal re-
presentation content which extends the perturbative limit to scales of tens of TeV; making,
therefore, the models more atractives from the phenomenological point of view at the energies

scalas to be reached in the near future.



Dedico ¢ minha mde



Agradecimentos

Agradeco o Prof. Vicente Pleitez pela sua orientagdo e por ter estado sempre disposto
a discutir os problemas de fisica e dividir suas idéias, durante todo o periodo do curso de
doutorado.

Também agradego aos membros do departamento de fisica matematica e do instituto de
fisica tedrica, IFT, que me ajudaram a eliminar muitos obstaculos.

A Professora Ivone Corradi por, gentilmente, ter feito a revisdo da tese.

E, principalmente, a minha mae pela sua determinag¢ao em me levar e buscar para escola
desde do pré-primario até a agora, e por nao ter se abatido em nenhuma dificuldade. Ela me
trouxe aqui hoje.

Finalizando, agradego & FAPESP pelo auxilio financeiro.



”Se podes olhar, vé. Se podes ver, repara”

(livro dos conselhos em Ensaio sobre a Cegueira)



Conteudo

Proposigoes e motivagoes para extensoes do modelo padrao

1.1 Quatro décadas de Fisica de Particulas Elementares: o Modelo Padrao e além
dele . . . .. e e e e e

1.2  Fisica de Particulas Elementares e Cosmologia . . . .. ... ... .......

1.3 O problema de violagdo CP forte . . . . ... ... ... ... .........

1.4 O éxion como solucao do problema de violagdo CP forte . . . . ... ... ...

1.5 Problemascomodxion . .. ... ... ... ... ...

1.6 Modelos 3-3-1 . . . . . .. e e e e e e e

Modelos com simetria SU(3)c®SU(3),0U(1)x

2.1 Osmodelos 3-3-1. . . . . . . . . L e e e e
2.1.1 O contetdo de representagao. . . . . .. . ... .. ... .. ... ....
2.1.2 Boésons de gauge do setor eletrofraco . . . .. ... ... ... ... ...

2.1.3 InteragGescomosléptons . . . . . . .. . .. .. ... ...

2.2 O splitting de massa entre os bosons de gauge nao hermitianos e o parametro py.

Estabilizando o dxion leve com as simetrias discretas de gauge

3.1 O é&xion invisivel leve e as corre¢bes gravitacionais . . . . . . . ... ... ....

3.2 Estabilizagao por simetrias discretas nos Modelos 3-3-1 .. ...........
3.2.1 Uma atribuigdo diferente para Zy3 . . . . . . .. . .. ... ... ... ..

3.3 Dominiosdeparede . . . . . . . ... . ..

3.4 Acoplamento axion-féton . . . . . . . ... ..o e e

3.5 Modelo com neutrinos direitos . . . . . . . . . ... .. e

3.5.1 Acoplamento dxion-féton no Modelo com o neutrinos direitos . . . . . . .

38
42



4 Induzindo dinamicamente a quebra espontinea da simetria eletrofraca 66

4.1 Invaridncia de escala no Modelo 3-3-1 e o mecanismo de Coleman-Weinberg para ¢ 66

4.2 Induzindo a quebra da simetria SU(2),®U(1)y . . . . . . . . . . . ... ... .. 68

5 O problema do limite perturbativo na escala dos TeV 72
5.1 O problema do limite perturbativo . ... ... ... ... ... ......... 72
5.2 As equacgdes do grupo de renormalizagao e o limite perturbativo . . . .. .. .. 75
5.3 O caso supersimétrico e a aproximagdo de 2-loop. . . . . . .. ... ... .... 82
5.4 TUma solugdo com um conteido minimo de matéria adicional . . . . .. ... .. 85
5.4.1 O limite perturbativo com as novas representagées . . . . . ... ... .. 89

5.5 Desacoplando os escalares das energias F' < 331 . - « « « . v 0 o i oo 91

6 Discussao final 94
A Representacoes 98
B Quantizacido da carga elétrica no Modelo 331 com o singleto do dxion 99



Capitulo 1

Proposicoes e motivacoes para

extensoes do modelo padrao

1.1 Quatro décadas de Fisica de Particulas Elementares:

0 Modelo Padrao e além dele

Nas iltimas quatro décadas, a Fisica no campo das particulas elementares tem logrado éxito
no desenvolvimento de uma base tedrica concomitante com incriveis avancos e descobertas
no campo experimental. Tais conquistas levaram & construgao de um eficiente modelo, que
esclarece em um unico arcabougo muitos aspectos de trés das quatro interagbes fundamentais
conhecidas na Natureza. A saber, as interagoes forte, fraca e eletromagnética, no que chamamos
de Modelo Padrao. A estrutura bem sucedida que deu origem ao Modelo Padrao apresenta a
simetria local SU(3)c®SU(2)®U(1)y, cuja fundamentagéo envolveu o trabalho de mais de uma
dezena de fisicos [1]. Com SU(3)¢, correspondendo ao grupo de simetria gerado pelos campos,
glions, intermediando a forga nuclear forte, atuando exclusivamente nos quarks conhecido como
setor da QCD; com SU(2)®U(1)y, correspondendo ao grupo gerado por campos intermediando
as forgas fraca e eletromagnética e conhecido como setor eletrofraco da teoria.

A matéria fermionica é incorporada de uma maneira bastante curiosa: considerando a de-
composi¢do dos campos dos férmions em componentes de quiralidade direita e esquerda, as

componentes esquerdas tanto de léptons como de quarks formam representacoes fundamentais



do grupo SU(2),; j&4 as componentes direitas desses férmions formam representacdes singleto
(trivial), desse grupo'. O tratamento diferenciado das componentes direita e esquerda para os
campos de matéria d4 ao Modelo Padrao um cardter quiral no setor eletrofraco. Por outro lado,
a QCD trata de forma equivalente as componentes direita e esquerda dos quarks, possuindo
assim um carater vetorial. Uma representacao de campos escalares com uma componente neu-
tra condensando (originando a particula de Higgs) e, assim, gerando massa para os férmions
carregados e os campos que intermediam as forcas fracas é postulado existir, 0 que também
torna o modelo mais consistente dentro do seu limite de validade. Os neutrinos permanecem
sem massa. Vimos nas dltimas décadas a confirmagao de todas as previsées do Modelo Padrzo,
exceto a particula de Higgs que ainda nao foi confirmada.

Por exemplo, as descobertas dos chamados de processos de corrente neutra por vérios grupos
no CERN e Fermilab [2], em 1973, seguida da producédo do estado J/v¢ em dois experimentos
independentes [3], interpretado, depois, como sendo um estado ligado de quarks do tipo ¢, éc,
confirmando a existéncia desse tipo de quark, do lépton 7 em 1975, indicando a existéncia de
uma terceira familia [4], que fora também sugerida teoricamente para acomodar a mistura entre
quarks nas reagoes eletrofracas [5], dos processos e~e* — 3jatos evidenciando os gluons da QCD
[6], dos bésons de gauge intermediadores da forga fraca, W* e Z° em 1983 no CERN através
de colises préton-antipréton (7], a confirmagdo de que o nimero de espécies de neutrinos leves
ativos resultantes da desintegragio da particula Z° é igual a trés [8], mostrando a existéncia
de apenas trés familias leves e do quark top em 1995 no Fermilab [9] sdo alguns dos triunfos
experimentais corroborando o Modelo Padrao [1]. A lista completa ndo é pequena e gracas a
ela obtivemos uma visao bastante clara sobre a prépria teoria nas escalas de energia acessiveis
atualmente.

De extrema importéncia, foi o fato de tudo isso nos levar a formularmos novas perguntas
mais precisas e, até mesmo, mais ambiciosas, porém, cujas respostas, geralmente, estao além do
alcance da teoria atual. As extensoes mais simples do Modelo Padrao que podem ser submetidas
a um escrutinio experimental direto sao as primeiras candidatas a serem consideradas para uma
teoria que venha a descrever uma fisica nova. Obviamente, qualquer teoria candidata deve, pelo

menos, conter a simetria SU(3)c®SU(2),®U(1)y em um limite de baixa energia.

1Neutrinos direitos ndo fazem parte do modelo padrdo minimo em seu conteddo de matéria. A introdugio

de tais componentes para obter massa para neutrinos ja é uma extensiao do modelo.



Dentre as novas perguntas que o Modelo Padrao nos levou a formular estio as seguintes:

e Fristem familias adicionais com a mesma estrutura das trés observadas ou hd alguma
ezplicagdo para que trés seja mesmo o nimero de familias?

o A estrutura SU(3)c®SU(2),QU(1)y deveria estar embutida em gque tipo de estrutura
maior?

e Que tipo de fisica nova poderiamos esperar na escala de energia dos TeV que comecam a
ser testadas a partir de agora?

e De que forma poderiamos explicar o valor de alguns pardmetros do modelo? Por exemplo,
como uma teoria superior explicaria o valor dos parametros no setor eletrofraco?

e Como algum tipo de matéria exdtica seria incorporada ao Modelo Padrdo levando a uma
melhor compreensdo da dindmica atualmente observada do universo?

H4, sem diivida, outras perguntas ainda mais ambiciosas do que essas bem como tentativas
de respostas para elas; no entanto, acreditamos que essas representam, pelo menos parcialmente,
algo do que certamente podera ser esclarecido com as novas experimentagoes na escala de
energia dos TeV. A nossa intengao aqui ndo é a de responder de forma definitiva cada uma
dessas questoes, mas sim mostrar que é interessante procurar saber o que uma dada extensao
do Modelo Padrao pode dizer a respeito delas.

Por outro lado, 0 Modelo Padrdo traz consigo problemas, dos quais destacamos alguns nos
paragrafos seguintes.

e As recentes experiéncias observando oscilages de neutrinos, junto dos limite advindos do
decaimento beta e dos dados cosmoldgicos, tém mostrado que tais particulas devem ter massa
ndo nula, mas bastante pequena, entre m, ~ 1—10"2 ¢V [10], [11]. O que agrava, brutalmente,
a hierarquia nas escalas de massa dentro do Modelo Padrio, visto que as maiores massas, dos
bésons de gauge da forca fraca e do quark top, estao na escala da ordem da condensagio do
campo de Higgs, vy =~ 102 GeV.

e As solugoes nao perturbativas da QCD levam a uma quebra explicita da simetria CP (C
para a conjugacio de carga e P para paridade) [12] cuja observagio direta estd vinculada a ser
menor do que uma parte em 10°, de acordo com as medidas precisas do momento de dipélo
elétrico do neutron. Esse é o conhecido problema da violagdo CP forte. O Modelo Padréo

nao oferece um mecanismo para explicar por que a violagao dessa simetria CP é absurdamente

pequena ou inexiste.



e As correcgoes radiativas para a massa do béson de Higgs apresentam divergéncias quadraticas
que deveriam ser reguladas pela escala limite de validade do modelo. Isso significa que essas
corregoes viriam a retirar o bésons de Higgs do espectro de baixa energia, dificultando o enten-
dimento do seu papel na geracao de massa para as particulas do Modelo Padrao, a menos que
um ajuste fino extremo ocorra entre os parametros da teoria [13]. Esse é o conhecido problema
da hierarquia.

A solucdo desses e outros problemas requer uma extensio do Modelo Padrao. Dentre as
explicacdes mais comuns para o valor da escala de massa dos neutrinos, temos a hipétese de que
deve haver uma escala M bem maior do que a da condensacao do campo Higgs; de modo que
as massas pequenas seriam devido A razio v%,/M [14]. O problema da violagdo CP no setor da
QCD também tem uma solucdo baseada na introdug¢ao de uma escala além do Modelo Padrio
como discutiremos abaixo [15], [16]. Para o problema da hierarquia, existe uma série propostas
de solugdes, como a introdugéo da supersimetria [13], a hip6tese de dimensdes extras [17], [18]

ou, entdo, a implementagdo de novas simetrias de gauge [19].

1.2 Fisica de Particulas Elementares e Cosmologia

As motivagoes guiando os novos desenvolvimentos tedricos estdo indo cada vez mais além
das questdes de interesses exclusivos na fisica de particulas elementares. H&4 um interesse
geral em se incorporar, na auséncia de uma teoria de gravitacdo quantica preditiva, a0 menos
qualitativamente efeitos importantes do ponto de vista da cosmologia e da gravitagao. Ainda
que a gravidade nio tenha o seu comportamento a curtas distancias tdo bem entendido quanto
as demais forcas, o0 Modelo Padrao também ajudou, qualitativamente, na maneira pela qual
esperamos que a teoria quantica incluindo a gravitacdo deva funcionar, visto o sucesso com que
ele descreveu a teoria anterior de Fermi.

Na, cosmologia, vivemos o paradigma da energia escura, implicando na recente observada
aceleragao do universo, e da matéria escura. A relacdo entre densidades de radiacdo e matéria
ordindria 2,, de matéria escura, g, e de energia escura, Q4, dando 2,44, +Q4 = 1.024+0.02
[20] e apontando para um universo plano nos traz mais um problema: o de como obter e

introduzir fontes compativeis de matéria e energia escura junto de suas interagbes com as
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particulas elementares. Atualmente, temos Qg4, ~ 0.22 e 24 ~ 0.73. O problema da energia
escura parece ser bem mais delicado, visto que os processos de quebra de simetria tornam dificil
entender por que o valor da constante cosmolégica, A = 3HyQ, ~ 107% eV? (Hy= constante
de Hubble), é tao pequeno e positivo como sugerido pela observacgdo direta [21]. A pequenez
de A nao foi ainda associada a uma simetria conhecida. J4 a matéria escura pode em principio
ser acomodada dentro de um modelo de particulas elementares. De fato, existem candidatos
naturais para o posto de matéria escura dentro dos diversos modelos. Tém-se, por exemplo, na
extensao supersimétrica do Modelo Padrao, os chamados neutralinos que seriam provenientes
dos parceiros supersimétricos dos bosons de gauge e de Higgs do setor eletrofraco e requerem
uma simetria discreta chamada de paridade R para a sua estabilizacdo [22], [23].

Dentre os candidatos & matéria escura ou a parte dela, destacam-se os chamados 4xions. A
razao é que esses sio remanescentes da solu¢do de um outro problema, a principio sem nenhuma
conexdo direta com a cosmologia. A conexdo vem com um dos problemas que mencionamos

acima relativo a necessidade de se estender o Modelo Padrao: o da violagao CP forte.

1.3 O problema de violacao CP forte

Ocorre que o setor das interagdes fortes, QCD, isto é, da simetria SU(3)¢, possui solugbes
nao perturbativas que conduzem a um estado de vicuo com uma estrutura complicada, nao
incluido na teoria de perturbacées usual. Essas solugbes nao perturbativas sdo chamadas na
literatura de instantons [24]. A idéia bdsica é que existe no subgrupo SU(2) da QCD, uma
série de solugbes [25] para os campos de gauge A* construidas a partir de uma transformagao
de gauge Q, = ()" e classificadas de acordo com A% n = 0,%1,+2.... Cada uma dessas
solugdes representa um véacuo diferente |n) que ndo é invariante por todas as transformacoes
de gauge. O verdadeiro vicuo invariante de gauge mostra ser uma superposi¢io dos vicuos |n)
das solugtes A% [12], [16], [26]. O ponto mais importante é que o efeito resultante desse vacuo

nao trivial acarreta o surgimento de um novo tipo de interagdo entre os gluons e que tem a

seguinte forma,
0 Vg
Less = 327r26#prg G2, (1.1)

onde G4 é o tensor dos campos de gauge representando os gluons. Desde que €5, ¢ um pseudo-

11



tensor, o termo de interagdo acima nao é invariante por uma transformagao de paridade. Ele
também néo é invariante sob a transformagio da inversdo temporal. Consequentemente, esse
termo ¢é invariante sob uma conjugacao de carga, uma vez que de acordo com o teorema CPT
a composi¢ao dessas trés transformagdes é uma simetria das teorias de campo usuais. Deu-se,
entao, o nome ao surgimento da interacdo acima no setor das interacoes fortes como o problema
da violagdo CP nas interagdes fortes, o que chamaremos simplesmente de violagao CP forte.
Note que a invariancia de gauge nio é comprometida. Todavia, o novo pardmetro § pode levar
a conseqiiéncias fisicas ainda que a Eq. (1.1) seja equivalente a uma derivada total. A razio é
que esse termo é presente devido a solucdes de instantons que sao solugdes nao perturbativas.
Efeitos eletrofracos adicionais modificam a interagdo, de modo que ao final o que temos é um
parametro efetivo definido como 8 = 6 — ArgDet[M,], onde M, é a matriz de massa dos quarks.
De fato, esse parametro pode causar efeitos mensuraveis no momento de dipdlo elétrico do

neutron, d,. Os limites experimentais sobre d,, mostram que o seu valor é tal que [27]
dp <6x107% ecm. (1.2)

Por outro lado, os primeiros cilculos mostravam que dy, = 5.2 x 107154 e cm [28]. Vinculando
assim o parametro de violagio CP como tendo um valor total tal que § < 10~?. O desafio posto
entdo é tentar entender por que tal parametro tem um valor tdo préximo de zero. Esperar
que haja um ajuste fino entre 6 e ArgDet[M,] tal que a diferenga entre eles esteja na nona
casa decimal é demasiadamente improvavel, uma vez que esses parametros tém origens muito
distintas.

Entre as solugbes para o problema de violacdo CP forte, temos a de fazer que um dos
quarks, digamos o quark u, nao ganhasse massa com a quebra espontinea de simetria. Isso
porque, nesse caso, haveria ainda uma simetria adicional, em nivel cldssico, na teoria relativa a
transformacio global do tipo quiral u — €42, que devido ao fato das transformacoes chirais
serem andmalas em nivel quéntico seria equivalente a uma modificacio § — 8 + a tornando 8
um parametro nao fisico, ja que ele pode ser eliminado através com a transformagio quiral. No
entanto, calculos com a QCD na rede tem se mostrado contra a possibilidade da massa do quark
u nula, apontando que a razao de massa dos quarks u e d, m,/my, ¢ diferente de zero [15]. A

massa do quark u poderia ser gerada entdo por efeitos ndo perturbativos [15]. Recentemente,

245 = i9717273 usual satisfazendo a relagio de anticomutagio {vs, Yu} =0.
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foram levantados argumentos apontando que o conceito em se manter um tnico quark com
massa nula é matematicamente mal definido [29]. Outra solugdo é baseada na suposicdo que a
contribui¢do que vem exclusivamente do setor da QCD para o pardmetro 9 é nula, impondo a
simetria CP nesse setor, e, esse parametro seria calculdvel e gerado exclusivamente pelo setor
eletrofraco. Os modelos construidos com esse intuito tentam basicamente mostrar que partindo
de um valor @ = 0, em nivel de drvore, as corregdes radiativas levam o pardmetro inicial para
um valor dentro do limite experimental [15]. Aqui nés ndo vamos nos basear em nenhuma

dessas soluc¢oes, mas sim na que descrevemos abaixo.

1.4 O axion como solucao do problema de violacao CP

forte

Em 1977, R. D. Peccei e H. Quinn propuseram uma bela solucdo para o problema de
violagdo CP forte [30]. A idéia deles baseava-se no fato de que simetrias globais do tipo quiral
sdo quebradas dinamicamente em nivel quantico e produzem termos anémalos proporcionais
ao lado direito da Eq. (1.1). Dessa forma, com a introdugio de uma simetria global extra
na teoria o parimetro passa a ser em campo dinidmico # = a(z)/f.. Um potencial efetivo
V(6) é entdo gerado para esse campo, por meio de efeitos nio perturbativos da QCD. f, é a
constante de decaimento desse campo, relacionada a escala de quebra espontinea da simetria
de Peccei-Quinn. A minimizagio de V'(8) determina o valor esperado de a(z) forgando com que
6 seja zero, resolvendo assim o problema da violagio CP forte. Essa simetria ficou conhecida
como simetria de Peccei-Quinn e designada como um fator global U(1)pg. Para a realizagio do
mecanismo de Peccei-Quinn, é necessario a extensdo do Modelo Padrdo. A primeira tentativa
foi feita considerando mais um dubleto escalar de SU(2), em adigdo ao j4 existente. No entanto,
a quebra espontanea da simetria U(1)pg deixaria, a principio no espectro da teoria, um béson
de Goldstone a(z); porém, como essa simetria é andmala, uma massa é gerada para esse béson,
caracterizando-o como um pseudo-Goldstone.

Nesse caso, o estado escalar a(z) é uma combinagao da parte imagindria das componentes
neutras dos dubletos escalares e, portanto, tem acoplamento direto com a matéria. A observagdo

sobre desse campo escalar foi feita por S. Weinberg e independentemente por F. Wilczeck logo
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em seguida do trabalho de Peccei-Quinn e batizado por eles como o axion [31]. De acordo com
seus acoplamentos, esse axion ji deveria ter sido observado, por exemplo na observagio de um
decaimento raro do tipo K — 7 + a. Isso descartou o modelo com dois dubletos escalares livre
do problema da violagao CP forte via a simetria de Peccei-Quinn.

No final da década de 70 e inicio da década de 80, foram propostos os primeiros modelos
dos chamados 3xions invisiveis [32],[33],/34],[35]. Diferente do modelo anterior em que o dxion
originava-se de uma combinagao da parte imaginaria das componentes neutras de escalares em
representagées no triviais de SU(2), os modelos de axion invisivel baseiam-se na introdugéo de
um singleto escalar ¢ com uma carga ndo nula de U(1)pg. A invisibilidade deve-se ao fato que,
com um valor esperado grande para esse singleto, (¢) ~ f,, os acoplamentos diretos do dxion
com a matéria sdo suprimidos por um fator 1/f, em relagio & escala eletrofraca. Dessa forma,
explicar-se-ia por que decaimentos envolvendo o axion ndo foram observados. Consequente-
mente, essa soluc¢ao trazia algo muito interessante do ponto de vista cosmoldgico, a introdugio
de um candidato natural & matéria escura, uma vez que o 4xion tem papel fundamental na
solucdo do problema da violagao CP forte.

Foram feitas duas propostas iniciais para o 4xion invisivel que evadiam os dados experimen-
tais. A primeira delas deve-se a J. E. Kim, e independentemente a M. Shifman, A. Vainshtein
e V. Zakharov, o chamado modelo de dxion KSVZ [32],[33], no qual é introduzido um campo
escalar mais um quark exético do tipo vetorial todos sendo singletos de SU(2),®U(1)y e carre-
gando carga ndo nula de U(1)pg, com os campos do Modelo Padrao neutros por essa simetria.
Os quarks exéticos e o singleto escalar estariam desacoplados da escala eletrofraca. A segunda
deve-se a M. Dine, W. Fischler, M. Srednicki e independentemente a A. R. Zhitnitskii, cha-
mado modelo de dxion DFSZ [35], [34]. Neste caso, um singleto mais um dubleto de escalares
sao introduzidos com todos os campos do Modelo Padrao também carregados sobre a simetria
U(1)pg.

A escala de quebra da simetria U(1) pg, ndo pode ser arbitrariamente grande nem arbitrari-
amente pequena. A combinag@o de limites astrofisicos, cosmoldgicos e experimentais sugerem

que o seu valor esteja restrito ao intervalo® 10! < f, < 102 GeV [37]. Os efeitos nao per-

3Esse intervalo é também apresentado na literatura como um intervalo de massa permitido para o 4xion. Isso
é equivalente porque a massa do dxion é inversamente proporcional a f,, m, =~ AZQC p/fa. Vemos por exemplo

no PDG que o intervalo de massa atualmente aceito é 1076 < m, < 1072 eV.
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turbativos dao ao 4xion uma massa m, ~ Aécv /f. que seria no minimo O(107°) eV, com
Agcp ~ 0.1 GeV sendo a escala da QCD. O limite inferior vem do fato que axions leves pode-
riam ser produzidos em estrelas, de modo que parte da energia delas estaria sendo perdida na
emissdo dessas particulas, alterando demasiadamente a evolugdo estrelar * [36]. Para que haja
concordancia com a perda de energia das estrelas, tem-se que a constante de decaimento deve
satisfazer f, > 10!% GeV. Esse limite é um tanto dependente do modelo. Por outro lado, se f,
é maior do que 10'? entdo em algum ponto na evolugio na densidade de energia nas oscilagGes
coerentes de axions poderia exceder muito a densidade critica, p., do universo fechando-o, isto é,
fazendo-o colapsar ou entao gerando uma evolucao contraria a expansao acelerada atualmente
observada, pois f, faria com que Qgy, tenha um valor maior do que o sugerido atualmente [36],

[37]. Esses fatores tornam o dxion um candidato promissor para componente de matéria escura.

1.5 Problemas com o axion

Uma questao interessante que surge a respeito da simetria de Peccei-Quinn é a seguinte:
embora ela resolva o problema da violagao CP forte, trazendo também um &dxion interessante
cosmolégicamente; a imposi¢do de um fator global tipo U(1)pg na teoria parece um tanto
artificial. Uma das razdes é que simetrias desse tipo, chirais, sio vdlidas apenas em nivel
cldssico pois elas sio quebradas automaticamente pela prépria dindmica quantica da teoria.
Assim, nao é natural nem satisfatério ter de impor uma simetria que, a priori, ja estd quebrada
em nivel quantico. Note que isso é diferente do que acontece no caso da quebra espontinea das
simetrias de gauge locais, onde a quebra acontece devido a uma condensa¢io, de um campo
escalar elementar ou um composto de outros campos, favorecida energéticamente e onde a
fase simétrica da teoria pode ser alcangada em regimes, cujas energias estdo acima das de
condensagao. Entao, levanta-se um problema de naturalidade. Com isso, queremos dizer que
a simetria U(1)pg deveria estar contida naturalmente dentro do modelo, isto é, sem ter de

ser imposta inicialmente, ou entdo surgir quando se invoca uma simetria a principio mais

4Uma simulagdo feita com os dados da super nova SN1987A mostra que a medida que a massa do axion
aumenta, o intervalo de tempo de chegada dos neutrinos provenientes da explosio dessa estrela deveria diminuir,
assim como o nimero de neutrinos detectados [36]. Segundo essa anélise um dxion com massa m, > 1072 eV é

incompativel com o nimero de neutrinos e o intervalo de tempo de chegada deles obtidos da SN1987A.
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fundamental.
E interessante notar que no Modelo Padrdo os principios da simetria de gauge e da re-

normalizabilidade, que exclui operadores com dimensido que maior do que quatro, fazem as
simetrias globais importantes de nimero baridénico e leptonico surgirem automaticamente em
nivel classico. Dessa forma, dizemos que essa simetrias sao naturais, ou seja, nao precisam ser
impostas mas aparecem como subprodutos de principios a priori mais fundamentais. Serd um
dos propésitos do nosso trabalho aqui tratar da construgdo de modelos onde a simetria U(1) pg
é automadtica. Outro ponto problematico para simetrias, ndo s6 desse tipo mas geral para todas
as simetrias globais, decorre da gravitagdo como discutiremos a seguir. -

Os efeitos semi-cldssicos da gravitagdo mostram que leis de conservacao associadas a sime-
trias globais serdo todas violadas pela ainda nao totalmente revelada teoria para a gravitagao
quantica. Por efeitos semi-classicos, queremos dizer aqueles que podem ser estimados ou entdo
até mesmo calculados assumindo apenas o conhecimento que se pode extrair das teorias vi-
gentes em adicao a escala de Planck, Mp, onde as interages gravitacionais passam a ter um
papel significativo comparado as demais interagoes. Aqueles que podem ser estimados, con-
sideramos as suas manifestagoes através de operadores nao renormalizdveis e que, nesse caso,
sao suprimidos escala de Planck. Esses operadores devem somente cumprir com as simetrias
de gauge locais da teoria e tém dimensdo maior do que quatro. Um efeito que pode ser calcu-
lado é o da evaporagdo do buraco negro, fenémeno conhecido como radiacio de Hawking [38].
Esse processo fornece um exemplo claro para a violagao de simetrias globais pelas interagoes
gravitacionais.

Considere um buraco negro formado pelo colapso de uma estrela. Inicialmente na estrela
tinhamos, embora grandes, os nimeros bariénico e leptonico bem definidos relativos aos prétons,
néutrons e elétrons que a constituiam. Na teoria da relatividade geral esses nimeros, bem
como outros nimeros quinticos e energia, terminariam nos dnicos pardmetros caracterizando
o buraco negro, sua massa M, carga elétrica ¢ e momento angular J. A evaporagdo do
buraco negro é caracterizada pela emissao de radiagao térmica de baixa energia, uma vez que
a temperatura associada é proporcional ao inverso da massa do buraco negro, T, ~ 1/M,
supondo por simplicidade que ele seja neutro e nao tenha rotagao. O nimero baridnico é
violado, porque é favorecida a emissao de fétons com energias menores do que a massa do

préton e do néutron ou qualquer outro hadron mais leve, e, antes que o buraco negro alcance
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o seu estagio final onde a aproximacgao semi-cldssica nao é mais vélida, grande parte da sua
massa foi-se na evaporagao. Quanto ao nimero leptonico, haveria uma aparente dificuldade em
se utilizar do mesmo argumento anterior ja que, desta vez, temos que contar com a possibilidade
da existéncia de, talvez, uma espécie de neutrino com massa nula. Mas como bem observado
em Ref. [39] a emissdo de neutrinos deve se dar de uma forma muito lenta, dado o principio
de Pauli. De modo que também observariamos a violacao do nimero leptonico. Além disso, se
nio existem neutrinos sem massa, entao a emissao deles seria desfavorecida frente aos fétons.
Todo o raciocinio que acabamos de discutir repete-se exatamente, se considerarmos agora que
o buraco negro inicial, em um dado momento, engole uma quantidade de matéria com nimeros
quanticos advindos de simetrias globais bem definidos®.

Assim, vimos que as simetrias globais que eram automaéticas no Modelo Padrdo estdo
ameacadas. No caso do nimero leptonico, seria bem interessante que essa quebra estivesse
associada a uma escala de energia alta. Uma vez que isso poderia explicar por que os neutrinos
tém uma massa pequena. No entanto, voltando & questdo da simetria U(1)pg: mesmo que essa
surgisse automaticamente em um modelo, acabando com o problema da naturalidade, teriamos
ainda de enfrentar a ameaca gravitacional. Isso acontece porque o modelo de axion invisivel
estd associado a uma escala de energia alta como vimos acima. E, estando a massa do axion
vinculada a um valor pequeno de acordo com os limites astrofisicos, certas corre¢Ges gravitaci-
onais poderiam desestabilizar a solu¢do com o axion invisivel. Podemos ver isso através de um
operador nio renormalizdvel que descreve a interacao de d > 4 campos singletos em energias

altissimas. Esse operador teria a forma

O(ﬂu:fl ¢ J (1.3)

onde ¢ é uma constante da ordem da unidade. Quando o campo ¢ adquire valor esperado
no vacuo, esse operador gera entdo uma correcio na massa na parte imagindria desse campo,
que é basicamente o dxion, cujo valor é Mmyray ~ (qb)%2 /M:l%‘1 . Dependendo da dimensdo d
do operador, essa correcao é muito maior do que aquela dentro do limite permitido 107 <
m, < 1072 eV [37]. Os operadores de menor dimensio sdo os que mais contribuem. Tomando

por exemplo f, ~ 10’ GeV e Mp; ~ 10'° temos para o operador de dimensio d = 5 que a

SE interessante notar que as simetrias globais ndo estio s6 ameagadas pelas interagées que vém da gravitacao.
Em geral observa-se que os cendrios de grande unificagido conservam somente uma combinagdo do niimero

bari6nico e lepténico. No caso, B-L para o modelo SU(5) ou SO(10).
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correcao para a massa do axion é da ordem de 10° GeV. Claramente a solucio é desestabilizada
pelos efeitos gravitacionais. O operador de menor dimensao, acima da qual a massa do 4xion
se manteria dentro do intervalo permitido teria d > 7. Os operadores n3o renormalizdveis de
menor dimensao na forma da Eq. (1.3) devem, portanto, ser proibidos de alguma forma.

Ainda mais preocupante, é o fato de o parametro de violagao de CP forte, 8, estar vinculado
a um valor t30 pequeno, de modo que ele est4 muito mais suscetivel as corregoes gravitacionais,
o que coloca um obsticulo & proposta do axion. Faremos uma discussao mais detalhada sobre
isso no Capitulo 3, pois trata-se de um dos pontos centrais no nosso trabalho.

Deve-se pontuar que as corregoes gravitacionais a massa nao é um problema exclusivo dos
modelos de axion invisivel. Elas representam um problema geral para qualquer teoria que faca
uso de campos escalares extremamente leves, seja esta teoria voltada as particulas elementares
seja entdao para objetivos puramente cosmoldgicos. Nesse ultimo caso, temos, por exemplo,
uma classe de teorias com os chamados campos de ”Quintesséncia”, cuja massa deve estar
em torno de 1073 eV para que elas cumpram com seus objetivos [40]. Encontrar uma forma
de estabilizar esses campos, de tal modo que massas tdo pequenas fiquem protegidas contra
correcoes gravitacionais, é de fato um problema para essas teorias.

Apresentaremos aqui a construcdo de uma classe de modelos que constituem extensdes do
Modelo Padrao, onde a solugao do problema de violacdo CP forte é estabilizada contra as
corregoes gravitacionais no sentido discutido acima. Tratar-se-4 em particular das extensoes
SU(3)c®SU(3),®U(1)x do Modelo Padrao, comumente chamados de modelos 3-3-1. Mostrar-
se-4 como a simetria de Peccei-Quinn pode surgir automaticamente nesses modelos, tornando
a solucao do axion natural. A estabilizacdo contra o problema gravitacional sera feita com
simetrias discretas de gauge que notavelmente aparecem também quase automaticamente em
um dos modelos. Os acoplamentos do axion com a matéria nesses modelos serdo mostrados

e comparados com aqueles das interagoes efetivas utilizadas na busca experimental direta do

axion.
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1.6 Modelos 3-3-1

Os Modelos 3-3-1 sdo extensoes interessantes para o Modelo Padrao porque eles podem
oferecer algumas dire¢Oes para algumas perguntas como as que foram colocadas anteriormente.
Por exemplo, esses modelos colocam uma restricaio ao nimero de familias permitidas por uma
questao de consisténcia interna. Neles é possivel ter somente um nimero de familias que seja um
muiltiplo de trés. Levando em conta a observagio direta do fendmeno da liberdade assintética
[41] para as escalas de energias até agora testadas, pode-se argumentar que o nimero de familias

deve ser mesmo trés. Eles contém o Modelo Padrao,
SUB)e®SU(2), ®U(l)y c SUBB)c ® SU(3)L @ U(1)x, (1.4)

de tal forma que o parametro sin? 8y, que mede a mistura entre os bésons de gauge neutros do
setor eletrofraco tem seu valor mais restrito. De fato, em uma classe de modelos, temos a pre-
visdo que sin®fy < 0.25, 0 que concorda com o valor observado de sin®6fy,, = 0.23113(15)¢.
Esses modelos também prevéem um novo conteido de matéria e novos campos de gauge inter-
mediando as interagGes eletrofracas. Esses novos estados devem provavelmente surgir na escala
dos TeV, tornando-os bastante atrativos do ponto de vista fenomenolégico.

A previsao sin? 8y < 0.25 de uma das classes de Modelos 3-3-1 faz com que o tratamento
perturbativo nio seja mais vilido em escalas de energia de poucos TeV, como veremos posteri-
ormente. Isso trard uma dificuldade para o estudo fenomenolégico nas escalas de energia em que
se espera observar uma fisica nova, limitando, portanto, o intervalo de energia no qual ele pode
ser testado quantitativamente com o uso da teoria de perturbagOes. A extensdo desse limite
perturbativo requer a introdugao de campos adicionais e traz para a evolu¢do dos parimetros
do modelo um comportamento bastante distinto como veremos no Capitulo 5.

Outros aspectos e problemas diretamente relacionados a esses modelos serdo discutidos nesse
trabalho. A saber, o problema da quebra espontanea de simetria, as interagées dos novos bésons
de gauge e etc.

O trabalho serd organizado da seguinte forma: no Capitulo 2, faremos uma introducao
aos modelos 3-3-1 apresentando também algumas caracteristicas interessantes adicionais; no

Capitulo 3 lidaremos com problema do éxion, e a naturalidade da simetria de Peccei-Quinn; no

6Esse é o valor segundo a edi¢ao de 2002 do Particle Data Group e serd usado em todo o trabalho aqui.
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Capitulo 4, apresentaremos uma proposta com o singleto escalar do axion induzindo a quebra
da simetria na escala eletrofraca; no Capitulo 5, trataremos do problema do limite perturbativo
na escala dos TeV mostrando uma solu¢do com um conteido minimo adicional de matéria.

Terminaremos no Capitulo 6 com as discussoes e consideragoes finais.
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Capitulo 2

Modelos com simetria

SU(3)o®SU(3);U(1) x

Neste capitulo, apresentaremos os detalhes da classe de modelos que ocupario a maior parte
do nosso trabalho. Serdo os modelos com simetria SU(3)c®SU(3).®U(1)x, chamados modelos
3-3-1. Uma das razoes dessa escolha, como serd mostrado no capitulo seguinte, relaciona-
se ao fato que eles acomodam naturalmente simetrias discretas Zy com N grande e contém
automaticamente a simetria global necessaria para resolver o problema de violagdo CP forte.
Em particular, concentrar-nos-emos em duas classes desses modelos nos seus conteiidos minimos
de matéria. A primeira delas é a que contém os modelos com os tripletos de léptons formados
por um neutrino e dois léptons carregados. A segunda classe serd distinguida pelo fato de
que neutrinos direitos fazem parte dos tripletos de léptons, isto é, os tripletos de 1éptons sdo
formados, nessa classe, por dois neutrinos e um lépton. Essa iltima classe serd chamada de
modelos 3-3-1 com neutrinos direitos. Outras motivagoes adicionais para se considerar esse tipo

de extensdo do Modelo Padrao serdo mostradas.

2.1 Os modelos 3-3-1.

O Capitulo 1 explica por que é interessante considerarmos extensées do Modelo Padrao que

contenham naturalmente a simetria global U(1)pg. Escolhemos como base do nosso trabalho
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os modelos com simetria a SU(3)c®SU(3),®U(1) x, pois eles permitem a implementacio da
simetria U(1)pg no seu conteido minimo de representagdo, como serd visto no Capitulo 3.
Além disso, eles também oferecem respostas nao triviais, por exemplo, para o problema da
replicagido das familias, junto de uma base tedrica frutifera para uma nova fenomenologia nas
escalas de energia que comegam a ser alcancadas atualmente no campo experimental. Esses e
outros detalhes serdo mostrados & medida que avangamos nesse capitulo.

As primeiras extensoes do grupo de simetria SU(2),®U(1)y do setor eletrofraco para um
grupo SU(3)®U(1), resultando em um modelo em que ndo havia correntes neutras com troca
de sabor, foram feitas em meados da década de 70 [42].- Nesses modelos, todos os quarks e
léptons eram dispostos em tripletos para as componentes de mao esquerda e de mao direita
desses campos, o que os deixava com um carater vetorial, tornando-os assim livre de anomalias.
Em modelos com carater vetorial, as simetrias de gauge local ndo sao suficientes para impedir
que inicialmente tenhamos termos de massa nua na Langrangiana. Para evitar esses termos,
é geralmente necessiria a imposicdo de simetrias adicionais discretas, como fora feito nesses
primeiros modelos, ou do tipo conforme, para se explicar que a massa dos férmions surge de
um processo de quebra de simetria. Além das motiva¢es puramente tedricas que visavam
a acomodagao da teoria eletrofraca vigente em um esquema mais amplo, havia também uma
tentativa de explicacao para certos decaimentos com trés mions no estado final, que poderiam
estar sendo observados naquela época. Entre as razoes que descartaram esses modelos, estava o
fato de que eles nio apresentavam uma estrutura pura do tipo ¥V — A nas correntes neutras, ou
entdo previam bésons de gauge e férmions adicionais na escala do Modelo Padrao, discordando
do que veio a ser observado. Eles também nao se reduziam & estrutura SU(2),®U(1)y de uma
forma simples. Uma série de outras construgoes envolvendo a simetria SU(3), também foram
feitas na mesma época [43].

No inicio da década de 80, M. Singer, J. W. F. Valle e J. Schechter propuseram o primeiro
modelo com a simetria SU(3), e uma estrutura pura do tipo V — A, cuja representagao exata de
familias do Modelo Padrao podia ser recuperada em um limite apropriado [44]. Além disso, o
cancelamento das anomalias chirais se dava envolvendo as trés familias de uma vez. O modelo
continha neutrinos exdticos pesados, completando as representagdes fundamentais de SU(3)

para os léptons.

Cerca de uma década atrds novos modelos foram propostos fazendo ressurgir a idéia da
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simetria SU(3) no setor eletrofraco. Esses modelos sdo opgdes interessantes para descrever a
fisica na escala dos TeV que estara sendo alcancada de agora em diante na nova geragao de
experimentos. Eles foram introduzidos por F. Pisano e V. Pleitez e posteriormente por P. H.
Frampton em 1992 [45]. Além da maior coincidéncia com o Modelo Padrao em baixas energias,
os modelos 3-3-1, como serao chamados daqui em diante, podem iluminar algumas questdes
fundamentais que sdo acomodadas, mas nao explicadas pelo primeiro. Vejamos, por exemplo,
o problema de multiplicacdo das geracdes. Assim como no modelo de M. Singer, J. W. F.
Valle e J. Schechter, para que haja o cancelamento das anomalias chirais nesses modelos é
necessirio que o niimero de geragdes, N,, seja um multiplo de 3, o que combinado com o fato
que a liberdade assintética na QCD requer um nimero de geragoes IV, < 5, devido ao fato dos
quarks estarem agrupados em tripletos, o que implica que o nimero de geragoes permitidas
deve ser mesmo N, = 3. Veremos isso novamente a seguir. Mesmo se essa resposta ndo venha a
ser revelada totalmente satisfatéria, uma vez que lanca mao da estrutura de familia conhecida
do modelo padrao e da informagio sobre a liberdade assintética, é notavel que o nimero de
geragoes esteja diretamente relacionado com a consisténcia interna da teoria, o que, no minimo,
deve ser visto como uma dica para uma possivel resposta final & questao.

Outro aspecto a ser destacado é que entre os bésons de gauge do setor eletrofraco da classe
original dos modelos 3-3-1, temos aqueles que correspondem a autoestados duplamente carre-
gados. Isso significa que estd de forma concreta e precisa aberta a possibilidade de eventos onde
a simetria global de nimero leptonico realiza-se de tal forma que, apenas o niimero leptonico
total L = L, + L, + L, é conservado. Exemplificando, tem-se o processo em nivel de arvore
e"e” — p~p~ intermediado por um bédson vetorial duplamente carregado. Processos assim
tém sido uma motivagdo adicional para a procura de uma nova fisica além do Modelo Padrao,
pois eles tém um sinal potencialmente alto para descobertas em aceleradores lineares e sdo
previstos pelos modelos 3-3-1 [46]. Os bésons vetoriais duplamente carregados também podem
ser descobertos em medidas da assimetria esquerda-direita em colisores lépton-lépton [47].

A seguir, revisaremos os pontos basicos da estrutura dos modelos concomitantemente a

alguns aspectos fenomenoldgicos.
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2.1.1 O conteudo de representacao.

Vamos agora apresentar o conteido de representacio dos principais modelos que trataremos
durante a maior parte do nosso trabalho. Eles pertencem a duas classes distintas. Denomi-
naremos a primeira classe simplesmente por Modelos 3-3-1, cuja caracteristica marcante esta
em que a ultima componente do tripleto de 1éptons ser ocupada por uma particula com carga
positiva. A segunda classe de modelo serd denominada por modelos 3-3-1 com neutrinos direi-
tos. Nesse caso, a caracteristica marcante é o fato de que a componente direita do neutrino
pertence ao tripleto de léptons, transformando-se, portanto, de maneira nao trivial sob o grupo
nao abeliano.

Considerando as matrizes geradoras 7 do grupo SU(3) em sua normalizagio usual (veja o
Apéndice A) o operador de carga elétrica, dado por uma combinacdo dos geradores diagonais
dos grupos de simetria do setor eletrofraco, que definird como os campos estardo dispostos nas

representacoes é dado por:
Q=T°-bT*+X. (2.1)

A constante b define a classe & qual o modelo pertence. Para b = /3, teremos o modelo 3-3-1
original. Para b = 1/4/3, teremos o modelo 3-3-1 com neutrinos direitos. X é o niimero quintico
relativo ao fator abeliano U(1)x. Ele é necessirio para que se faga possivel a introducgio de

quarks no primeiro modelo. No segundo modelo toda matéria tém carga X nao nula.

e Modelos 3-3-1 (b= v/3)

No caso b = /3 os 1éptons estardo dispostos de acordo com as seguintes representacoes: ¥or,
representando os tripletos de léptons da simetria SU(3) do setor eletrofraco com suas terceiras

componentes sendo ocupada por léptons de carga positiva que denotaremos por E, [48],
\I’GL = (Vm lm Ea){ ~ (1737 0)7 (22)

onde o indice superior 7" significa a matriz transposta e a = e, u, 7; as componentes direitas

transformam-se como singletos do grupo
Vap ~ (171?0)7 laR ~ (1717—1)7 EaR ~ (11111) (23)
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Os nimeros entre parénteses referem-se as propriedades de transformagées sob os grupos
SU(3)¢, SU(3), e U(1)x respectivamente. Neutrinos direitos, v,g, em singletos, sio intro-
duzidos considerando a possibilidade de que esses venham a ser particulas com massa de Dirac
ou Majorana. Existe a possibilidade de que a terceira componente do tripleto ¥, seja ocupada
pelo elemento que é uma conjugagio de carga do segundo elemento, ou seja, poderiamos fazer
E = I com c¢ indicando a operagao de conjugacao de carga, de modo que as componentes
direita e esquerda dos léptons carregados conhecidos estariam ambas no tripleto. Dessa forma,

o tripleto de l1éptons na Eq. (2.2) passaria a ser
‘IJaL = (Vm la; l;)% ~ (17 37 0) (2‘4)

e na Eq. (2.3) seriam eliminados I, e E,g. De fato, essa foi a construgao original [45]. Aqui
vamos nos ater as construcdes que tém os léptons segundo as representagdes em Eq. (2.2) e Eq.
(2.3). Quando tratamos da construgdo original diremos isso explicitamente, tentando evitar

qualquer confusio.
Os quarks tém suas componentes esquerdas acomodadas nos tripletos com transformagio

nao trivial sob o fator abeliano U(1)x. Isso leva a necessidade de se introduzir quarks novos

com cargas elétricas exéticas. Temos,
QmL = (dm': U, ]m):lz; ~ (31 3*’ —1/3)7 QSL = (U3, d3, ']):E ~ (3’ 3’ 2/3)’ (25)
com m = 1,2, e as componentes direitas transformando-se como singletos de acordo com

uar ~ (3,1,2/3), dar ~ (3,1,-1/3),
Jr~(3,1,5/3),  jmr~ (3,1,—4/3) (2.6)

com a = 1,2,3. Os quarks J e j, sao exéticos no sentido que eles tém cargas elétricas 5/3
e -4/3 respectivamente, em unidades do médulo da carga do elétron. Os grupos SU(N) com
N > 2 contam com representagdes fundamentais que sdo complexas e por isso, indicamos com
um * que alguns quarks em Eq. (2.5) transforma-se como a representacao conjugada complexa,
ou seja, como anti-tripletos. A razdo para isso é que o cancelamento das anomalias chirais
exige que dois tripletos de quarks pertencam a representacao anti-fundamental de SU(3) do
setor eletrofraco. Veremos isso a seguir.

Com esse conteildo de matéria fermionica, as anomalias cancelam-se de uma forma nao

trivial envolvendo o nimero de familias. As relacdes que devem ser satisfeitas para que a teoria
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seja livre das anomalias do tridngulo s3o:

I) [SUB) U)y : Tr({T¢,Te} X) = 0, (2.7)
I1) [SU(3),)*: Tr({T%, T} T°) = 0, (2.8)
1) [SU(3), ]2 U(1)y : Te({T° T} X) =0, (2.9)
IV) [UQ1),]*: Tr({X,X}X) =0. (2.10)

Onde TZ* referem-se aos geradores do grupo da QCD e X ao fator abeliano U(1)x. A relagio

I envolvendo SU(3)¢ e U(1)x diz que a soma de todas as cargas X dos quarks deve ser nula.

Usando as Eqgs. (2.5) e (2.6)
Tr({T&,TE}X) = 6% TrX =6 (—%) +3 (%) +3 (g - %) + g +2 (—g) =0. (2.11)

A relagdo II, envolvendo puramente o fator SU(3), pode se cumprir somente se o niimero
de tripletos desse grupo é igual ao nlimero de anti-tripletos, uma vez que 7%* = —T*. De fato,
as representagoes em Eq. (2.2) e Eq. (2.5) satisfazem isso. Temos trés tripletos em ¥,;, trés
tripletos em @3y, e seis anti-tripletos em @, levando em conta o nimero de familias e os graus
de liberdade de cor dos quarks.

J4 para a relagdo III que envolve SU(3). e U(1)x temos que a soma das cargas X de todos

os férmions nos tripletos de SU(3), deve ser nula. Usando as Egs. (2.2) e (2.5),

Te({T°, T°}X) = 6 T*X =6 (—%) +3 (;3;) +3(0) = 0. (2.12)

Finalmente, a relagdo IV envolvendo puramente o fator U(1)x determina que a diferenca

entre a soma dos cubos das cargas X dos férmions de méo-esquerda e dos férmions de mao-

direita deve-se anular. Usando as Eqgs. (2.2), (2.3), (2.5) e (2.6),

Tr({X, X}X) = TrX? — TrX3
s ea (@) () s () 4 () 2 ()] 0 o

Observe que o cancelamento das anomalias se daria da mesma forma, se tivermos n cépias
do conjunto das representagoes do conteido de matéria. Isso significa que a estrutura de
representacao nas Eqgs. (2.2), (2.3), (2.5) e (2.6) permite o cancelamento das anomalias para
um conteido de representacao que seja um miiltiplo n de trés familias. Ou seja, seria, a

principio, possivel ter 3n familias no Modelo 3-3-1. n =1 corresponde ao modelo minimo.

26



Fenomenologicamente, a existéncia de outras 3(n — 1), n > 1, familias estariam vinculadas
de acordo com o que segue. A largura invisivel da particula Z° mostra que existem apenas trés
neutrinos transformando-se ndo trivialmente segundo a estrutura de dubletos de SU(2); com
massa menor do que Mzo/2. Uma vez que SU(2),®U(1)y é um subgrupo de SU(3),QU(1)x,
familias adicionais, segundo o Modelo 3-3-1, implicariam na existéncia de 3(n — 1) novos neu-
trinos e também 3(n — 1) novos léptons carregados na estrutura de dubletos do Modelo Padrio.
Esses léptons novos acoplariam-se aos bésons vetoriais de SU(2),®U(1)y de maneira idéntica
4 dos léptons conhecidos. Portanto, eles devem ter massas m tal que m > Mz0/2 para que
nao venham a ser produtos da desintegragdo da particula Z° Por outro lado, eles ganhariam
massa na mesma escala do Modelo Padrio, e deveriamos esperar que se eles, de fato, existissem
entao suas massas teriam de estar ndao muito distante das particulas conhecidas. Obviamente,
esse ndo é um argumento de exclusio para esses férmions e ja que suas massas ainda poderiam
ser ajustadas para compatibilizar com a largura de decaimento da particula Z°. Porém, seria
dificil de imaginar por que neutrinos fazendo parte de estruturas idénticas teriam massas tao
diferentes, j4 que as oscilagbes dos neutrinos conhecidos sugerem massas da ordem de 1 — 102
eV para eles [10].

Outra restrigao vem da liberdade assintética, [49], como observado em Ref. [50]. A evolugao
da constante de acoplamento da QCD, a,, indica também que existem somente seis quarks na
escala de energia do Modelo Padrao. Observa-se, nas escalas de energia acessiveis, a liberdade

assintética. Da funcao 8 do grupo de renormalizacido para o, tem-se na aproximacio de um

loop

da, 1 2
B=p = (11 - gnq) o? (2.14)

com ng4 sendo o nimero de quarks. Para que funcdo a 3 seja negativa é necessario que n, <
33/2 ~ 17. Temos no Modelo 3-3-1 no minimo nove quarks, com trés deles ganhando massa
em uma escala acima da do Modelo Padrao como veremos abaixo. Para n = 2, como vimos
anteriormente, seriam dezoito quarks e estaremos acima do limite para liberdade assintética.
Veja que, entao, supondo que a liberdade assintdtica permaneca acima da do Modelo Padrao nao
hé outra alternativa sendo apenas trés familias. E nessa consideracao que dizemos que o modelo,
junto da observacao experimental de que a evolucao da constante de acoplamento da QCD, de

fato é decrescente com o aumento da energia, leva a conclusao que o nimero de familias é trés.
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Todavia, devemos ressaltar que a suposi¢ao de liberdade assintética é corroborada apenas pelo
observagao direta a baixas energias.
Para gerar todas as massas via quebra espontinea de simetria, sdo necessarios, no minimo,

trés tripletos escalares nessa versao. Eles serdo

n= ", nf)T ~(1,3,0),
p=(p%, % pt*)T ~ (1,3,1),
x=(x" x5 x0)" ~(1,3,-1), (2.15)

Com isso, os termos de Yukawa na Langrangiana de interagio sao

~LY = G% (W), e+ G’f,bma phorp + GfbmaLEbRX
+ € Hoy(War){(Wsr)mk + Myy(Var)vor + My (lar)*Evr + H.c, (2.16)

, E . - , - . . . s .
para os léptons com GY,, G, e G, matrizes complexas arbitrarias, H,, uma matriz antisimétrica

e MY, M'E matrizes de massa nua para os neutrinos direitos e léptons carregados. E,

—L} = Qi (Fiattarp® + FiadaRn*) + Qar (Galtarn + éadaRp)
+ X' Qapirx + NpuQigjmrx” + He., (2.17)

para os quarks, com Fj,, F’,-a, Ga, éa; a =123, N oe /\fm; i,m = 1,2 também matrizes
complexas arbitrarias. Os indices repetidos significam uma soma implicita. Em ambas as
interagbes de Yukawa acima, uma mistura geral em cada setor carregado é permitida. Desde
que essa mistura nio sera relevante para os nossos desenvolvimentos aqui, ndo trataremos delas.

Uma caracteristica adicional interessante é que essas interagoes de Yukawa junto dos vinculos
advindos do cancelamento das anomalias permitem mostrar que a carga elétrica é quantizada
nesse modelo. A quantizacao da carga elétrica no modelo onde as terceiras componentes dos
tripletos de léptons sdo ocupadas pelo pésitron e seus primos foi mostrada em Ref. [51]. No
Apéndice B, mostramos que também ha quantizacdo quando temos o singleto do dxion e uma
simetria discreta especifica. E ainda, a quantizacao pode ser alcangada desprezando os termos
de massa nua em Eq. (2.17), de modo que os neutrinos passam a ser particulas de Dirac.
Isso ndo é uma caracteristica comum, pois uma andlise sobre extensoes do modelo padrao tem

mostrado que ndo é possivel ter quantizacao da carga elétrica, se os neutrinos sio particulas de

Dirac [52].
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No setor escalar, o potencial invariante de gauge e renormalizavel tem a forma

Vas = winin+piofo + uxtx + M(n'n)? + X2(p'p)? + As(x'x)?
+ 7'M (p'e) + As (x'x)] + X6 (0'p) (x'x) + A7 (p'n) (n'p)
+ s (X'n) (n'x) + 2o (p'x) (x'0) + (Fe™mipjxx + H. c.) (2.18)

com as constantes de acoplamento );, admensionais e 0s pardmetros l‘?, e f com dimensoes
de massa quadrado e massa respectivamente. E possivel ainda um termo de interacdo do
tipo (np) (n'x) que violaria a simetria de nimero lepténico. Omitiremos esse termo supondo
que existe uma simetria discreta suprimindo essa interagdo. Essa simetria serd detalhada no
préximo Capitulo. De qualquer forma, esse termo nao afeta a minimizacgao do potencial em
nivel de arvore.

A quebra espontanea de simetria acontece quando as componentes neutras dos tripletos

escalares em Egs. (2.15) condensam, isto é, desenvolvem valor esperado no vicuo (VEV),

(1°) = v,/v2, (0°) = v,/V2 e (x°) = v, /2, induzindo a seguinte rota de quebra de simetria
SU3), ® U(1)y - SU@), ® UQ), 28 U(1),,.. (2.19)

O VEV (x°) é responsivel pela quebra para o grupo do Modelo Padrio, de modo que devemos
ter vy > vy,,v,. Identificaremos esse VEV, como tendo a mesma ordem da escala de energia
que definiremos como p33;, onde todas as simetrias do modelo tornam-se evidentes, isto é,
vy & p33- Isso deixa os campos adicionais que completam as representagoes do Modelo 3-3-1
mais pesados que as particulas conhecidas desacoplando-os da teoria efetiva de baixa energia,
que, no caso, ¢ o subgrupo SU(2),®U(1)y. Como pode ser visto das interagbes de Yukawa
em Egs. (2.16) e (2.17), tanto os léptons exdticos E, quanto os quarks exdéticos J e j,, terdo
massas proporcionais a vy, pois eles se acoplam diretamente com a componente neutra x°.
Entretanto, pode ser que pelo menos uma dessas massas nao seja tao maior do que a massa do
quark top, se os limites experimentais permitirem isso. Os bésons de gauge de SU(3),®U(1)x
que nio fazem parte do Modelo Padrao também terao massa proporcional a escala v, como
veremos na proxima sessao. No entanto, nesse contetiido minimo de representaciao os bésons de
gauge exdticos carregados terao massas menores do que v,. J4 os léptons e quarks conhecidos
ganham massa com as escalas v, e v, na iltima etapa de quebra de simetria para o grupo

eletromagnético U(1).,. Esses VEVs se relacionam com a escala eletrofraca usual de acordo

com v + v2 = vf, onde vl = (246)* GeV?,

29



O espectro de massa do setor escalar tem sido estudado na literatura com relagao as matrizes
de massa [53, 54]. Existem, no espectro de massas dos campos escalares, trés estados carregados,
e quatro estados neutros. Entre os estados carregados, um deles compoe uma particula escalar
de dupla carga. Os estados carregados restantes sao absorvidos nos graus de liberdade dos seis
bésons de gauge carregados, dois deles correspondendo 4s conhecidas particulas W* do Modelo
Padrao. Nos estados neutros, hd um pseudoescalar pesado que advém da parte imaginaria das
componentes neutras dos campos da simetria. As partes imagindrias restantes das componentes
neutras sao absorvidas nos graus de liberdade dos dois bésons de gauge massivos neutros do
modelo. Um deles equivalente & conhecida particula Z° e o outro mais pesado que esse, com
massa na escala pgs;. Os bdsons de gauge serao tratados em mais detalhes na préxima sessio.

Isso ja é suficiente para o que iremos desenvolver nesse modelo. Outros aspectos serao
apresentados & medida que se fizerem necessarios. Passemos para a versao do modelo com

neutrinos direitos.

e Modelos 3-3-1 com neutrinos de mio direita (b= 1/v/3)

No caso b = 1//3, o tripleto com X = —1/3 acomoda duas componentes neutras [55].
Assim, é possivel colocar o neutrino e sua anti-particula junto de um lépton carregado na estru-
tura de tripleto. Dessa forma, os léptons estardo dispostos segundo as seguintes representacaes,

agora com 1,y representando
"/)aL = (Vaa eaa V:){ ~ (la 3, _1/3)a (2.20)

com e, um lépton carregado conhecido. Levando em conta que a operagdo de conjugacio de
carga c troca a quiralidade do férmion, o tripleto acima tem as componentes direita e esquerda
do neutrino. Essa versdo é chamada de Modelo 3-3-1 com neutrinos de méo direita, pois
diferente das outras versoes, nela o neutrino direito se transforma nio trivialmente sob o grupo
ndo abeliano. As componentes direita dos léptons carregados formam os tnicos singletos de

lIéptons,
eer ~ (1,1,-1). (2.21)
Nessa versao, nao ha quarks com cargas elétricas exéticas. As representacGes para eles sao
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as seguintes
Qmr = (dmy U, )T ~ (3,3%,0), Qa1 = (us, ds, u)] ~ (3,3,1/3), (2.22)
com m = 1,2, e as componentes direitas transformando-se como singletos de acordo com

uar ~ (3,1,2/3), dar~ (3,1,-1/3),
usp ~ (3,1,2/3), e~ (3,1,-1/3). (2.23)

a=1,23.

As anomalias cancelam-se como pode ser verificado através das relacées em Egs. (2.7),
(2.8), (2.9) e (2.10).

Os multipletos escalares, necessirios para quebrar espontaneamente as simetrias de gauge

nesse modelo, sao

n=®%n", 77 ~(1,3,-1/3),
p=(p*, p% p")T ~(1,3,2/3),
x =00 x7, X7 ~(1,3,-1/3). (2.24)

E possivel eliminar um dos dois tripletos escalares com carga X = —1/3 [56]. Essa seria
a versio mais econdmica dos modelos. A fenomenologia dessa versio tem sido trabalhada
recentemente [57]. No entanto, os trés tripletos s3o interessantes para os nossos propésitos e
por essa razao trabalharemos com tal opgao.

Embora em Eq. (2.24) tenhamos ao todo nos tripletos, cinco componentes neutras, supo-
remos durante todo o trabalho que apenas uma em cada tripleto desenvolve VEV. Em seme-
lhanga & versdo anterior, consideraremos (%) = v,/Vv2, (0°) = v,/v2 e (xX'°) = vy/V2. A
conseqiiéncia em se fazer com que as demais componentes neutras adquiram VEV é que nessa
situacao ha a quebra espontidnea do nimero leptonico concomitante a geracdo de massa de
Majorana para os neutrinos e ao surgimento de um béson de Goldstone, o chamado Majoron,
que tem conseqiiéncias interessantes como por exemplo a desintegragio de neutrinos [58, 59].
A quebra espontanea do nimero leptonico nao pode ser implementada no modelo com dois
tripletos.

As interacoes de Yukawa, nesse modelo, para os léptons sao
-—[:Iy = hab"/;aLebRP + h;beijk(’(ﬁaL),'(’tﬁbL);(p*)k + He.. (2.25)
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para os léptons com h,, uma matriz complexa arbitraria e A}, uma matriz anti-simétrica pela
estatistica de Fermi. E,
—L = G1Qsuipx + G5 Qidipx” + Gy Qaruarn + Gy Qirdarn’

+ G3Qardarp + G Qiruarp® + Hoc., (2.26)
para os quarks, com as matrizes G;, complexas e arbitrarias. Desde que os tripletos n e x
tém os mesmos niimeros quinticos seriam ainda permitidos em Eq. (2.26) termos onde 7 é
trocado por x e vice-versa. Em razao disso, as Langrangianas do setor de Yukawa e do setor
escalar tornam-se bem mais complicadas nessa versdo do modelo. Na forma que apresentamos,

supomos nesse ponto que existe uma simetria além da do grupo de gauge até aqui explicitado,

que deixa a Langrangiana de Yukawa na forma acima. No préximo capitulo, apresentaremos e
discutiremos essa simetria.
O potencial escalar mais geral, renormalizavel e invariante de gauge é nesse modelo
V =Vg + Vun, (2.27)

onde Vg é a parte que coleciona todos os termos hermitianos, com a forma

Va = @n'n+udpte + wdxtx + Mi(n')? + X2(0'0)% + As(x'x)?
+ ntn [ (0'0) + s (xTX)] + X6 (p'0) (x'x) + X2 (o'n) (n'p)
+ s (x') (n'x) + s (p'x) (x'p), (2.28)

e Vng é a parte que coleciona todos os termos nao hermitianos

Ve = pix'n+ € fripixe + Mo(x'n)? + M (x'o) (p'n)
+ () (@) + As(dn)(0'0) + Malxtn) (xtx) + Hee. (2.29)

com as constantes de acoplamento J); e os pardmetros de massa y; como antes. Diferentemente
da Langrangiana de Yukawa acima, apresentamos em Eq. (2.29) todos os termos permitidos
pela simetria de gauge na parte nao hermitiana do potencial escalar. O motivo para isso
é que queremos deixar evidente como a parte nao hermitiana do potencial serd simplificada
consideravelmente quando introduzimos as simetrias discretas a serem discutidas no préximo

capitulo.
Discutiremos, abaixo, os bdsons de gauge do setor eletrofraco desses modelos.
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2.1.2 Bdsons de gauge do setor eletrofraco

As interagoes dos bésons de gauge do setor eletrofraco com a matéria surgem com a derivada

covariante definida para um campo de matéria ¢ como

i .
Df = 8,— zgWiT* ~igxX,B,

= 8, - sgM}, (2.30)

sendo as matrizes geradoras 7%, a = 1..8, da algebra de SU(3) dadas pela definicio de M. Gell-
Mann como mostrado no Apéndice A, e X, a carga do fator abeliano U(1)x do multipleto ¢
no qual Df atua. A matriz M contém os bésons de gauge com as cargas elétricas, g, definidas

de acordo com o operador genérico de carga em Eq. (2.1) através da equagdo de autovalores
QIME); = [Q, MfLi; = g M) (2.31)

O que resulta que a matriz MY terd a disposicdo de campos e de carga elétricas segundo a

forma
Lv/a-1)\ T
Wi+ W2 +2tX,B, V2w V2 (V,f(ﬁb ) )
1 T
Mg = VoW —WS+ LW+ 2X,B, V2 (UFVU) [ (232)
1 — 1
\/é—‘/l‘Z(\/gb 1) \/§Ul‘2(\/§b+l) _%W: + 2t.X(pB“

com t = gx/g e os bésons de gauge ndo hermitianos, fora da diagonal de M,,, definidos como

Wi = (W) —iW2)/V2,
1 -
V2V = (w4 iwd) /v, (2.33)
UV = W+ i) /V2

sendo :t%(\/gb + 1) a carga elétrica ¢ associada aos bdsons de gauge exéticos V e U previstos
pelo modelo. Assim, no Modelo 3-3-1 b = /3 e temos dois bésons de gauge com uma carga, V',
e dois bésons de gauge duplamente carregados, U**. No Modelo 3-3-1 com neutrinos direitos
b = 1//3 e temos dois bésons de gauge ndo hermitianos e neutros, V° e V°T, e dois bésons
de gauge com uma carga U*. Os trés autoestados fisicos neutros reais serio uma combinagio

linear de W3, W} e B,.
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e Autoestados e massas para os bésons de gauge do Modelo 3-3-1 (b = v/3)

No Modelo 3-3-1, a parte na Lagrangiana contendo as derivadas covariantes para os campos

escalares, £ = Z‘p(D,‘zp)T(D“cp), fornece os bilineares nos campos de gauge gerando os termos

de massa através de:

Z (Mulp) (Mu(p)) (2.34)
p=n,pX
e leva as seguintes massas para os estados carregados
: : 2
g
M = Z-’U%V, (2.35)
2 9 2, .2
M = Z(v” + vy), (2.36)
2 9>, 2, .2
M, = Z(vp + vy) (2.37)

onde vjy, = v2+v2 ~ (246)% GeV?. J4 os bilineares da parte neutra real levam a seguinte matriz

de massa na base (W2, W2, B,)

2 W, mam-m) W
_ 9 2 = 7
M =8| ) A ad ey |, (2:38)
7 7@ +2) 2375 +1)

onde definimos por simplicidade as quantidades admensionais 7, = v,/v, e T, = vw/v,. A
matriz em Eq. (2.38) contém um autovalor nulo, correspondendo ao féton que chamaremos de
A, e dois autovalores nao nulos, Mg e M 3, correspondendo as massas quadraticas dos dois
bdsons vetoriais neutros fisicos que chamaremos de Z), e Z, respectivamente. Elas serdo dadas

junto & definigio de dois parametros admensionais, m? e mzl por conveniéncia

2M? 34 +1 +1
m? = 2§=}-[3t2(5§+1)+1+5m 1- ( ) (7 (7 + 1) - ) ;
g2 3 N (BrE+1)+1+7,)"
2M2 [ 3(4t2 +1) (2, (v2 + 1) — 3 -
m?, = —Z = - 3@+ 1) +1+7,] |1+ ,]1- ( ) (%, )~ 1) . (2.39)
g*vy 3

\ (3@ +1) +1+72)” ]
Os autoestados W2, W2 e B, da simetria em termos dos autoestados fisicos A,, Z, e Z},
sao:
t
3 _ 2 |2 g2 2, 2 _ o2
Wi = ey = Nz (3m2, + 2 - 202, ) Z, — Ny (3m2 +72 - 22,) Z,,
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7—% =——WA,‘—NZ (mz,+vp—§vw—§ Z,,—NZI mz+vp—§vw —§ Z;‘,

1 =2 =2
B, = \/—W—ﬁAy +2t(1 - 2)NzZ, + 2t(1 ~ T,) Nz Z,, (2.40)

com os fatores de normalizacao

_1
4 1 2 2
Ny = [3 (2m§, +75— =02 — 3) + (W2 - 1)%(48* + 1)J , (2.41)
_1
4 1 2 2
Ny = [3 (2m§ +7 — gifv ~ 5) + (@2 - 1)%(4¢® + 1)J : (2.42)

Pegando a componente de interagdo do elétron com o féton dos autoestados da simetria, como

escritos acima temos a seguinte relagio:

t
I /a1

onde e é a carga elétrica do elétron; sw = sinfy é o pardmetro de mistura eletrofraca como

TP LA, = el LA, = gsw iyl A, (2.43)

definido no Modelo Padrao. A identificacdo e = g sw € possivel no Modelo 3-3-1, porque
o subgrupo SU(2), estd totalmente embebido em SU(3).. Isso significa que a constante de
acoplamento g é a mesma que aparece junto ao fator nio abeliano SU(2), do Modelo Padrio.

Portanto, teremos que nas escalas de energia, onde as simetrias do Modelo 3-3-1 sdo realizadas,

vale a seguinte relacao.
2
29X _ _SW (2.44)

ap 1—4sw?’
Com ¢; = g2/4m,i= X, L.

Observa-se que a consisténcia do modelo exige que sw? < 1/4. O que est4 de acordo com a
experiéncia uma vez que as medidas precisas no pélo de produgdo da particula Z° fornecem o
valor sw?(Mjz) = 0.23113(15)". De fato, essa é uma caracteristica interessante do modelo que
explica por que o valor de sw? é menor do que 0.25 sendo corroborado pela experiéncia direta.

Por outro lado, a Eq. (2.44) traz ao modelo o seguinte problema: considerando que a cons-

tante de acoplamento ¢y, se deve ao fator nao abeliano, ela deverd decrescer com a energia para

1Esse é o valor que usamos em todo o trabalho e corresponde ao sugerido pela edi¢do de 2002 do Particle

Data Group
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o conteido minimo de matéria. Assim, dado também que o valor de sw? levando em conta o
conteddo de matéria do Modelo Padrao cresce com a energia, a constante de acoplamento ax
terd entdo um valor inicial que evoluira rapidamente para préximo da unidade, invalidando a
andlise perturbativa do modelo. Esse é um problema geral para a classe de modelos em que
b =3 naEq. (2.1) [61]. Trataremos desse problema em detalhes no Capitulo 5, analisando
as equacoes do grupo de renormalizacdo e o limite perturbativo. Apresentaremos, também,
a solu¢do de como evadir o limite perturbativo na escala dos TeV [62]. Por enquanto, ape-
nas utilizaremos a Eq. (2.44) como relacionando o pardmetro ¢ com o parimetro de mistura
eletrofraca sw?, adiando qualquer outra discussio a respeito para o Capitulo 5.

uanto as massas para Z e Z’' em primeira aproximacao, isto é, fazendo 72,72 << 1 temos
w?p

o seguinte
M2 2 CW2
2 2 o g 2
Mixar Mo ™ Tm™ (2.43)

E uma comparacio direta com Eq. (2.37) mostra entao que Z’ é o béson de gauge mais pesado
g

no modelo.
e Autoestados e massas para os bésons de gauge do Modelo 3-3-1 com neutrinos

direitos (b= )

No Modelo 3-3-1 com neutrinos direitos, os bilineares da parte neutra real levam a seguinte

. 3 118
matriz de massa na base (W;, W, B,)

7 20 i (T — 20;) —5t(@, +7))
Minna= 5% | 75502 —200) L%, +4)  t(3i-7% +2) |.  (246)

—5t(T, +7)) 551305 -T2, +2) 3330+, +1)
E os pardmetros adimensionais definidos em termos dos dois autovalores nao nulos sao nesse

caso dados por

2M2
2 =72 (2.47)

m =
z g2vxl

9(4#2 + 3) (72, (2 + 1) — )
(22(72, + 382 +1) + 3(, +1))°

1[t2(52+3 +1)+3@, +1)] [1-,]1-
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M, (2.48
VA g2v§' . )

_ L2 g2 - 942 +3) (@, (7 + 1) - T,)
_g[t(w+3p+1)+3(w+1)] 1+,|1 G 1321 1) 430 1)

Dessa forma, os autoestados W;f’, W}f e B, da simetria em termos dos autoestados fisicos A4,

Zy e Z, 5o
V3t
3 __ . , _ 2 !
Wi =5 +3A Nz [3m?, — 3%, — %) Z, - Ny [3m2 - 3(5%, —9)] Z
wé 1 /3t 2 — —2 2 2 -2
* = -3 \/_tzT — Nz [3mz, —3(72, - 'vp)] Zy — Nz [3m2 — 3(32, — 72)] z,,

V3, +2t(1 + 92 — 72 )Nz Z, + 2t(1 + 72 — 0, )Nz 20, (2.49)

B, =——
# Va3 "

com os fatores de normalizacao

|>-

Nz=[9(2m§, +72 -7, —1)P 4+ (1472 2)2(4t2+3)] ’ (2.50)

1
Ny = [9 (2m% + 92— 72 —1)" + (1 + 9% — 02, 242 + 3)] : (2.51)
Nesse modelo o pardmetro ¢t ndo é t3o restritivo em relagio ao valor de sw? e tem a forma
2

ox 5% (2.52)

2 _
t 2°
a, 1-— —sw

Diferente do modelo anterior, o problema do limite perturbativo nao ocorre nesse caso. Isso
?
porque, como pode ser verificado, a evolugdo das constantes de acoplamento mostram que o

valor da energia para a qual sw? = 3/4 est4 acima da massa de Planck, o que deixa o modelo

completamente trativel perturbativamente até a escala de Planck [61].
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2.1.3 Interacgoes com os léptons

Embora nao seja o objetivo principal do nosso trabalho estudar as interagdes dos bésons
de gauge com os léptons nos modelos, daremos aqui a titulo de ilustragdo como sdo esses
acoplamentos nos modelos. Esta se¢ao pode ser desconsiderada, sem prejudicar a leitura, se o
leitor nao tem interesse imediato nos detalhes das interagoes de correntes neutras dos léptons.

Na literatura existente, os acoplamentos de correntes neutras para os léptons tém sido dado
apenas de forma aproximada. Aproveitando os autoestados obtidos de forma exata dados pelas
Eqgs. (2.40) e (2.49) obtivemos os acoplamentos da parte vetorial e da parte a axial também
de forma exata para as correntes neutras. Isso serd muito importante para quando o modelo,
eventualmente, for colocado & prova de testes mais precisos que certamente trardo ainda mais
vinculos a parametros, como por exemplo, aqueles advindos da quebra esponté.nea de simetria.

Denotando por gV e gV , 0s acoplamentos da parte vetorial e por g A eg¥ A , 0s acoplamen-

tos da parte axial para o 1épton 1 nas correntes neutras com os bésons Z e Z' respectivamente
b p

de acordo com a seguinte forma genérica
—oor ZW [(g — 9%%s) 2, + (V7 - ‘”Z'vs)Z,’,] ¥, (2:53)

temos entdo os seguintes acoplamentos do tipo vetorial e do tipo axial nas correntes neutras

para os léptons.

e Acoplamentos de correntes neutras para o Modelo 3-3-1 (b= /3)

Para os neutrinos:

4 1
g;Z = g;"Z = CWNZ (2m§, +§,2, - 553', - 5) (254)
vZ! vZ' 2, =2 4-—2 1
9 =494 = CWNZI 2mZ +’Up 3 Uy — g (255)
Para o elétron e seus primos:
1Z 2 1 2 -2
gv = —cwNz [ m:, + 5(1 —-202) - 4s ——(1-7,) (2.56)
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1z s 1 L, 2sw? i
ga = "—CWNZ mz, + 5(1 - 2’Uw) + m(] - ’Up) (257)
, 1 . 2sw? .
gi,z = -—CWNzr (mi + 5(1 - 2’03‘,) - m(l - ’Ug)) (258)
, 1 _ 2sw? _
ngZ — —CWNzr (mi + 5(1 — 2’03‘,) + m(l - ’Ulz,)) (259)
Para os léptons exoéticos:
2sw?
o7 = —ewy (m + - 20+ R)+ L0 ) (a0
L, 2 B 2sw? _
5% = —ewN; (mﬁ, +7, = 3(1+7) = T —(1- ”f»)) (2.61)
, . 2 » 2sw? _
g‘l',}'Z = —CWNZI (mi + '1),2, — g(l + ’Ui,) + m(l - ’Uﬁ)) (262)
, ., 2 . 2sw? _
gEZ = —CWNZI (mg + ’U,z, - 5(1 + ’va) - m(l - 'Ui)) (263)

Na aproximacao em que ﬁfv << 1, as constantes de acoplamento das partes vetorial e axial

dos léptons tomam a seguinte forma.

1 (4 (4
vz - ¢F = gif ~ ‘/—\/1—4sw2 (2.64)

9y = gA — 27
1z 1 2 1z 1

gV -5+ 2sw*, 94 =3 (2.65)
z f 3 (1 —10sw?) =z \/— 3(1—2sw?) (2.66)

W= 6 \/1—4sw2’ 94 = 6v1—4sw2
gEZ ~ —2sw?, g5% ~0 (2.67)

2

7 o V3 (1 - Tsw?) gEZ,N_\/_?—> cw
VT 3 VT dsw? 47T 3 Vi—dsw?

Observe que as constantes de acoplamento g}Z, ¢%Z, gV e g4Z recobrem exatamente nessa

(2.68)

aproximacao os valores previstos pelo Modelo Padrao. Vale a pena notar que os neutrinos tém
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uma acoplamento com o béson vetorial Z’ suprimido pelo fator v/1 — 4sw? e que o acoplamento
do lépton exdtico com o bdson Z é puramente vetorial nessa aproximacao. Isso é uma carac-
teristica apenas da versao do modelo em que as terceiras componentes dos tripletos de léptons
sao ocupadas pelos 1éptons exdticos.

No modelo onde as terceiras componentes dos tripletos de léptons sdo ocupadas pelo elétron
e seus primos o acoplamento dos léptons conhecidos com o béson vetorial Z’ sao sempre propor-
cionais ao fator supressao /1 — 4sw? [63]. Dessa forma, vemos que hd uma dependéncia forte
com a representacao, pois modelos pertencentes a uma mesma classe apresentam caracteristicas
fenomenoldgicas muito diferentes, o que tornara claro a confirmacdo ou ndo de um deles frente
a0 escrutinio experimental.

Para as correntes carregadas, temos as seguintes intera¢des realizando transi¢oes entre os
léptons no tripleto, em termos dos autoestados da simetria,

coe =9 [7av*(1 = v)aW,T + Uav*(1 — %) BV, + Eav*(1 — %s)laUj ™ + Hec] . (2.69)

22 n I I

A produgio de léptons exdticos através da reagiao e~et — E~E™ se daria com intermediagdo
dos bésons de gauge Z' e U+*; porém, considerando o modelo em seu conteido minimo de
representagao, Z' é o béson de gauge mais pesado nesse modelo e a produgio dos léptons exdticos
seria também uma evidéncia para a existéncia dos bésons de gauge duplamente carregados, U**.

No modelo onde o pésitrons e seus primos ocupam as terceiras componentes dos tripletos de
1éptons, as interagdes de correntes carregadas tém a mesma forma da Eq. (2.69) acima, bastando
substituir os léptons exdticos pelos campos conjugados de carga dos léptons conhecidos, i. e.,
E, — I5. Nesse caso, como dissemos no inicio desse Capitulo, tem-se ainda uma motivagio
adicional particularmente interessante para a procura de uma fisica além do Modelo Padrio,
pois a iltima interagdo em Eq. (2.69) passa a ser E%I_ca'y“( 1—75)lU}*, ou seja, hé a transigéo
entre elétron-pésitron intermediada pelos bésons de gauge duplamente carregados. Isso significa
que teremos reagoes no canal s que violardo o nimero lepténico de familia. Um processo
tipico desses seria e”e~ — pu~u~, onde o numero leptonico de familia tanto para o elétron
quanto para o muon seria violado por duas unidades. Os bdsons de gauge, intermediando
processos dessa natureza, sao chamados de biléptons. A sessdo de choque o(e”e™ — pu~u™)
pode muito bem estar dentro das possibilidades dos futuros colisores ¢ devem portanto ser

analisadas tornando factivel a poténcial descoberta dos biléptons [46], [47]. Apenas o niimero
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leptonico total L = L, + L, + L, é conservado. Biléptons nesses modelos tém sido tema de

considerdvel interesse na literatura [50], [64], [65], [66], [67].

A seguir, mostramos os acoplamentos vetorial e axial das correntes neutras, gV e gﬁz , dos

léptons para o Modelo 3-3-1 com neutrinos direitos.

e Acoplamentos de correntes neutras para o Modelo 3-3-1 com neutrinos direitos

— 1
b V3
Para os neutrinos:
v% = cwNz (sz, - 3(va - v;‘:) - 3)

1+72-72,)
vZ ( p w
= cwN;——E—%~
94 21— Lewe
¢v% = cwNy (6m?2 — 3(v2, — 72) — 3)

(1+72-72)
1— ssw?

!
gzZ =cwhN Z!

Para o elétron e seus primos:

— dew?
g{,z——chz(1+v ~-92) (1 dsw )

(1 +v,% —-72)
1— $sw?

g% = —cwNy

1-4
g% = —cwNz (1 +02-72) (—swz)
- §SW
(1+72-72)

!
ga = —cwiNgz
A 1— $sw?

(2.70)

(2.71)

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

E, na aproximacao em que ﬁfv << 1, as constantes de acoplamento das partes vetorial e

axial dos léptons tomam a seguinte forma.

Y

[\-R

vZ _ vZ
gy =94 =
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: 4 , 3 1
gv7 ~ V3 1 — —sw2, gZ ~ \/T——’ (2.79)
2 3 1- %sw2
1Z 1 2 1Z 1
gy ~ =5+ 28w, ga = =3 (2.80)

gV - 3 ’ gA 3 4 *
1 — 2sw? y/1— 3sw?

Comparando os acoplamentos nas Eqgs. (2.79) e (2.81) com os das Egs. (2.64) e (2.66),

vemos que o Modelo 3-3-1 com neutrinos direitos tem uma assinatura que difere bastante das

(2.81)

assinaturas das versoes dos modelos, onde a terceira componente do tripletos de léptons é
ocupada por um lépton com carga positiva, com relagdo aos acoplamentos vetorial e axial do
neutrino e do elétron com o béson Z’. Consequentemente, a eventual produgdo dessa particula

certamente servird como um teste de exclusao para os modelos.

As correntes carregadas no Modelo 3-3-1 com neutrinos direitos, que realizam transigoes

entre os léptons dos tripletos, sdo, em termos dos autoestados da simetria,
L6 = % [Va'y"(]. — 75)laW:' + Ty*(1 — 75)1/§V£ + Iy (1 = ¥s)vaU, + H.c.] . (2.82)

Haver4, no entanto, a quebra espontanea do niimero lepténico, ocorrendo uma mistura entre

os bésons de gauge W e V; se, por exemplo, a terceira componente do tripleto escalar n em Eq.

(2.24) adquirir VEV [58, 59].

Passemos, entdo, a discutir outras caracteristicas como o pardmetro pg.

2.2 O splitting de massa entre os bésons de gauge nao

hermitianos e o parametro pg.

Visto que esses modelos prevéem dois novos bésons de gauge, V' e U, cujas massas sao dadas
pelas expressoes em Eqgs. (2.36) e (2.37), surge entdo a pergunta de qual deles seria o mais

pesado e qual seria o valor do splitting de massa entre eles. Nessa se¢do, apresentamos uma

direcao de resposta para essa pergunta.
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Embora as escalas dos VEV, v, e v,» dos Modelos 3-3-1 e do Modelo 3-3-1 com neutri-
nos direitos respectivamente, do campo escalar que quebra a simetria SU(3),®U(1)x para
SU(2)L®U(1)y nao sejam conhecidas, dados experimentais disponiveis sdo usados para colocar
limites inferiores sobre esses e outros parametros dos modelos. Por exemplo, na Ref. [56], foi
utilizado o valor do parametro py = cw?M? /va . que especifica a intensidade das correntes
neutras, carregadas das interagdes fracas através da razao de massa dos bésons de gauge de
SU(2).®U(1)y, para obter o limite inferior de 1.3 TeV e para estabelecer a escala na qual a
nova fisica no Modelo 3-3-1 com neutrinos direitos deve surgir.

Seria muito interessante, se pudéssemos encontrar limites mais restritivos sobre esses mode-
los com o intuito de distingui-los dos seus outros competidores vidveis, prevendo novos bésons de
gauge ndo hermitianos. Tal perspectiva, certamente, ajudaria a descartar algumas das extensdes
propostas e também daria motivagoes adicionais para os experimentalistas procurarem pelas
previsdes dos modelos.

Trabalharemos, aqui, somente com o Modelo 3-3-1; contudo, 0 mesmo pode ser feito para
0 Modelo 3-3-1 com neutrinos direitos sem maiores dificuldades. Nos Modelos 3-3-1, b =
v/3, temos, entdo, um dos bésons de gauge adicionais com uma carga simples, V%, e o outro
duplamente carregado, U**. Suas massas sdo dadas pelas Eqs. (2.36) e (2.37), sendo dominadas

pela escala v,. Vemos com relagao & diferenca de massas quadréticas que

2
2 _( ag2 2 _9 .2
AM? =| M, — M), |= v, - vy |l< M2, (2.83)

vt
onde, como vimos, as escalas v, e v, sdo conectadas a escala do Modelo Padrao vy, de acordo
com v, = v2 + v2 ~ (246)® GeV>. A primeira vista, ndo hd como descobrir qual das duas
particulas é a mais pesada, porque as escalas v, e v, parecem ser vinculadas apenas por essa
ultima relagdo. Seria muito interessante saber teoricamente qual particulas seria observada
primeiro aumentando a energia do centro de massa em um colisor de elétron-elétron para a
producdo de U** e de um colisor de elétron-pésitron numa reacio e”e* — v¥ intermediada
por V%, no modelo onde as terceiras componentes dos tripletos de léptons sao ocupadas pelo
pdsitron e seus primos, por exemplo. Obviamente, essas particulas poderiam ser produzidas em
colisores de hadrons também. Como as cargas elétricas sao diferentes poder-se-ia, em principio,
ter uma previsao direta sobre a realizacao do modelo na Natureza. No presente, existem na

literatura limites inferiores sobre as massas dessas particulas, motivando incluir a procura delas

nas maquinas futuras [47], [50], [67]. Queremos discutir o que os vinculos das medidas precisas
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envolvendo os bésons de gauge de SU(2),®U(1)y podem nos dizer sobre os novos bdsons de
gauge.

Faremos uma simples hip6tese de que o valor do parametro py é 0 maximo permitido em nivel
de arvore, para descobrir qual dos bésons de gauge, U** ou V%, é o mais pesado. Veremos que
as escalas vy e v, tém os seus valores fixados com essa condi¢do que, enfim, permite determinar
o splitting de massa quadratica AM?2. Ou seja, com uma simples hip6tese, seremos capazes de
responder quais sdo os valores de v, e v,, qual dos novos bésons de gauge é o mais pesado e,
portanto, a diferenca de massa quadratica entre eles.

O que se apresenta a seguir, pode ser considerado para as duas versoes do Modelo 3-3-1,
fazendo a observagdo de que na versao em que o pésitron e seus primos ocupam as terceiras
componente dos tripletos de léptons, se um sexteto de escalares for introduzido para quebrar a
degenerescéncia de massa entre os léptons este sexteto deverd ter um VEV bem menor do que
a escala vy do Modelo Padrao, de modo que a sua contribui¢ao para a massa dos novos bésons

de gauge pode ser desprezada.

O parametro po, assim como definido em nivel de drvore, e a Eq. (2.39) para a massa da

particula Z nos dao

M?
po =cw'orE
w
2cw? 3(4t2 +1) (72, (W2 +1) — 75 ) (284)

3@ +1)+1+7,] [1—-,]1-

= 32 _ 212
37, (B2(W2+1)+1+72)

Uma vez que 72, é uma constante, e, a escala vy fixa; a fungéo acima é tal que po(72) < 1.
Sendo que o valor méaximo py = 1 é atingido em trés solugbes para Eﬁ. A primeira delas é
Ef, = 0 e deve ser descartada porque ela significa que ou v;‘,’ = 0, o que traria problemas para
o espectro de massa, ou entdo v, = 00; esperamos, no entanto, a escala v, seja finita com o

valor de poucos TeV. A segunda solucao é proibida, pois ela da vﬁ < 0. Assim, a tinica solugao

consistente fornecendo um espectro de massa correto nos da

1 — 4sw?

Esse é o valor que faz coincidir com a previsao pp = 1 do Modelo Padrdo. Observe que nao ha
dependéncia com a escala v, e, portanto, M, também coincide com o valor previsto pelo Modelo

Padrio para a massa do béson de gauge Z° Colocando o valor experimental sw? = 0.2311 a
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Eq. (2.85) determina |v,| >~ 56 GeV e |v,| =~ 239.5 GeV. Temos entdo a conseqiiéncia imediata

que V* é o0 béson de gauge nao hermitiano mais pesado, e o valor do splitting de massa é
2 __ ag2 2 2
AM* = MVi — Muii ~ 5770 GeV~. (2.86)

O valor usado para a constante de acoplamento g foi 0 mesmo que no Modelo Padrao, isto é,
g ~ 0.654, pois o grupo SU(2) esta totalmente embebido em SU(3).

Sobre a escala v,, existem na literatura limites inferiores para a massa do bésons de gauge
U** [64, 65, 66]. Eles colocam My:+ > 740 GeV, de acordo com a produgio de férmions em
colisGes elétron-pdsitron e no decaimento de 1éptons carregados violando sabor [64], bem como
da cbnverséo muonium-antimuonium e demais processos [65]. Em geral, é suposto que essas
particulas sdo os tinicos novos estados além dos previstos pelo Modelo Padrao [64]. Mas como
observado na Ref. [68], estados do tipo escalar podem abaixar os limites existentes de uma
maneira significativa. E, de fato, esses escalares estdo presentes no Modelo 3-3-1. Com isso,
usaremos aqui o limite conservador de My++ > 360 GeV apenas para derivar um limite inferior
para v,. Este é o limite inferior para a exclusdo da descoberta dessa particula no Tevatron [65].

Dessa forma, obtemos da Eq. (2.37)

2
(360)% GeV? < %-(vf +u2). (2.87)

O que fornece o limite inferior de v, > 1.1 TeV.

Se, por exemplo, usarmos o limite superior de aproximadamente 4 TeV para os modelos

minimos, como veremos no Capitulo 5, temos os seguintes limites superiores para as massas
desses novos bdsons de gauge carregados:

My+: < 1340 GeV, My+ <1343 GeV. (2.88)

Esses bosons de gauge sao quase degenerados para efeitos praticos e o valor do splitting de
massa se torna mais evidente quanto menor for a massa de cada particula. O intervalo de
valores permitidos seria entdo 360 GeV < My:+ < 1340 GeV, respeitando a relacio em Eq.
(2.86). A particula real neutra, Z’ é o béson de gauge mais pesado nos modelos minimos, tendo
de acordo com os limites acima, uma massa cujo limite inferior seria de Mz > 1350 GeV,
estando, portanto, dentro do intervalo a para potencial descoberta no LHC [65].

E notdvel que os dados precisos sobre os bésons de gauge de SU(2),®U(1)y podem nos

dar informacao direta sobre as massas dos novos bésons de gauge nesses tipos de modelos
SU3)®U(1)x.
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Vemos que com a descoberta de um béson de gauge duplamente carregado, outro estado
massivo com a diferenga de massa quadratica na Eq. (2.86) é, entdo, previsto por essa classe
de modelos, se impusermos que o valor do pardmetro py seja 0 maximo permitido em nivel de
arvore de acordo com o Modelo Padrdo. A previsao geral, nesses modelos, é que a diferenca
de massa quadratica deve ser menor do que MZ... Aqui, mostramos que com a hipétese
razodavel acima que o modelo, no seu conteido minimo de representacdo, poderia ser descartado,
se um segundo béson de gauge com uma carga simples e com a massa quadratica dada por
M2, ~ M%.. + AM? ndo for encontrado. A faixa de energia onde se espera que essas novas
particulas sejam observadas é muito mais restrita nesses modelos. Os VEV v, e v,, sao também
determinados e podem ser usados para vincular ainda mais espectro de massa para os férmions
e escalares. De fato, valeria a pena investigar se esses VEV poderiam levar a algum problema
de ajuste fino.

E claro que se poderia questionar o quao natural é a imposi¢do sobre o pardmetro py acima.
O tratamento aqui pode ter pelo menos duas justificativas: a primeira é que ela é feita para fazer
o sub setor SU(2),®U(1)y igual ao Modelo Padréo; a segunda propée que é completamente
possivel que as medidas futuras, refinado o valor do pardmetro, poderiam produzir um valor
muito mais préximo da unidade, justificando ainda mais o tratamento.

Atualmente, o valor estd em pg = 0.9998f2:222:, segundo a edicao de 2004 do Particle Data
Group, supondo um béson de Higgs com massa abaixo de 200 GeV.

Seria ainda interessante calcular as corregoes radiativas para o parametro pg, desde que essa

seria a Unica forma de fazé-lo maior do que um. Além disso, é preciso saber se essas corregoes

seriam consistentes com a hipdtese sobre o pardmetro.
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Capitulo 3

Estabilizando o axion leve com as

simetrias discretas de gauge

Neste capitulo, vamos discutir o modo pelo qual a solu¢ao do problema de violagdgo CP
forte é estabilizada nos modelos apresentados no Capitulo 2. Mostraremos como o axion in-
visivel é introduzido nos modelos fazendo a simetria de Peccei-Quinn surgir naturalmente. As
corre¢bes gravitacionais, geradas pelos operadores ndo renormalizaveis suprimidos pela escala
de Planck, serdo evitadas em parte pelas simetrias discretas Zy que devem ser entendidas como
manifesta¢do de um grupo de gauge local tipo U(1) que a teoria deveria ter em altas energias.
Observaremos que a simetria discreta Zy com N grande estd contida de forma quase natural
em um dos modelos. Mostraremos também que é possivel ter uma atribui¢ao das cargas de Zy,
de modo que os neutrinos ativos ganham massa de Majorana pequena através do mecanismo

see-saw relacionado a escala de quebra da simetria de Peccei-Quinn. O acoplamento do dxion

com o féton serd também apresentado.

3.1 O axion invisivel leve e as correcoes gravitacionais

A observagio geral de Peccei e Quinn foi a seguinte: com a introdugdo de uma simetria
chiral global do tipo U(1)pg espontaneamente quebrada, numa escala vpg, o parametro 6

efetivo, que quantifica a violagido da simetria CP na QCD, é rodado para o valor zero, através
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de um mecanismo de minimizac¢ao de um potencial envolvendo esse parametro. Isso porque,
sendo essa simetria anomala, ela acarreta no surgimento de um novo termo de interacdo dos
gluons com um campo pseudoescalar a(z) que estd associado & quebra espontanea da simetria
U(1) pg, conhecido depois como o éxion e que sera para nés praticamente a parte imagindria de

um singleto escalar, devido a anomalia Adler-Bell-Jackiw (ABJ) no setor da QCD alterando-o

agora para a seguinte forma:

1 v —/ 1 a(a:) i) vy
L:QCD = _@Ga# Ga;w + Z q(z’y”Dﬂ - mQ)q + 3972 ( fa + 0) Gg Ganw (3-1)

g=quarks
com a eséala fa relacionada diretamente com vpg. O campo do axion a(z) é, a principio, o
béson de Goldstone da simetria U(1)pg e provém de uma das combinagdes da parte imaginéria
dos campos escalares do modelo, e teria, portanto, uma massa nula. No entanto, ele sera
caracterizado como um pseudo-Goldstone porque ganha uma pequena massa via efeitos ndo
perturbativos. O parametro @ passa a ser entio uma varidvel dinAmica a(z)/f, +8 que, por sua
vez, adquire um potencial V (a(z)/f, +6) . Peccei e Quinn mostraram que, desconsiderando as
contribuigdes do setor eletrofraco, esse potencial é minimizado justamente em (a(z)) = —8f,
resolvendo o problema da violagdo CP [30]. Uma prova complementar de que a paridade nao é
quebrada espontaneamente no setor da QCD foi também dada por Vaffa e Witten [69].

Nos modelos tratados neste estudo, a escala de quebra da simetria U(1)pq, vpg, tem o
mesmo valor do que a constante f, de decaimento do dxion de modo que falaremos de uma
tinica escala daqui em diante, isto é, teremos vpg = f,. Lembramos, no entanto, que essa nio é
uma caracteristica geral dos modelos de dxion onde as escalas vpg € f, estao relacionadas através
do nimero de vicuos degenerados que surgem quando a simetria U(1)pg é espontaneamente
quebrada.

O éxion se torna invisivel quando a escala f, é muito maior do que a escala de quebra de
simetria, v,,, do Modelo Padrdao. A razdo é que o seu acoplamento com os demais campos
é, em geral, sempre suprimido pelo fator 1/f, (veremos isso explicitamente ao apresentar os
acoplamentos do dxion em um dos modelos por nés tratados). Assim, o dxion se origina
principalmente de um campo, carregando carga néo nula de U(1)pg, que deve ser um singleto
de SU(2),®U(1)y para nao alterar significativamente o espectro de massa observado na escala
de energia dessa simetria. Esse singleto, denotado usualmente como ¢, ganhando valor esperado

na forma (¢) = f./v/2, quebra entdo U(1)pg que, por ser anémala para os quarks, produz o
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termo em a(z)G# G,,, na Eq. (3.1) acima, possibilitando a solugdo do problema da violagio
CP forte.

Como mencionamos no Capitulo 1, as primeiras realizacoes da idéia do axion invisivel foram
feitas introduzindo o singleto ¢ e, entdo, postulando a simetria chiral adequada, como foi o caso
de Kim-Shifman-Vainstein-Zhacarov, (KSVZ), [32],[33], onde um quark ex6tico pesado, singleto
do grupo do setor eletrofraco, foi também introduzido, carregando a iinica carga nao nula de
U(1)pq para os férmions. Ou entdo, como foi feito por Dine-Fischler-Srednicki-Zhitnitskii,
(DFSZ) considerando o Modelo Padrao com dois dubletos escalares, (35],(34].

Mostrou-se que os efeitos nao perturbativos da QCD geram um potencial periédico na

seguinte forma para o 4xion [12, 26, 30]:

V(a) > —Abep cos (a(z)/ fa + 6), (3.2)
que é minimizado em {a(z)) = —8f,. Com isso, é induzida uma massa para o dxion
A2
me ~ —(}Q, (3.3)

resultando em um valor muito pequeno, m, = 10~ eV, levando em conta que Agep ~ 0.1 GeV
e o limite superior f, = 10'2 GeV.

O valor tdo restritivo para o parimetro § < 10~° e essa pequena massa para o ixion sio
suscetiveis as corregoes advindas de escala de energia associadas as interagGes gravitacionais.
Isso pode ser imaginado pelo fato que as correcbes gravitacionais a esses parametros seriam
proporcionais a f,/Mp; e como a escala f, ndo estd tdo distante da massa de Planck em relagao
as escalas da QCD e do setor eletrofraco, parAmetros tdo pequenos como 0s acima seriam
desestabilizados a menos que uma simetria ou algum outro mecanismo os protegesse. Veja,
por exemplo, que a primeira corregio para 8 seria O(f,/Mp;) ~ 107, destruindo a solugio
do problema. Essa observagao foi feita, pela primeira vez, por Holman et al, Kamionkowski e
March-Russell [70], [71). Apresentaremos os principais argumentos no que segue.

Desde que a teoria quantica, envolvendo a gravitacao nao tem sido completamente revelada
a ponto de nos fornecer uma maneira detalhada para os calculos da escala de Planck, o que
podemos a fazer é pensar em nossas teorias na escala eletrofraca como sendo, de fato, efetivas:
no sentido em que os efeitos da teoria superior devem se manifestar através de uma série infinita

de operadores ndo renormalizdveis, suprimidos por uma escala M =~ Mp;, que respeitam, em

principio, somente as simetrias de gauge.
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Um operador desses com dimensio arbitraria d geraria uma correcao para o potencial do

singleto ¢ na forma

v, = —M%eidd¢d+H.c
alT
M|d|4|¢|“ ( j(,)+5,,). (3.4)

|c|] é uma constante de acoplamento que esperamos ser préxima da unidade; d4, a fase que
surge junto & transformagio que leva a fase da matriz de massas dos quarks para o termo do
tipo 4, mais um termo que viria exclusivamente das interac¢oes gravitacionais se essas violarem
CP. Usou-se também o fato que para o axion invisivel, na fase em ]q&)eia_}:—) a(z) é praticamente
o campo do dxion. De uma forma mais geral, o campo do 4xion tem componentes na parte
imaginaria dos outros escalares também, mas essas componentes sao em geral suprimidas pelo
fator 1/f, de modo que elas podem ser desconsideradas.

Quando U(1)pg é quebrada espontaneamente, o potencial do dxion em Eq. (3.2) ganha
contribuigoes dos diversos operadores do tipo acima passando a ser, definindo por conveniéncia

a()ess/ fz = a(z)/fa + 0 e redefinindo também implicitamente a fase 6 = z — d%,

1Mo (02) -3 (A 0)

Por simplicidade, ao considerar apenas um dos operadores na soma acima, temos agora que

para que a solu¢do ainda seja vidvel o minimo de V,¥; deve ser tal que M < 107°% Em
primeira ordem essa relagao é
d ——«771“‘ in §
(a(z)eff leal -tagzz sin %4
fa A4QC’D +d2|cI7)_di—_COS(5d

Naturalmente, esperamos que sindg ~ cosdg ~ 1, e observa-se, entdo, que para satisfazer a

<107% (3.6)

condigdo acima é necessario que Ajcp seja o termo dominante no denominador. E assim a

correcgao gravitacional para o angulo de violagdo CP é aproximadamente

s = (A5 = ) e )
a QC’D

Com a suposi¢do que d|cg| ~ 1, essa correcdo sé6 pode ser menor do que 10~?, se a dimensdo d

do operador for tal que

82 4 nZ
d> ;l—'_ﬁ-z 11. (3.8)
2In10
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Assim, a menos que, por alguma razao desconhecida, as constantes de acoplamento ¢, desses
operadores sejam exponencialmente suprimidas, [71], todos operadores do tipo (3.4) com a
dimensdo d < 11 ameagariam o mecanismo de Peccei-Quinn como uma solugao do problema
da violagdo CP forte a menos que eles fossem proibidos por alguma simetria.

Da mesma forma, a massa quadratica efetiva do axion com as corregoes gravitacionais é de

acordo com Eq. (3.5)

2 QCD
™ o + Zd2|c| d 2M;§, £ €08 8, (3.9)

e, mesmo se §; = 0 gera uma corre¢ao que pode ser muito maior do que a massa estimada de
1075 eV para o 4xion via os efeitos nao perturbativos da QCD. Vale a pena salientar que esse
é um problema geral para os modelos que tentam explicar um dado fenémeno através de um
campo escalar fundamental td0, ou ainda mais, leve quanto o dxion. Mesmo se o dado campo
escalar ndo adquire VEV a interagao gravitacional dele com campos, ou operadores compostos

de campos, que adquiram VEV leva a uma massa efetiva para esse campo escalar semelhante

ao que acontece com o0 axion.

A idéia a ser considerada a seguir, é de que os operadores perigosos que acabamos de

discutir serao proibidos por simetrias discretas de gauge e que nos Modelos 3-3-1 elas sdo quase

automaticas.

3.2 Estabilizacao por simetrias discretas nos Modelos

3-3-1

A estabilizacdo da solucdo de Peccei-Quinn pode ser alcangada, se a teoria efetiva de baixa
energia possuir uma simetria discreta Zy, com NN igual a dimensdo d do primeiro o operador
nao perigoso como vimos acima, suficientemente grande para ser capaz de proibir os operadores
nao renormalizdaveis envolvendo o singleto ¢. Krauss e Wilczeck fizeram a observacao de que as
simetrias discretas, nas teorias de baixa energia, podem ter origem em um grupo local de gauge
e devem, portanto, ser respeitadas pelas interagdes e gravitacionais [72]. Em outras palavras,
um grupo discreto observado na escala eletrofraca seria uma reliquia de um grupo local que se

manifestaria de forma explicita em energias mais altas.
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Uma forma bem simples de explicitar essa idéia é considerar uma teoria com dois campos
escalares, 7 e £, com cargas Ne e e de um grupo de gauge local U(1) [72]. Suponha agora

operadores genéricos de dimensdo m + n dessa teoria. Sdo permitidas as interagdes que sob

uma transformacao da simetria U(1),
[n]'"[f*]" - eiae(Nm—n)[n]m[gf]n’ (3-10)

tem n = Nm. Se o campo 7 condensa em uma escala de energia muito alta dando massa ao
béson de gauge de U(1), esses campos estardo desacoplados da teoria efetiva de baixa energia

que contara com o tnico escalar £ leve. Entao, depois da condensagio e sob uma transformagao

de fase em &

™€ = ()™[ET — eTtenv e (pymIgn A, (3.11)
essa interacdo na teoria efetiva serd invariante para ay = —21\,—’; deixando o subgrupo discreto
Zn C U(1) como um grupo de simetria de baixas energias. Sendo assim permitidos todos
os operadores do tipo [¢']"™, que serdo, portanto, invariantes por Zy. Vemos, entdo, que a

condensacgao de n quebra o grupo local para o subgrupo discreto
{n)

O campo £ permanece leve, porque sua massa quadratica serd em primeira ordem dada por
2 ~ ~ 7.
mg & pg — Py sendo que pg e py sdo os termos quadrdticos de massa para os escalares no
potencial e deveriam ser da mesma ordem.
E nesse espirito que dizemos que Zy advém de um grupo local e, portanto, é uma simetria

discreta de gauge. E o campo € se transforma de acordo com essa simetria segundo a forma
£ eFE (3.13)

A origem local da Zy aqui é que faz com que ela seja preservada pelos efeitos gravitacio-
nais, pois o teorema “no hair” afirma que apenas as quantidades derivadas de simetrias locais
caracterizam o buraco negro. Assim, num processo envolvendo a gravitacao, quantias advindas
de simetrias locais seriam observadas e preservadas como essas simetrias discretas.

E relevante dizer que as cargas de U(1) devem ser quantizadas para que se possa ter o
subgrupo discreto, uma vez que N = inteiro é a carga do campo que quebra U(1).

Se algumas simetrias Zy nao fossem de gauge, entdo a utilidade delas estaria ameacada

pela gravitacao. A paridade R em supersimetria é um exemplo tipico de uma simetria discreta
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de gauge que tem o papel de proibir alguns operadores renormalizdveis que violam o nimero
baribnico o que garante, portanto, a estabilidade do nucleon [72],[73].

Neste trabalho, nao vamos nos preocupar com origem exata das simetrias discretas, a-
ssim veja Refs. ({74, 75, 76] para uma série de possibilidades. Fagamos, simplesmente, a
suposi¢do que, em altas energias, existe a simetria U(1)®@Ggw com U(1), sendo uma sime-
tria local, que pode até ser um subgrupo de uma simetria maior, e Ggw o grupo eletrofraco.
Em nosso caso, Ggw =SU(3)c®SU(3).®U(1)x. Essa simetria é, entdo, quebrada na forma
U(1)®Gew — Zy® Gew. Iremos reconhecer que nos Modelos 3-3-1, existe uma simetria dis-
creta grande quase natural. Ao impormos essa simetria, veremos que a simetria global U(1)pq
surge automaticamente em nivel cldssico na Langrangiana como conseqiiéncia. As simetrias

discretas serdo grandes o suficiente para eliminar a ameaca gravitacional como discutimos an-

teriormente.

Como nos modelos de axion invisivel, introduziremos um singleto escalar
¢~ (1,1,0), (3.14)

cuja fase serd praticamente o campo do axion.
A seguir, faremos a observagio de que as Langrangianas de Yukawa em Eqs. (2.16) e (2.17)

do Modelo 3-3-1 possuem quase automaticamente a seguinte simetria discreta Z,3 nos campos

Uy - w¥y,

(¢7 uaR) —w (¢, UaR), daR — wi-ldaR,
X = wex, Egp— wy'Epg,

Jr = w3JR, Jmr — w3 mRs

7 — wall, VR — w; Vg,

Qs = wsQsr, Qir — wi'Qir,

p—wep, lp— wgllR (3.15)

onde wy = *™*/13 k = (,...,+£6. Usando todos os elementos do grupo Z,3 temos garantido

a existéncia dessa simetria. Ao impor essa simetria, ficam proibidos os termos (¥,z)¢(¥,1)7,

(var)vsr € (lar)°Epr em Eq. (2.16). Eles n3o sio essenciais para a geragio de massa através da

quebra esponténea de simetria e por isso podem ser desprezados. Para os quarks, as interagoes
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de Yukawa sio automaticamente invariantes pela simetria Z;3 acima. A Langrangiana de

Yukawa total para os léptons e quarks passa a ser entao

Lt = GY(9), r 1 + G (0), L lorp + Gy (9), 1 EsrX
+ Quu(Fatiars” + Fadarn’) + Qar (Cotiarn + Gadarp)

+ AJ@Lme + A{mGiijRx* + H.c.. (3.16)

Ao introduzir o singleto escalar ¢, novos termos sao permitidos e outros proibidos no po-

tencial escalar em Eq. (2.18) que agora toma a seguinte forma invariante pelas transformacoes

em (3.15):

Van = min'n+ paote+ uix'x + M(n')® + Aa(o'p)® + Aa(x'x)?
+ 1t M (0'0) + 25 (x'x)] + X6 (0'0) (x'x) + A7 (p'n) (n'p)
+ s (x') (n'x) + 29 (p'x) (x'p) + (A0 dmip;xe + H. c.)
+ 6°6 Mo (1) + Xgp (6'0) + Agx (XTX)] + 3870 + As(679)%. (3.17)

Observe que o termo (7'p) (n!x) que violaria a simetria de nimero lepténico fica permitido
pela simetria discreta. Para eliminé-lo, é necessario ainda impor uma simetria Z, sobre a qual
os campos Jg, Jmr, X, ¢ sdo impares e os demais campos pares. Com isso, o niimero lepténico
também passa a ser uma simetria natural no modelo.

Assim com a simetria Z13 ® Z,, teremos que a simetria U(1)pg fica contida no modelo

automaticamente. Para ver isso, consideremos as seguintes atribui¢des de cargas de U(1)pg

para os férmions
UIL = e—zaquL, dIL = e_mxddL, llL = e—zaX,lL,
! __ —taX o —taX; t __ —iaX
vV, =¢€ “vp, Jp =€ 7L, JL_e J']L,

E; = e XsE, (3.18)

com as componentes direitas transformando-se da mesma forma, mas com carga X contriria
a sua respectiva componente esquerda acima. Das interacdes de Yukawa na Eq. (3.16) e do
termo ndo hermitiano em Eq. (3.17) s3o extraidos uma série de vinculos das cargas U(1)pg dos

campos escalares cujas transformacgoes devem obedecer as seguintes relacoes.

+2iaXy, 0

10 __ _—2iaX, e n
?

70 = e He%uy’ =

54



1— __ —ta(Xu+X, - _ FHi(Xu+Xg)—

h =€ (X d)771 = et X d)771,
+r __ _ —ia(Xy+X + _ tia(X;+X, +
ny = emeXy ")772—6 %5 d)772,
0 _ _+2iaX, 0 _ _—2iaX4 .0

p-=e "p=e s

p’+ — e_‘la(xu+xd)p+ — e+1a(xu+xd) +,

p'++ — e—ia(XJ+Xd)p++ — e+ia(X,-+Xu)p++,

X~ = e—ia(X,.+X_;)X— — e+ia(xd+xﬁ)x‘,

Y~ = e~ Xa+Xa)y ~= = gHia(XutX;)y——

¥° = e—2iaXy x° = o H2iaX; x°,

¢ = e~2Xigp, (3.19)

Segue, entdo, que das Eqs. (3.18) e (3.19) as cargas X relacionam-se umas com as outras de

acordo com
Xa=-Xu=X1=-X,, X;=-X;,=—-Xg. (3.20)

Como vemos, existem dois conjuntos de cargas independentes. Normalizamos entdo as cargas,

de modo que elas sejam as menores inteiras possiveis, 0 que, nesse caso, é simplesmente fazer

Xd =1le Xj =1.
Com essas transformacdes do angulo 8 é entao modificado para
§o6-2a0 Y X;=0-2aX;=0-20. (3.21)
todos quarks

Temos apenas a contribuicio vinda dos quarks exético j,, e J, pelo fato que os quarks conhecidos
do tipo u e d tém cargas de U(1)pg com sinais opostos, i. e., X, = —Xj, fazendo com que
a contribuicdo dos quarks conhecidos seja cancelada. No contexto do Modelo Padrio, essa
atribuicdo de carga nao é possivel porque ela ndo permite que exista a anomalia ABJ, que d4 a
interagdo do &xion com os gluons, e impede assim a realizacdo do mecanismo de Peccei-Quinn.

Dessa forma, poderiamos considerar para efeitos praticos que X, = 0; no entanto, existe
outra atribuicao para as cargas da simetria Z,3, relacionando os dois subconjuntos em (3.20)
como veremos na préxima se¢ao. 2 E interessante que apenas os quarks exdticos tenham um
papel relevante no deslocamento do angulo 8. Diferente da proposta da introducio de um
quark exGtico pesado para resolver o problema [32], no Modelo 3-3-1, esses quarks devem fazer

parte do espectro por uma questao de consisténcia. As transformacoes relevantes de U(1)pg
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sa0 entao

4 —iaX; s t _ _taX;
Jp=¢€ ijr, Jp =€ Jg,

Ei, — —zaXJE +I — iannil-’
,0 _ ezaX ,0++ XI— — eian x~
X — zaXJX X 2zaXJX
¢I —21'an ¢. (322)

A primeira corregdo gravitacional permitida de acordo com a simetria Z3 em (3.15) seria
entdo, de acordo com (3.7), relativa a um operador de dimensdo d = N = 13 o que fornece
604ray ~ 10712 para a méxima escala permitida, f, ~ 10'2, ndo colocando em risco, portanto,
a estabilizacdo da solu¢do. Da mesma forma, a corregdo gravitacional para a massa do 4xion é
de acordo com Eq. (3.9) émyraw = 10~° eV. Se colocassemos ainda o fato adicional que temos
a simetria Z,, essas corregoes seriam ainda mais suprimidas.

Para ver que o 4xion é principalmente um singleto, calculamos as equagées de vinculo com
a redefinicdo dos campos escalares de carga elétrica nula na forma ¢ = (v, + Rep + ilmy)/V/?2,

com ¢ = 1, p, X, ¢, obtendo as seguintes equagoes de vinculo para minimizagao do potencial:

1 A
Re[#?;"n + )‘ll"’nlzvﬂ + 9 (Malvpl? + Aslog|?)oy + ‘l_ovp'”xfa + Agnl fal?vq] = 0,

2
1 A
Re[ﬂivp + ’\2|”p|2”p + 5 (Alog* + /\6|”x|2)”p + _égvn”xfa + Apolfal?v,] = 0,
1 A
Re[uivx + ’\3|'”x|2'”x + —(/\5I'U17|2 + Aslv,,lz)vx + —élﬂv,,vpfa + )\¢x|fa|2'ux] =0,
Re[l%fa + ’\¢|fa|2fa '”n'”p'”x +3 (’\¢17|"’17|2 + ’\¢p|”plz + ’\¢x|'”x|2)fa] =0,
Im( fovyv,vy) = 0. (3.23)

Analisando o potencial em (3.17) com esses vinculos, é possivel mostrar que para diversos
valores nao nulos dos pardmetros A; e v, todas as massas dos escalares sdo positivas, de modo
que o potencial realmente tem um ponto de minimo. A matriz de massa 4x4 da parte imagindria
dos escalares é resolvida, exatamente, fornecendo os seguintes autoestados de massa na base
Im(7°, 0%, x°, 8)

1

G = ————— (~v,,,,0,0),
(2+22)"" " "
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1 81 s s
2 1.2 52 .2 2 2
v v,,, v Vo> lfa”x’g”xfa ,

¢

1
2 (Oa 0’ —"Ux, fa) )

a=—>)7>
(w2 + £2)"

1
A’ = T (vpUy fa, UnVx fas VnUp fas VnUpty) , (3.24)

onde os VEVs v;, foram tomados como reais por simplicidade; s, = (v2+ fHY2 5 = (v2+v2)1/?
e N = v2[v2(v2 + f2) + v f2] + w2l f2.

G? e GY sdo genuinos bésons de Goldstone a serem absorvidos pelos bésons de gauge Z°
e Z', formando seus graus de liberdade longitudinais, a é o pseudo-Goldstone descrevendo o

dxion. A® é um pseudoescalar pesado, cuja massa quadritica é dada por

/\ 1 1 1
2 10
— + — + — + — , 3.2
a0 8 [fa ’U,,’U,,’Ux ’Ux ’U,,’Upfa ’Up ’U,,fa’l)x ¥y fa’UpUxJ ( 5)

com Ajp < 0 e todos os VEV positivos. Veja que essa massa € aproximadamente M,

\/m << fa. Se esse pseudoescalar fosse estavel, ele poderia fornecer conseqiiéncias in-
teressantes para cosmologia; porém, do autoestado A° em (3.24) observa-se que ele tem suas
componentes dominantes nas dire¢oes de Imzn e Imp e, portanto, deve-se acoplar significativa-

mente com a matéria usual.

Conclufmos que com a simetria discreta terminamos com um Modelo invariante pelo grupo
SU(3)c®SU(3).®U(1)x Z13® Z,. Nesse contexto, a simetria U(1) pg é automética assim como o
nimero leptonico. A solugao do problema de violagao CP forte via mecanismo de Peccei-Quinn
é mantida est4vel contra os efeitos gravitacionais. As corre¢Ges & massa do 4xion e o angulo 8

ficam suprimidas com as simetrias discretas.

3.2.1 Uma atribuigao diferente para Z3

Uma atribuigdo um pouco diferente para as fases da simetria Z;3 é ainda possivel nesse
modelo. Isso porque, como pode ser visto, podemos trocar as fases das transformacoes de

alguns campos em (3.15), sem modificar o contetido da simetria na seguinte forma:
Wy = Wy, Wiy = Wup, W —> Wy,

Wy = Wy, Wyp = Wap, Wy — W (3.26)
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De modo que as novas transformacoes sob Z;3 passam a ser

¥y = we¥y,
-1
(¢,dar) = wi1(@, dar), Uar —> Wi Uar,
-1
X = weX, Er = wy Ep,
. -1
Jr = w3Jr, JmrR = W3 Jmnr,
— lp = will
P WP, LR Wy LR,
-1
Qs = wsQsr, Qir = wy Qir,

= wenl, VR —> Wy vk (3.27)

Diferente da forma anterior em (3.27), o termo (n'p)(n'x) que violaria o niimero lepténico
explicitamente fica proibido por essa Z13. Essa atribui¢do também impede os termos Mg(vg)vg
de massa nua de Majorana para os neutrinos direitos; porém, agora é permitida a adicdo em

Eq. (3.16) de um termo de interagio entre os neutrinos estéreis e o singleto do dxion na forma
Lo = °ﬁ¢ (v,p)V,, + Hee. (3.28)

que viola o nimero lepténico explicitamente. Poderiamos pensar em atribuir um nimero
leptonico para o singleto do dxion, de modo que esse termo conservasse o nimero leptonico.
Fazendo isso, a violagdo permaneceria, porque ela seria transferida para o termo nao hermiti-
ano A;oe*¢m;p;xx no potencial em Eq. (3.17). Aceitando esse fato e sem fazer a imposigio de
nenhuma simetria auxiliar, como foi o caso da Z, anterior, temos agora que diferentes dos dois

subconjuntos distintos de cargas de U(1)pg em Egs. (3.20) todas as cargas estio relacionadas.
Xi=-Xy=Xi=-X, =X, =-X;,=-Xg. (3.29)

E nao é permitido mais tomar as cargas dos quarks tipo u e d nulas. Normalizamos as cargas
de modo que X; = 1.

O interessante é que quando a simetria U(1)pg ¢é quebrada via (¢) = f./V2, é gerada uma
massa de Majorana grande para os neutrinos direitos como requerido pelo popular mecanismo
see-saw para gerar massa de Majorana pequena para os neutrinos ativos v_, [78], [79]. Apés a

condensacao de todos campos neutros escalares, temos os termos de massa para os neutrinos:

. 17 uﬂ fa
L:nass — Guﬂ_z_VaLVﬂR+ 2 \/_

(VaR)cVﬂR + H c.
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G: Uy —— 7 g c /\a fa
= Tﬁ'T’;[VaLVﬂR + (VﬁR)c(VaL) ] + 2‘3 ﬁ

(VaR)CVBR + H.C.

1 — [ 0 D ) [ )
= —(E (,,QR)C) PR +Hec. (3.30)
2 T )\ v

Para uma estimativa, supondo G5 e A,, diagonais e da mesma ordem, temos que a massa
de Majorana para os neutrinos ativos, direitos, é aproximadamente

’02

m,  ~GY L (3.31)

° Jfa
v, pertence & escala eletrofraca, i. e. v, = 102 GeV, e com f, ~ 1012 GeV, temos para
GY =~ 102 que my_, =~ 0.1 eV. Isso deixa, portanto, esses neutrinos dentro do intervalo de

massa sugerido pela observagéio [10).
Com a simetria discreta em (3.27), é ainda possivel mostrar que ndo hd nenhuma liberdade

na atribuicdo das cargas do fator U(1) x, ou seja, a carga elétrica é quantizada. No Apéndice B,

demonstramos como ocorre a quantizagdo da carga elétrica na presenga do singleto do axion.
3.3 Dominios de parede

A caracteristica do potencial em Eq. (3.2) ser periédico, acarreta que a simetria U(1)pg
poderia conter um subgrupo discreto Zy que nao é quebrado pelo viacuo da QCD. Uma forma

simples de ver isso é observar o potencial ! V(6), antes da quebra espontanea de U(1)pg, que

nesse caso é
V(0) = —Agepcos (9) . (3.32)

Suponha agora que tenhamos um modelo onde, ao realizarmos uma transformacao de U(1)pg

como em Eq. (3.21), ficamos com

0— - 0_ -2« Z )(f = 0- - 2apr, (333)

todos quarks

! A palavra potencial empregada nesse contexto deve ser entendida como apenas uma analogia jé que ¢ é um

parametro e ndo uma varidvel dindmica.
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onde Npw é um nidmero inteiro, contabilizando a soma das cargas X, sendo chamado de

ndimero de dominios de parede. Isso leva Eq. (3.32) para
V(6) = —A4¢pcos (8 — 2aNpw) . (3.34)

Quando se diz que U(1)pg, embora seja uma simetria da Langrangiana classica, é quebrada
pelos efeitos ndo perturbativos da QCD é porque em geral para uma transformacio arbitrdria
V(6) # V(8 — 2aNpw). Os valores discretos do pardmetro a na forma a = krn/N, k =
0, ..., Npw — 1, formam um subconjunto discreto Zy,,, CU(1)po de transformagdes da simetria
de Peccei-Quinn que deixam V (#) invariante, ou seja, as transformagoes de U(1)pg com a =
km /N nao sao quebradas pelo vacuo da QCD. Isso significa que os campos neutros geram na
condensacio um vacuo e mais outros Npyw — 1 vacuos degenerados com primeiro, relacionados
uns com os outros pelo grupo discreto Zy,, . Seriam entdo formados, no universo primordial,
diversos dominios separados por paredes demarcando regides de vicuos diferentes [80]. A quebra
espontinea desse subconjunto Zy,,, levaria a problemas cosmolégicos [81] que foram objeto de
relativo interesse no passado. Veja por exemplo Refs. [80], [82], [83], [84].

O que temos a dizer aqui é que os Modelos 3-3-1 nao apresentam esse problema dos dominios
de parede, pois como vemos da Eq. (3.21) temos que Npy = 1 e, portanto, o subconjunto

Zn CU(1)pg é trivial de modo que existe somente um vécuo.

3.4 Acoplamento axion-fé6ton

As buscas pelo o dxion tém se dado, principalmente, através da investigagio do acoplamento
do éxion com f6ton [37]. A razdo para isso vem da caracteristica geral do 4dxion se acoplar
com dois fétons, através da interagao efetiva gerada pelo diagrama similar ao da anomalia do
tridngulo da QCD que d4 a interagdo axion-glions. Esse diagrama tem o dxion em uma das

pontas do triangulo e os fétons nas outras duas e com todos os férmions circulando no loop. O

que d4 [16]

Loy = ﬁ;'_"‘“](f) B, F, (3.35)
onde se define
1
Cory = — Yo X;Qi-195 (3.36)

todos fermions
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Npw é o mimero de dominios de parede e Qs a carga elétrica do férmion em unidades da carga
do positron. O termo -1.95 é uma contribui¢do advinda exclusivamente dos quarks leves, se
eles tiverem carga X de U(1)pg ndo nulas e se acoplarem com o 4xion [16].

Para o Modelo 3-3-1 pode ser checado que ¢,,, ndo depende das cargas de U(1)pg dos
quarks e léptons conhecidos, ou seja, somente os quarks e léptons exéticos é que contribuem
para esse coeficiente. O dxion também sé se acopla com os quarks exdticos, pois como pode
ser visto dos autoestados em Eq. (3.24) a(z) s6 tem componentes em x° e ¢. De modo que

independente do conjunto de cargas em (3.20) ou (3.29) o resultado é:

2 .
Cory = %5 (3.37)

onde o sinal * corresponde a normalizacdoX; = £1.

Em fungdo do campo elétrico e magnético, F’,,,,F"” = —4E.B. Dessa forma, dxions, atraves-
sando um campo magnético, podem ser convertidos em fétons [85]. Uma das experiéncias para
observacio do 4xion utiliza o sol como uma fonte dessas particulas que sdo geradas através de
um processo Primakoff (elétrons no nicleo do sol emitindo fétons que, por sua vez, emitiriam
dxions) e cujo fluxo na terra é estimado. Um campo magnético no laboratério entdo converteria
os axion em raios X de frequéncia especifica que seriam detectados em uma cavidade, como
estd sendo feito em um telescépio da colaboragdo CAST [86]. Em seu relatério recente, a co-
laboracdo CAST reportou que nenhum sinal acima do background foi observado durante uma

exposicao de seis meses do telescépio, traduzindo o resultado em um limite superior

Gay = ﬁ’% < 1.16 x 107°GeV 7, (3.38)

para massas do 4xion m, < 0.02 eV; o que implicaria para o Modelo 3-3-1 que f, > 10® GeV
e, portanto, ainda consistente com as observacoes diretas.

Outros experimentos tem sido realizados para a busca do axion, como principal constituinte
da matéria escura fria, no halo da nossa galaxia. Essas experiéncias tém se baseado também no
acoplamento dxion-féton. A experiéncia recente no Lawrence Livermore National Laboratory
(LLNL), mostra que dxions do tipo KSVZ, acoplando-se apenas com quarks, estdo excluidos
num intervalo de massa 2.3 x 1078 < m, < 3.4 x 107% eV, o que corresponde a f, ~ 4 x 10!3
GeV [87], [88]. Outra experiéncia, Cosmic Axion Research with Rydberg Atoms in resonant

Cavities in Kyoto (CARRACK), também na busca de dxions césmicos comega a investigar os

intervalos de massa 2 — 50 x 10~% eV [89].
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3.5 Modelo com neutrinos direitos

No Modelo com neutrinos direitos, embora tenhamos quatorze tipos de multipletos, in-
cluindo o singleto do dxion, como vemos em Egs. (2.20), (2.21), (2.22), (2.23), (2.24), pode-se
ver das interagoes de Yukawa em Egs. (2.25) e (2.26) que ndo é possivel acomodar uma simetria
discreta maior do que Zy, devido as restrigoes nos acoplamentos ali. No entanto, diferente do
modelo anterior, nao é claro se tal simetria pode ser acomodada, respeitando todas interacées
necessarias para a geragao de massa. Além disso, nesse caso, o singleto ¢ deveria ser escolhido,
na tentativa de impiementar essa simetria, com uma transformacdo com uma fase muito es-
pecial, pois diferente de um grupo Zy com N um nimero primo, teriamos certos subgrupos
em Zj2 que permitiriam operadores nao renormalizaveis de dimensdo menor para o singleto,
desestabilizando a solugao do axion. Em razao disso, serd imposta a simetria Z;; nesse modelo.

As transformagoes serao entao
-1
¢ - wé, Yoo — Wi Yar,
-1
p > wap, der >  wy dag,

X —r wsXx, (eRv u.fiR) — w.'s_l(eR, ugR) )

Qir — wiQir, R o wildig,
n — ws”, Usr > w5'Uar,
Qs — wolsr. (3.39)

E ainda necessario impor uma simetria Z, adicional para impedir o termo x'n¢*¢* que

obstrui a simetria U(1)pg. Essa Z; age na forma
(¢;X7d’R,uQR) - _(¢,X7 %,UQR) (340)

deixando todos os demais campos inalterados. Com isso, as simetrias U(1)pg e de niimero
leptonico passam a ser automaticos.

A limitagao, nesse modelo, é que, ao se consider puramente a simetria Z;, s6 é possivel
proteger a solugdo do éxion para escalas f, < 10'® GeV para as quais terfamos .7y < 107°.
Se levarmos em conta a simetria Z;, entao o primeiro operador permitido em Eq. (3.4) teria

dimensao d = 22 e, consequentemente, a solucao seria estavel para todos valores permitidos de
fa-
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O potencial escalar tem a forma idéntica do potencial em Eq. (3.17), isto é,
Vasia = Vi + (Mo€”*dmipixi +H. c.) (3.41)

com Vg = Vg(d, 7, p, x) colecionando todos os termos hermitianos.

Procedendo da mesma forma anterior, encontramos a simetria U(1) p associando as trans-
formacoes de fase

—ia Xy iaX,

Ug —> € UgL, Ugr — € UeR ,
uy, — e Mg, uip - €M ugy,
daL - e_iadeaL, da.R - eiadeaR,
L - e, dip - e Nd,
ear — €°%eu, e — €¥XeReup,
Var, — €%y ver o %Ry (3.42)

que junto das interagdes ndo hermitianas nas Langrangianas de Yukawa em Egs. (2.25) e (2.26)

e o potencial escalar em (3.41) conduzem a relagdo entre as cargas
Xg=-X,=-X,= Xer = Xy, =— vR: (343)

Os escalares transformam-se de acordo com

¢ — e KX ° - etaXapd
= o, TIIO - elieXy 77/0
p+ - p+, po - g 2iaXy p°
p’+ o gt Xo - elieXa Xo
X~ = X7, X? o Xy (3.44)

Normalizando todas as cargas com X, = 1, angulo 8 é rodado para
0 — 0—-2aX;=10-2a. (3.45)

E, portanto, também nao ha nesse modelo o problema dos dominios de parede.
Para mostrar que nao ha nenhuma outra simetria global continua a ser quebrada, a nao

ser U(1)pg, diagonalizamos a matriz de massa proveniente da parte imagindria dos escalares
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A

neutros, supondo que somente x%, 7°, p° adquirem VEV2. Na base Im(x¥,7°, /°, ¢), essa matriz

tem a forma, apds substituir os vinculos para minimizacao do potencial,

1 1 1 1
;iT UnpUyr  VpUyr Ui fa
A 1 1 1 1
M; = —%'Un'vp'vx' f a v,,:x/ vln v,,lvp vnlfa - (346)
VpUyr  UpYp 17?; Unvp
1 1 1 1
vifa vnfa  vpvp 72
Os autoestados de massas sao
1 /
a = ——— (—3)1-,0,0,1) ,
v, a
1+ —é—
G = ¢ (—ffvx’ 0,1 —f°v’2")
f20l +¢ 3 §
1 /
G2 = 7/ (vi’l’o’o) ’
145 "
1).’, ‘
G, - v2(f202 + &) B v2 2oy LY 2v2, B v2 fav2,
VBfaul +02(f2L + )\ vp(f2vd +8) 7 v(f3vd +8) u(fvh +6) )’
(3.47)
12 12 12 Vor 3 v 3 v ) ’
\ﬁ+5’,~f+v,,+vx, o
1 Uy
Ay = —— —v——,l,0,0 (3.48)
v, x'
1+ 4

xl

onde definimos £ = v2(f2 + vZ). Identificamos o 4xion a com o primeiro autoestado em (3.48)
acima. Gj, G, e G3 sao bésons de Goldstone serdo absorvidos pelos bésons de gauge Z°, Z’
e V10 para formar seus graus de liberdade longitudinais (observe que desde que nesse modelo,
temos um bdsons de gauge neutro nio hermitiano, V1, e que, portanto, possui um grau de
liberdade a mais que Z° e Z’, é necessario que se tenha mais um autoestado sem massa.

De fato, pode-se ver que esse autoestado existe e estd na parte real da matriz de massa dos

escalares neutros [90]). A4; e A, sdo dois pseudoescalares massivos. O ponto importante é que

2 Admitindo que x° e/ou 7% adquiram VEV entdo também havera a quebra espontanea do niimero lepténico.
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o 4xion é praticamente a parte imaginaria de ¢ pela razdo de se ter f, >> vy..

3.5.1 Acoplamento dxion-f6ton no Modelo com o neutrinos direitos

Os autoestados em Eqs. (3.48) mostram que o 4dxion nesse modelo s6 tem componentes nos
campos x¥ e ¢, ambos singletos de SU(2),®U(1)y. Isso significa que o tinico acoplamento do
axion em nivel de arvore com a matéria se dard exclusivamente por meio dos quarks exéticos,
uma vez que interage diretamente apenas com essa matéria exética. Na base dos autoestados

fisicos,

o i Uy
X = —=—=2—a+.. (3.49)
V2 V2 + 2
O que resulta nos acoplamentos em nivel de arvore do dxion com a matéria de acordo com Eq.
(2.26) na forma
_ivxl

[Ghragysus — G;j(fg’rsd;-] a. (3.50)
2(f2 + 'Ui/)

£aqlql =

O coeficiente em Eq. (3.36) é, nesse caso, ¢,y, = 4/9 € a conversio de dxions em fétons estaria

atrelada a existéncia de novos quarks na escala dos TeV.
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Capitulo 4

Induzindo dinamicamente a quebra

espontinea da simetria eletrofraca

Neste capitulo, discutiremos uma maneira pela qual o singleto do 4xion pode induzir dinami-
camente a quebra espontinea de simetria. Ao impor a invariancia por transformacdes de escala
a simetria, U(1)pg é quebrada dinamicamente através do potencial efetivo em um loop para
o singleto escalar ¢. Veremos que a arbitrariedade na quebra do grupo SU(3),®U(1)x para o
fator eletromagnético U(1).,, serd reduzida consideravelmente; uma vez que, com o tripleto es-
calar mais pesado desenvolvendo VEV, os demais tripletos necessariamente deverao condensar

para estabilizar o potencial. Além disso, nds terminaremos com nimero de parametros livres

menor do que tinhamos antes.

4.1 Invariancia de escala no Modelo 3-3-1 e o mecanismo

de Coleman-Weinberg para ¢

Suponhamos que exista uma invariancia de escala inicialmente exata na Langrangiana re-

sultante da transformacio das coordenadas z* — e®z# dos campos segundo a forma [91]
vi(z) = e*%yp;(ez) (4.1)
com a um nimero real e, d sendo a dimensao do campo em unidades de massa. A Langrangiana
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total é modificada entao por um fator de escala
L(pi(z)) — €'*L(pi(e*)), (4.2)

o que deixa a acdo invariante. Isso impede pardmetros iniciais com dimensao de massa na
Langrangiana. No Modelo 3-3-1 com o singleto do 4xion e a simetria Z,3, o potencial em Eq.

(2.18) sem os termos quadraticos u3, u3, 43, e uj fica reduzido para

Ve = Xi(m'n)? + Xa(p'0)® + da(x'x)® + Ap(8°9)?
+ ' A (0') +As (xTX)] + 26 (010) (x"X) + A7 (0'n) (n'p)
+ A (x'n) (n"x) + 2o (p'x) (x"p) + (Mro€"*dmip;xx +H. c.)
+ 8°6 D (01) + Mg (670) + A (x")] - (4.3)

Em uma hierarquia de escalas, a condensacao do singleto escalar deve acontecer muito antes do
que a condensagao dos escalares da escala eletrofraca, dada a disparidade dos valores esperados
(m), (p), (x) em relagio a (4). E razodvel supor, entdo, que a condensacio do singleto escalar
possa ter ocorrido independentemente dos demais campos da escala eletrofraca. A condensacgao
de ¢ deve-se dar entdo através do mecanismo de Coleman-Weinberg [92] via um potencial
efetivo, para a parte do potencial dependente apenas do singleto, i. e., Vy(¢*¢) = As(¢*®)2.

Existem varios métodos para se calcular esse potencial efetivo que levam a uma férmula
padrao para o caso de um tnico campo escalar [92], [93], [94]. Definindo

1 i)
¢(z) = 7—2—¢c(x)e : (4.4)

adicionando os contratermos de renormalizacao
A C
Ver = 5‘153 + Z‘ﬁg +D. (4.5)

e usando as condicoes de renormalizacao que determinam as constantes de renormalizacao A,

CeD,

Verfloemo =0, (4.6)
Ve
dg? lpe=o = 0, (4.7)
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d*Very

d¢4 |¢c=fa = 3!>\¢, (48)

junto da condigdo que existe um minimo do potencial para um valor nao trivial do campo

singleto, o resultado para o potencial Ve"} i(97¢) = V;"} 7(42) é

& (12 4 Qﬁ 1
V;ff(¢c) = B¢c¢c In 72' - 5 . (49)
onde o coeficiente By: ¢ dado por
By~ —0— [A2 122 122 4
$e = 19872 [ on T Agp T+ ¢x] : (4.10)

O valor esperado no vacuo para o singleto é entao gerado dinamicamente, uma vez que o minimo
do potencial efetivo em (4.9) ocorre para um valor ndo nulo de ¢., manifestando a quebra da
invaridncia de escala.

De uma maneira mais realistica, deveriamos incluir os efeitos de temperatura no potencial
efetivo. Esses efeitos viriam na forma de um termo do tipo 5¢2T? com b sendo uma constante
positiva e T, a temperatura. Em altas temperaturas, a simetria é restaurada; porém, quando
T < f,, esse termo deixa de ser importante, de modo que podemos ficar com a aproximacgao de
temperatura zero, sem mudar qualitativamente a andlise.

A simetria U(1)pg passa a ser quebrada dinamicamente junto com a invaridncia de escala.

4.2 Induzindo a quebra da simetria SU(2),QU(1)y

A questdao que gostariamos de responder € se a invaridncia de escala e a quebra dindmica
de simetria na escala do singleto escalar podem levar a algum vinculo para a rota da quebra
das simetrias na escala eletrofraca. Vimos no Capitulo 2 que, & rota de quebra da simetria
SU(3).®U(1)x para SU(2).®U(1)y, que se quebrava para o fator eletromagnético U(1)m,
estdo associadas trés escalas de energias arbitrdrias. Nao havia, portanto, nenhuma relagio
entre as escalas v, de SU(3),®U(1)x e v, e v, de SU(2),®U(1)y, por exemplo no Modelo
3-3-1.

Considerando agora o potencial em Eq. (4.3) com o termo As(¢*@)?, substituido pela

aproximacao de um loop em Eq. (4.9) as equagdes de vinculo
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d Vs
dp;

com ¢; =1°, p° x°, @, para minimizacdo do potencial fornecem o conjunto de equacoes

|<pi.=(<p.~,) =0, (4.11)

(2/\le + /\41},2, + /\51}5 + ’\¢1If3)v77 + /\lovpvxfa =0,
(2/\211,2, + /\411,2, + /\svi + Appf2)vp + AroUnty fa = 0,
(2/\31}}2( + /\51),2] + /\6'0,2; + /\¢xf3)’l}x + /\lovnvpfa =0,

(A2 + Agpv2 + Mgy v2) fa + A1ovn,vy = 0. (4.12)

A informacéo inicial que temos para essas equacoes é a do valor nao nulo para a escala f,,
pois ela foi gerada dinamicamente através do mecanismo de Coleman-Weinberg. Ao questionar-
mos, se a condensacao do singleto ¢ gerada dinamicamente pode induzir & quebra espontanea
de simetria, em baixas energias, estamos questionando se as equagoes de vinculo acima sdo
consistentes para os valores esperados no vacuo vy, v,, v, nao nulos.

Existem somente duas solucdes para as Eqs. (4.12): a primeira é a trivial com v, = v, =
vy = 0 e excluida fenomenologicamente; a segunda solugdo, porém, nos mostra que vy, v,, vy
devem ser todos necessariamente nao nulos. Isso pode ser visto, considerando, por exemplo,
vy # 0 e checando que sé existem solugdes para v, e v, também ndo nulos. Dessa forma, a
quebra espontanea da simetria SU(3),®U(1)x deve ocorrer sem nenhuma arbitrariedade na
escolha das escalas v, e v, intermedidrias, que eram postas uma ou ambas diferentes de zero
para quebrar o subgrupo SU(2),®U(1)y para o fator eletromagnético U(1),,,. Isso é diferente
do caso onde se tém os pardmetros iniciais com dimensio de massa quadrado 43, u3, u3, e
com o VEV (x°) = 1/v/2v,, sem nenhuma conexdo com a quebra do subgrupo SU(2),®U(1)y.
Estando entdo v, na escala dos TeV, o mecanismo apresentado aqui mostra que a quebra da
simetria SU(2),®U(1)y é uma questio nio negocisvel. E nesse sentido que dizemos que a
quebra dessa simetria estd sendo induzida. Essa é a observagao mais importante desse capitulo.

As equagoes de vinculo em Egs. (4.12) permitem determinar as constantes de acoplamento

das interagGes com o campo ¢ em favor das demais constantes de acoplamento e valores espe-
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(o

rados no vacuo,

—/\1’1),74 + /\21),,4 + /\3'Ux4 + /\6'0,27”)(2
’\4777 = ’l)2f2 (413)
n/a
Mvnt = Av,t + Ayt + Asv2v, 2
Agp = < 4.14
op ,vgfz ( )
B Mvp? 4 Aovpt — gyt + AgoZo,? (4.15)
> v2f2 R
V2( A2 4+ Mv2) + v2(A2v2 + Av2) + v2(A32 + Asv?)
)\10 = — f P . (416)
a Un Up Ux

Isso mostra que as interagdes do singleto com os tripletos é suprimida por fatores de (v,/f,) €
(v2/£2).

Para nos certificarmos de que o potencial com os vinculos em Egs. (4.12) atinge o ponto de
minimo fora da origem, devemos verificar que o potencial tem concavidade positiva, ou seja,
que se tenha pelo menos um conjunto de pardmetros J;,, i = 1...9, tal que todos os autovalores
das matrizes de massa dos escalares carregados da parte real e imaginaria dos escalares neutros
sejam positivos. Em uma andlise numérica preliminar, encontramos que é possivel ter um
conjunto de parAmetros que cumpram o papel.

Como a matriz de massa da parte imagindria dos escalares neutros é simples, vale a pena
notar que diferente do que vimos no Capitulo 3 em Eq. (3.25) agora o pseudoescalar A° ndo
tem mais nenhuma contribui¢do dominante da escala f,. Sua massa passa a ser dada por

1 /1 1 1 1
M yo® = > (_2 St ot F) (V2 (M2 + Agv2) + 2 (Aol + Asvl) + v2(Asv2 + As0])).
n ] X a
(4.17)

Os autovetores continuam sendo os mesmos da Eq. (3.24). Assim, diferente do caso anterior
onde n3o tinhamos a invaridncia de escala em nivel de arvore, esse escalar passa a poder ser
produzido em energias na escala dos TeV supondo que v, também esteja nessa escala de energia.

A anélise para o modelo com neutrinos direitos é similar; porém, dado fato que 14 temos cinco

componentes neutras nos tripletos escalares, s6 é possivel mostrar que a simetria SU(2),®U(1)y
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é necessariamente quebrada, se apenas uma componente neutra em cada tripleto é permitida
ganhar um VEV.

Finalizando esse capitulo, ressaltamos na conclusao que a condensacao gerada dinamica-
mente para o singleto ¢ pode vincular a rota de quebra de simetria na escala eletrofraca indu-
zindo necessariamente & quebra da simetria SU(2),®U(1)y, uma vez que o campo x° deve con-
densar. Isso foi feito, considerando a invaridncia de escala que reduziu o nimero de parimetros
no Modelo 3-3-1. O resultado é resumido no fato que agora a simetria SU(3),®U(1)x do setor
eletrofraco é quebrada sem a liberdade de escolha dos valores esperados que quebram subgrupo
do Modelo Padrao, e assim é reduzida a arbitrariedade na rota de quebra de simetria.

Podemos evidenciar melhor o resultado, lembrando que a introducao do singleto do dxion
tem como conseqiiéncia aumentar em mais quatro, o nimero de parimetros desconhecidos
do modelo, um pardmetro de massa quadratica s e mais trés constantes de acoplamento no
potencial, Agp, Agp € Agy- A invaridncia de escala, por sua vez, elimina quatro parametros
de massa, de modo que o modelo com o singleto escalar continua tendo 0 mesmo nimero de
parametros que o modelo original, isto é, sem o singleto escalar. Assim, ndo hd nenhum custo
de indeterminacao com a introducdo do singleto e, além disso, ha a vantagem de se restringir

a quebra da simetria eletrofraca.
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Capitulo 5

O problema do limite perturbativo na

escala dos TeV

Vimos, no Capitulo 2, que no Modelo 3-3-1 as constantes de acoplamento de SU(3),®U(1)x
relacionam-se com o parametro sw? do setor eletrofraco, de tal forma que ax pode ter um va-
lor que invalida o tratamento perturbativo, j4 em uma escala muito préxima daquela em que
todas as simetrias do modelo tornam-se evidentes. Neste Capitulo, analisaremos em mais de-
talhes esse problema estudando como o limite perturbativo é afetado com a escala de energia
do modelo. Mostraremos quais sdo os campos leves de SU(2),®U(1)y e como eles contribuem
para a evolugao das constantes de acoplamento na escala do Modelo Padrao. As versées super-
simétricas dos modelos serdao também analisadas. Finalizando, uma solugao para o problema
do limite perturbativo serd proposta por nds. A andlise serd feita sem levar em conta a in-

troducao do singleto do axion; porém, os resultados também sido vilidos quando este campo

esta presente.

5.1 O problema do limite perturbativo

Os Modelos 3-3-1, que tém b = /3 na definicdo da carga elétrica em Eq. (2.1), ao vincularem
o valor do pardmetro sw? do setor eletrofraco trazem, também, & tona um problema que poderia

deixd-los sem a possibilidade do tratamento perturbativo ji nas escalas de energia da ordem dos
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TeV. As constantes de acoplamento oy, e ax dessas versoes do modelo relacionam-se, de acordo
com a Eq. (2.44) no Capitulo 2, de forma a estabelecer que sw? < 0.25. As experiéncias diretas
nas energias acessiveis confirmam isso, para o valor de sw2. Porém, a dinimica das teorias de
campo resulta na evolugao das constantes de acoplamento & medida em que as escalas de energia

sao variadas. Assim, sendo p a escala de energia escrevemos a Eq. (2.44) mais apropriadamente

como
ax(p) _ swi(w) (5.1)

ar(p)  1—4sw(p)’
Essa relagdo é valida para escalas de energia p > pus33;. Sendo pss; a escala acima da qual as

simetrias além do Modelo Padrao tornam-se evidentes dentro do referencial teérico do Modelo
3-3-1. A Eq. (5.1) indica que o tratamento perturbativo serd restrito a energias nio muito altas.
Isso porque a constante de acoplamento ax é devida a um fator abeliano, U(1)x, e a constante
de acoplamento o apresentar a caracteristica de liberdade assintética com o contetdido minimo
de representagio para os modelos (veja as Egs. (5.2) e (5.3) a seguir). Somando-se, também, o
fato que as medidas precisas do dngulo eletrofraco no pélo de producao da particula Z forne-
cerem o resultado sw?(M,) = 0.2311. E desde que para energias p < pa3;, levando em conta,
apenas os graus de liberdade do Modelo Padrao, sw?(u) cresce com a energia, como mostram
as equagbes de grupo de renormalizacdo que discutiremos logo abaixo, o problema parece se
agravar. Evoluindo o valor de sw?(M,) com os campos leves da teoria efetiva SU(2),®U(1)y de
baixa energia até a escala u33;, onde os novos campos nas representagoes completas do Modelo
3-3-1 comegariam a ser excitados, temos através da Eq. (5.1) o valor inicial ax (33 ). Esse
valor estard, para valores da escala p33; nao muito altos, proximo da unidade e a teoria de
perturbagdes ndo serd mais aplicdvel. Para o valor sw?(u) = 0.25, temos o conhecido pélo de
Landau em ax(u) onde um valor infinito para a constante de acoplamento é alcangado para
um valor finito da escala de energia p [95].

A possivel existéncia de um pélo do tipo de Landau ndo é inesperada porque essa é uma
caracteristica comum 3 maioria das teorias que nio apresentam liberdade assintética. A novi-
dade aqui é que, em alguns dos modelos, esse pélo pode ser alcangado em energias de poucos
TeV. O que implicard no fato de que o cut-off A, , ., na teoria ndo pode ser eliminado fazendo

Acutoff
poderia ser do tipo trivial, significando que as constantes de acoplamento se anulam no limite

— 00, como esperamos em uma teoria renormalizdvel. Nesse limite, talvez, a teoria

do cut-off tendendo ao infinito, colocando diividas sobre a consisténcia da referida teoria des-
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crevendo campos em interacdo. Esse supostamente seria o caso da eletrodindmica quéntica,
QED, pura, que seria uma representante das teorias de gauge com o problema do pélo de Lan-
dau, onde os cédlculos nao perturbativos na rede estariam levando a uma conclusao em diregao
3 trivialidade. Do ponto de vista fenomenoldgico, esse problema ndo é nada alarmante, pois
sabemos que a QED tem de ser embebida em uma teoria eletrofraca ji nas energias de poucos
GeV, e também porque as corre¢des dos setores eletrofraco e forte devem ser levados em conta
no calculo de observaveis fisicos, mesmo aqueles que sdo de origem puramente eletromagnética
como o fator (g—2),. Existem, na literatura, resultados sugerindo também que a QED poderia
escapar do problema do p6lo de Landau [96, 97].

De qualquer forma, seja a teoria apresentando o pélo de Landau seja, entdo, cdlculos nao
perturbativos na rede sugerindo trivialidade, as equagdes do grupo de renormalizagdo podem
nos dar, no minimo, um guia qualitativo em relacao ao comportamento assintético onde as
constantes de acoplamento nas escalas de energia de interesse comegam a ficar grandes demais
para permitir o uso da teoria de perturbac@o usual. As equagdes de grupo de renormalizagao
fornecem uma visdo para os possiveis tipos de comportamento das teorias de campo [98].

Nio obstante, devemos reforgar que tanto a QED como o Modelo Padrao sio teorias efetivas
e, portanto, ndo fundamentais. Da discussdo apresentada no Capitulo 1 significa que operadores
efetivos com dimensdo d > 4 devem ser considerados, por exemplo, para obter um limite
continuo realisticos nos cdlculos da rede [98]. Isso seria de fato uma tarefa bastante dificil, se
nao impossivel, de se realizar; visto que ha uma infinidade de operadores desse tipo permitidos
por todas as simetrias da teoria. Assim, usar as versoes puras desses modelos para tentar dizer
algo sobre trivialidade é ainda inconclusivo e as equagoes de grupo de renormalizagdo podem
de fato dar uma perspectiva sobre a questdo perturbativa nos Modelos 3-3-1.

Ha alguns anos atras, utilizando-se a teoria de perturbagoes, foi calculada a energia em que
sw? = 0.25 [100, 101, 102]. Considerando apenas os graus de liberdade dos estados do Modelo
Padrao, encontrou-se que essa condicao é alcangada para valores de energia entre 3-4 TeV. Esse
valor seria um limite superior para escala de energia em que um pélo do tipo de Landau ocorre.

O nosso objetivo no que segue sera estudar a evolucdo de sw? nos Modelos 3-3-1; porém,
desde que, como nés verificamos para o conteido minimo de representagao dos modelos, a cons-
tante de acoplamento o, nao varia de forma significativa nas escalas em que estaremos interessa-

dos, analisaremos a evolugao de ax; 0 que é, nesse caso, totalmente equivalente. Confirmamos os
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resultados anteriores da literatura e consideramos adicionalmente o cenario mais geral, quando
a escala da quebra de simetria SU(3)z, uss1, estd dentro do regime perturbativo, analisando
também uma situagdo em que os quarks exéticos teriam massas acima do regime perturbativo.
Sera determinada a escala M’ na qual ax > 1, o que realmente indica o limite perturbativo dos
modelos, desde que acima dessa escala as equagdes de grupo de renormalizagdo deixam de fazer

sentido. Utilizaremos aproximacao em nivel de 1-loop, mas o caso em 2-loop serd brevemente

comentado.

5.2 As equacoes do grupo de renormalizacdo e o limite

perturbativo

As equagoes de grupo de renormalizacao, ditando a evolugao das constantes de acoplamento

de gauge em nivel de 1-loop, sao dadas por

1 1 1 MO
a(n)  ai(Mo) tor b In (7) ’ (5.2)

com ¢ =1,2,3 e a3, oz, o sendo as constantes de acoplamento dos grupos SU(3)¢, SU(2). e

U(1)y respectivamente, para quando tratamos das escalas de energia u < 331, onde, nesse caso,
a escala inicial serd My = Mz. Denotaremos a;m, oy e ax como as constantes de acoplamento
dos grupos SU(3)¢, SU(3). e U(1)x respectivamente, com os indices ¢ = 3, L, X para quando
tratamos das escalas de energia u > uss; e, nesse caso, o valor inicial serd My = pz3;. Em um
grupo genérico de gauge, os coeficientes b; sdo dados por

h=2 3 TaF+: Y Ta(S)i- = G(G) (5.3)

3 fermions 3 comatares 3

para férmions de Weyl e escalares complexos, com os geradores T, satisfazendo Tr[T%(I)T%(I)] =
Tr(I)6% onde I = F, S. Para SU(N), Tr(I) = 1/2 na representagao fundamental e C,(G) = N.
C2(G) = 0 para U(1). Esses nimeros podem ser calculados para outras diferentes repre-
sentacdes com a ajuda da identidade Tr(I)(N? — 1) = Cor(I)dg(I), onde Cog(I) é o operador
quadratico de Casimir e dp(I) é a dimensdo da representagdo [103, 104]. Para U(1), usamos

S Tri(F,S) =3 y? onde y = Y/2 para o grupo do Modelo Padrdo e y = X para os Modelos
3-3-1.
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Abaixo da escala p33;, devemos considerar os campos leves nas representagoes de SU(2),®-
U(1)y, ou seja, iremos considerar ai os campos do Modelo Padrao mais alguns dubletos e
tripletos escalares advindos do Modelo 3-3-1 que podem ser considerados leves, isto é, com
massas menores do que u33;. Daqui em diante, para ficar claro de quais representagoes esta-
remos falando, reservaremos o prefixo iso para quando estivermos falando das representagdes
de SU(2),®U(1)y. De outra forma, isto é, sem prefixo iso, fica subentendido que estaremos
falando das representagées no Modelo 3-3-1. Assim, nas escalas abaixo de uss;, temos trés
geragoes de férmions, isto é NV, = 3. E sendo Npgs, o nimero de isodubletos escalares; NpF,
o numero de novos isodubletos fermidnicos exéticos; Nrs o nimero de isotripletos escalares e

Nrr o niimero de novos isotripletos fermidnicos exdticos, com Y, sendo a respectiva hypercarga,

entdo da férmula na Eq. (5.3) temos

]. 2 szs 1 2 YTQS

bl = 5 YDFNF + TNDS + 20 + 5 YTFNTF + TNTS ’ (5'4)
1 1

by = 3 (NDF + §NDS +4Nrp + 2Nrs — 10) . (5.5)
4

b3 = §Ng - ].1 = —7- (5.6)

Ao lidar com férmions em representagoes do tipo vetorial, devemos multiplicar Npr e Nrgp
por 2, desde que cada componente que forma a representacao é, nesse caso, um férmion de

quatro componentes. E ainda, nesse regime de energia, da defini¢do de sw?(u) em funcdo das

constantes de acoplamento

1
sw’(u) = —aw M < Ua31. (5.7)

1+ 5w

Com essa equag@o para o dngulo de mistura eletrofraco e os coeficientes nas Egs. (5.4) e (5.5),
obtemos o valor de sw?(u33;), usando as equagoes para os a{,% dados pelas Egs. (5.3), que serad
usado para determinar o valor de partida de ax(us3s;) e consequentemente sua evolugao para
energias acima de p33;.

Observe que para um contetido de SU(2), apresentando liberdade assintética, isto é, ap — 0
quando u — 00, sin? 4, cresce com a energia. Acima da escala p33;, 0s campos sdo considerados
como formando representagoes de SU(3),®U(1)x.

Identificaremos o VEV do campo que quebra a simetria SU(3),®U(1)x com a escala uas;,

ou seja, v, /v2 = paa;. Os bésons de gauge V¥, UT* e Z' estdo; portanto, de acordo com as
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Egs (2.36), (2.37) e (2.39) fora do espectro de baixa energia. Pode-se observar que os léptons
exoOticos E, e quarks exdéticos j,, e J estdo também fora do espectro de baixa energia; e os
unicos campos que poderiam fazer parte junto do espectro do Modelo Padrao resultariam dos
tripletos escalares em Eq. (2.15) e do potencial em Eq. (2.18). Olhando, entdo, para o espectro

de massa dos escalares, temos, para a parte real neutra, a seguinte matriz de massa na base

(R1°, Rp°®, RX°)

2002 — —P——’Lg\”/i’;n AaUyv, + g—”\/% AsUpy + 2"—\’}—"5
M = 2902 — %’%ﬁ A6U,Uy + g—\”/-”:; . (5.8)

2 _ foqvp
2A3UX 2\/§‘UX

Essa matriz tem os trés autovalores diferentes de zero, correspondendo & massa dos trés campos

escalares reais neutros.
Desde que o paridmetro f com dimensdao de massa é caracteristico dos Modelos 3-3-1, é

razoavel supor que ele tenha valor préximo da escala p33;. Com isso, analisando espectro de
massa proveniente dessa matriz pode-se observar que dois dos autovalores nao tém dependéncia

forte com v, e f e, portanto, tém valores abaixo da escala p33;.
Na parte imaginéria dos escalares neutros, temos dois bésons de Goldstone que sao absor-

vidos pelos bésons de gauge Z e Z', originando os seus graus de liberdades longitudinais. Um

pseudoescalar permanece com a massa dada por

1 1 1
a2 = _fovet (101 1 _
A 2\/5 'U127+’l)2+'U)2( ’ (59)

P
e estaria, a principio, também acima de p33;. Note que isso implica em que o pardmetro f com
dimensdo de massa acoplando os trés tripletos escalares no potencial escalar em Eq. (2.18) é

tal que f < 0.
No setor carregado, permaneceria no espectro um escalar duplamente carregado que é uma

combinacao linear de p** e x** com a massa,

Ag fovo, (11
M2 — 2 2 _ nvprx _1
++ 2 (UP + UX) 2\/‘2_ (vg + U%) ’ (5 0)

e dois escalares carregando uma unidade de carga cada um. Um deles, sendo uma combina¢ao

linear de 7] e p* e cuja massa é

A7 fouu, (11
M2, = Z(y2 y_Imm7hix [ 4 ) 11
+1 2 (vﬂ +Up) 2\/§ (,Ug + Uﬁ) (5 )
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E o outro, sendo uma combinagio linear de 75 e x* com a massa

A8 fopv,v 1 1
M= 2ol - Lo (v—g 4 E) . (5.12)

Assim, temos, possivelmente, apenas dois escalares que farao parte do espectro de baixa
energia. Dessa forma, nas escalas p < pss), estaremos considerando apenas dois dubletos
escalares, ou seja, levaremos em conta mais um dubleto escalar além daquele usual do Modelo
Padrio; contudo, é possivel mostrar que, através de um ajuste dos pardmetros, é possivel
fazer com que quase todos os escalares fisicos tenham massa menor do que 500 GeV [53,
54]. Nao analisaremos essa possibilidade e os seus efeitos para as evolucdes segundo grupo
de renormalizagdo. De qualquer maneira, qualitativamente, os escalares nao afetam muito a
evolucdo das constantes de acoplamento, pois sao os férmions que ddo a maior contribuigao.

Os multipletos leves de SU(2),®U(1)y serdo no setor de férmions, os dubletos usuais
(Va, o) ~ (1,2,-1) and (uq, do)r ~ (3,2,1/3); os singletos l,g ~ (1,1,—2) (neutrinos
de mao direita, bem como singletos neutros, sdo omitidos, pois eles nido afetam a evolugio das
constantes de acoplamento); e uar ~ (3,1,4/3), dor ~ (3,1, -2/3). No setor escalar, temos
dois dubletos (7% 7;) ~ (1,2,-1) e (p*, p°) ~ (1,2,+1). Lembramos que os nimeros entre
parénteses significam a propriedade de transformacgo desses multipletos sob SU(3)¢, SU(2). e
U(1)y respectivamente, ou sob SU(3)¢, SU(3). € U(1)x quando este for o caso.

Eles formam, portanto, os graus de liberdade ativos em energias £ < ps3;. A contagem
para as Eqgs. (5.4) e (5.5) (observe que os férmions usuais ja foram contados nas equagoes para
que esses conscientes) d& Npg = 2, Npr = Nyp = Nrs = 0, o que fornece o seguinte conjunto
de coeficientes:

(b1, b2,b3) = (7, -3, =7). (5.13)

Evoluindo as Egs. (5.2) e (5.7) a partir da escala Mz com esse conjunto de coeficientes,
obtemos que a evolucio de sw?(u) tem a forma dada na primeira curva da Fig. 5.1, onde
para uso futuro, mostramos nao s6 a mesma evolugao, quando o sexteto escalar é adicionado,
mas também para as respectivas versdes supersimétricas. Em particular, o valor sw? = 0.25 é
atingido em p = 4.10 TeV, o que estd em acordo com as Refs [100, 101, 102). Esse seria um
limite de escala acima da qual o modelo ndo pode mais ser tratado de forma perturbativa.

A seguir, vamos considerar o caso das energias £ > p33;, mostrando nossa preocupacio com

a evolugao da constante de acoplamento do fator abeliano U(1)x. De acordo com a Eq. (5.2)
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Figura 5.1: Evolucdo do angulo de mistura eletrofraco para os Modelos 3-3-1 para energias
u < pzz. O subindice A significa o modelo com apenas trés tripletos escalares; e B, o modelo

com os trés tripletos mais o sexteto escalar; (s) significa a respectiva versdo supersimétrica.

a evolugao serd

1 1 1 U331
= —+ —bx In (—)
CYX(M) ax (#331) 27 X K

1 3 1 331
= - + —bx In (—) 1> H331. 5.14
ay(uss)  o2(pss) 2w X 7 H = Hast (5.14)

Na iltima linha da equagdo acima, ax(uss;) foi determinado usando as Egs. (5.1) e (5.7)
junto ao fato que ao(u33;1) = ar(uss1), pois como dissemos, o grupo SU(2), estd totalmente
embebido em SU(3); bx é calculado considerando os campos na representacio completa do
grupo de simetria do Modelo 3-3-1. Deixando por generalidade, o ntimero de tripletos do tipo
p, N,, e do tipo X, N, arbitrario, esse coeficiente tem os valores abaixo quando contamos com

todos os campos do modelo, e quando omitimos os quarks exéticos, sendo este iltimo caso

marcado pelo subindice J em bx.

bx =24+ N, + N,, (5.15)
bxy =10+ N, + N,. (5.16)

No modelo minimo que estamos tratando aqui, N, = N, = 1, ou seja, by = 26 e by, = 12.
Observe que os quarks exdticos tém uma contribuicdo dominante. De fato, o quadrado da carga

X das componentes de mao direita desses campos é muito maior que o de qualquer férmion

usual.
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p331 | Gx (psa1) M A Mz (p331)
2.0 0.55 2.4(3.0) | 3.1(5.2) 5.2
1.5 0.39 2.2(3.4) | 2.8(5.7) 3.3
1.0 0.28 1.9(3.9) | 2.4(6.5) 1.9
0.75 0.23 1.7(4.2) | 2.1(7.1) 1.3

| 0.5 0.19 1.4(4.8) | 1.8 (8.2) 0.8

Tabela 5.1: Valores de M’ e A para o modelo. Os nimeros entre parénteses sao os valores
para os quarks exéticos quando porém omitidos na equagdo de evolucao. Na ultima coluna,

mostra-se uma estimativa para a massa de Z’. Todas as massas sao dadas em TeV.

Da Eq. (5.1) temos que ax(x) — oo quando a escala de energia p se aproxima de um valor
finito A, o que é concomitante de sw? (p) crescer com a escala e passar pelo valor 0.25 em um
valor finito de p. Na prética, estudaremos, usando a Eq. (5.14), qual é a energia p = M’ em

que ax(M’) =1, isto é, a escala a partir da qual ax deixa de ser perturbativa. Invertendo a

Eq. (5.14) temos entdo

M = p, [_M_Z] e e,f—; [a—(-;,—z)(l—4sw2(Mz))—1]. (5.17)
Bz
a(M,) = 1/128 é a constante de estrutura fina no pélo do Z, com Mz = 91.2 GeV. A escala
M' deve ser da mesma ordem de A que caracteriza o pélo do tipo de Landau definido como o
valor de p em Eq. (5.14) quando #(”) =0.

Os resultados sao mostrados na Tabela 5.1 para os diferentes valores da escala u33;: 2.0, 1.5,
1.0, 0.75 e 0.5 TeV. E também apresentado o limite inferior para a massa do béson de gauge
Z', que é dado por

M, R2]|a,(u )I—LM_% (5.18)
z! 2 331 1 . 4SW2('U,331) lu'331' *

No modelo em que as terceiras componentes dos tripletos de léptons sao ocupadas pelo

poésitron e seus primos, um sexteto escalar na forma abaixo deve ser adicionado.

o hy k3
S=| h Hf~ o8 ~ (1, 6,0), | (5.19)

+ 0 ++
hy o3  Hj
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K331 | Gx (331) M A Mz (p331)
20 | 040 | 3.0(6.3) | 40(13.9) | 45
15| 032 | 27(80) | 3817.7) | 3.0
10 | 024 |24(11.3)] 3.2(248) | 17
075 | 021 |22(14.4)] 29(315) | 1.2
0.5 | 017 |1.9(20.1) |25 442)| 07

Tabela 5.2: O mesmo que a Tabela I mas para o modelo com o sexteto.

Nesse caso, por argumentos parecidos ao que usamos acima, para energias E < us3;, conside-
ramos no setor escalar, trés dubletos, (n°,77) ~ (1,2, -1), (o+,0°), (hF,09) ~ (1,2,+1); e um
tripleto ndo hermitiano (H; ~,hy,0?) ~ (1,3,~2). O que fornece para as Eqs. (5.4) e (5.5)

Nps =3, Nyrs =1 e Npr = Nprp = 0, dando o seguinte conjunto de coeficientes:

(bl, b2, b3) = (49/6, —13/6, —7) (520)

Novamente evoluindo a Eq. (5.20), obtemos que o valor sw? = 0.25 é atingido em pu = 5.7

TeV como pode ser visto na Fig. 5.1.
Para energias E > p33;, temos nesse caso que by = 22 e bxy = 8. Os resultados so

mostrados na Tabela 5.2.
Na Tabela 5.1, observa-se que os valores de M’ e A decrescem, conforme diminuimos o valor

de p33;; porém, eles crescem, se nds omitimos os quarks exéticos na equagdo de evolugio. Os
valores maximos de 4.8 TeV e 8.2 TeV sido alcancados para M’ e A respectivamente, ocor-
rem para o valor minimo u33; = 500 GeV que utilizamos, quando desconsideramos os quarks
exoéticos.

Para o modelo com o sexteto escalar, vemos da Tabela 5.2 que os valores maximos sao 20.1
TeV e 44.2 TeV para M’ e A respectivamente, também ocorrem para o valor minimo pu3s; = 500
GeV que utilizamos, e igualmente quando desconsideramos os quarks exdticos.

Os valores na Tabela 5.1 para A sdo menores do que aqueles obtidos na primeira curva da
Fig. 5.1 e nas Refs. [100, 101, 102]. Isso acontece porque os graus de liberdade do Modelo
3-3-1 sdo levados em conta para energias acima de us3;. Vemos que os valores de M’ e A
crescem com o aumento de u33;; porém, a medida que p33; vai crescendo a diferenca entre essas

duas escalas fica cada vez menor até se tornarem iguais. Notamos, contudo, que quando os
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quarks exéticos sao omitidos da andlise, o limite superior perturbativo tem um comportamento
diferente e é aumentado significativamente. Isso acontece porque, como dissemos anteriormente,
as componentes direitas dos quarks exéticos carregam os maiores valores das cargas U(1)x
fazendo ax evoluir mais rapidamente para um valor ndo perturbativo, quando comparado com
o caso onde apenas as particulas do Modelo Padrao sdo levadas em conta. Quando os quarks
ex6ticos sdo desconsiderados, a evolugdo de ax é bem mais lenta. Calculando o valor do pélo
de Landau A (usando apenas os graus de liberdade ativos abaixo de us3;) com a condigao
sw2(A) = 0.25 na Eq. (5.7), obtemos os valores onde as curvas cruzam a linha horizontal na
Fig. 5.1. Assim, como o valor de ps3;, deve estar abaixo dessas energias estudamos como o

limite perturbativo é modificado quando 0.5 < 33 < 2 TeV.

5.3 O caso supersimétrico e a aproximacao de 2-loop

Nessa se¢ao, comentaremos brevemente as andlises para as versoes supersimétricas dos mo-
delos. Para outros aspectos fenomenolégicos sobre as construgdes supersimétricas dos modelos
aqui tratados veja Refs. [105].

A construcdo das versoes supersimétricas baseia-se na introdugdo de campos chamados
parceiros supersimétricos dos campos usuais no modelo, com estatistica oposta & deles. Na
construgao, para cada multipleto de férmion deve existir um multipleto escalar correspondente
e vice-versa. Os parceiros supersimétricos dos campos de gauge sao férmions na representagao
adjunta, considerando a menor representaééo para supersimetria. Assim, temos que, por exem-
plo, para cada termo em Tg;(F) nas Egs. (5.3) haverd um novo termo correspondendo ao
parceiro supersimétrico.

Desde que cada multipleto de férmion chiral tem duas vezes mais graus de liberdade do
que o mesmo multipleto escalar (veja o fator de proporcionalidade entre Tg;(F') e Tk;(S) nas
Egs. (5.3)), e os novos férmions na representacio adjunta somam-se ao iltimo termo das Egs.
(5.3) de acordo com o termo +2/3C5;i(G), os coeficientes b;, no caso supersimétrico tém a forma

abaixo
b = Z Tri(F) + Z Tri(S) — 3C2u(G) (5.21)

fermions escalares

com a contribui¢ido dos parceiros supersimétricos ja implicitamente incluida.
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pas | Gx(pas) | M A Mz (p331)
20 | 047 |23(26) | 2.6(3.3) | 49
15| 035 |1.9(23)] 21(29) | 3.1
10 | 026 |14(19) | 1624 | 18
1.2(
0.9(

0.75 | 0.22 1.7) | 1.3(2.1) 1.2
0.50 | 0.18 1.4) | 1.0 (1.8) | 0.75

Tabela 5.3: O mesmo que a Tabela I mas para o caso supersimétrico.

Supomos que a escala de quebra de supersimetria, chamada de psysy, é a mesma, ou esta
bem préxima, da escala de quebra de SU(3).®U(1)x, ou seja, psysy = uss1. De modo que
as particulas parceiras supersimétricas comecam a ser produzidas e, portanto, atuar de forma

efetiva nas equagdes de grupo de renormaliza¢ao na mesma escala das novas particulas previstas

pelo Modelo 3-3-1.

Além disso, deve-se considerar que, para cancelar as anomalias chirais, o nimero de mul-
tipletos escalares deve ser duplicado. O tnico efeito da supersimetria para energias abaixo de

1331 sera a duplicacao dos multipletos escalares.

Os graus de liberdade ativos em energias E' < u33; no caso supersimétrico, dao na contagem
para as Egs. (5.4) e (5.5) Nps =4, Npr = Nrr = Nrg = 0 fornecendo o seguinte conjunto de
coeficientes:

(b1, b2, b3) = (22/3,—-8/3, 7). (5.22)
Vemos na Fig. 5.1 que sw?(A) = 0.25 quando A = 4.8 TeV.
Para escalas acima de p33,, diferente do que fizemos anteriormente, apresentamos o conjunto

completo de coeficientes (veja a discussdo abaixo):

(bx, br, b3)BUSY) = (48,0, 0), (5.23)

(bx, br, ba)y ) = (27,0, -3). (5.24)

Os valores em que o modelo deixa de ser perturbativo e as escalas sao dados na Tabela 5.3.
Para o modelo em que a terceira componente do tripleto de léptons é ocupada pelo pésitron e

possui o sexteto escalar, temos para escalas abaixo de p33; Nps =6, Nrs =2e Npp = Npp =0
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M331 | Gx(p331) M A Mz (p331)
20 | 034 |27(35)|3.1(48)| 41
15| 028 |22(32) (2544 28
10| 022 |17(28)]1938)| 17
075 | 019 |14(25)|16(34)| 11
05 | 017 |1022) |1.230)| 07

Tabela 5.4: O mesmo que a Tabela I, mas para o modelo supersimétrico com o sexteto escalar.

fornecendo o seguinte conjunto de coeficientes:
(b1, b2, b3) = (22/3,—8/3, =7). (5.25)

Vemos na Fig. 5.1 que sw?(A) = 0.25 quando A = 7.8 TeV.

Nas escalas acima de uas), 0s coeficientes serdo
(bx, by, b3)SUSY) = (42,5,0), (5.26)
(bx, b, bs)y ) = (27,0, -3). (5.27)
E os valores em que o modelo deixa de ser perturbativo e as escalas sao dados na Tabela 5.4.
E interessante observar que, na versio supersimétrica, temos que para escalas de energia
acima de pg33), as constantes de acoplamento de SU(3), e SU(3)¢ nédo apresentam dependéncia
com energia na aproximagcio de 1-loop, pois os respectivos coeficientes em Eq. (5.23) sdo nulos,
isto é, by = b3 = 0. E assim,
ar(p > p3s) = constante, (5.28)

as(p > pss1) = constante. (5.29)

O mesmo ocorre para a constante de acoplamento a3 no modelo com o pésitron na terceira
componente no tripleto de léptons como é visto em Eq. (5.26). Surge, entdo, a questdo se
isso é s6 um artefato da aproximacao de 1-loop e se a caracteristica de liberdade assintética
para o setor da QCD pode ser resgatado na aproximacao seguinte. Para responder isso, vamos
considerar a evolucao das constantes de acoplamento na aproximacao de 2-loop, que é ditada
pelo conjunto de equagoes acopladas

daj(p) 1 1 o
M e .y {11)2
7 P o [bz + y j§=1: bzyaz(ﬂ)J oy (p)*, (5.30)
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. v

onde desprezamos os acoplamentos de Yukawa, desde que, em qualquer caso, a contribui¢ao

dominante deles é positiva. A matriz dos coeficientes b;; é calculada pela expressao geral dada

em Ref. [103], que para nosso caso aqui é

B4 1 12(N,+ Ny) 32+16(N, +N,) 160
bij=1 442N, +N,) 14+(N,+N,) 48 (5.31)

62 24 48

onde temos N, = N, = 2, desde que estamos considerando as versdes supersimétricas. Vemos
que a liberdade assintética para o setor da QCD é mesmo perdida para altas energias segundo
esses modelos, pois as entradas da matriz b;; sdo todas positivas.

A perda da liberdade assintética pode ser considerada como uma previsio dessas versoes

supersimétricas dos modelos uma vez que esse resultado nao depende da escala pi33;.

5.4 Uma solucao com um conteiido minimo de matéria

adicional

Notamos nas sessoes anteriores que 6 problema do limite perturbativo nos Modelos 3-3-1
se deve ao fato de termos uma evolucio relativamente rapida para sw?(u) e ax(u). Sendo que
este tdltimo recebe uma contribuicdo dominante dos quarks exéticos em razio dos seus graus
de liberdade de cor vezes o alto valor do quadrado da carga X deles. Dessa forma, parte da
capacidade preditiva e computacional como, por exemplo, a producgio e decaimento da particula
Z' nessa classe de modelos com um contetido minimo de representagio fica comprometida, uma
vez que a massa Mz estid acima do limite perturbativo para a maior parte do intervalo de
energias que estardo no alcance dos experimentos num futuro préximo.

Nas Tabelas 5.1, 5.2, 5.3, 5.4 vimos que a teoria de perturbagao nao pode mais ser aplicada
para calcular processos ja na escala de poucos TeV. Por exemplo, vemos na Tabela 5.1 que se
pazn = 1 TeV, entdo para energias £ ~ 1.9 TeV, a, > 1 e M, X 1.9 TeV de modo que o
modelo perde o cardter perturbativo ainda abaixo da escala de massa do bésons de gauge Z’.
As componentes direitas dos quarks exéticos J e j,, tém valor alto da carga X e, assim, se

esses quarks forem desconsiderados, supondo que sejam muito mais pesados que qualquer outra
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particula do modelo, o limite perturbativo seria aumentado para 3.9 TeV. Por outro lado, ter os
quarks exéticos pesados significa que suas constantes de acoplamento de Yukawa sdo grandes,
o que traz de volta ao problema perturbativo, ou entio que o valor esperado (x°) =~ pg3; é
grande. Nesse ultimo caso, desde que esse valor esperado é responsavel por dar massa a todos
os novos férmions e novos bésons de gauge, quase todas as predigoes do modelo ficariam fora do
alcance experimental. Consequentemente, o interesse fenomenoldgico é obviamente reduzido.
Queremos manter a possibilidade de observagao desses quarks dentro do alcance experimental.

Para resolver esse problema, propoe-se um conteudo de matéria adicional, tornando o trata-
mento perturbativo aplicadvel em um intervalo maior nas escalas de energia dos TeV. Veremos
que as mais simples representacoes a serem acionadas as versées minimas sao quatro octetos:
trés deles de léptons vetoriais e um de campos escalares, predizendo-se entdo um comporta-
mento decrescente para sw2(u) num certo intervalo de energia.

Comecgaremos fazendo a observagdo de que se, na teoria efetiva SU(2),®U(1)y o conteiido
de matéria for tal que a constante de acoplamento do fator nao abeliano, a3, ndo apresentar a
caracteristica de liberdade assintética, entdo sw?(u) pode decrescer para pu —+ p33;. Isso pode

ser visto na Eq. (5.7) de onde deduz-se que a condigdo para que isso aconteca é que

d az(#))
— > 0, 5.32
du (al(#) (5.32)
resultando em
by > tan? 0w(Mz)b1 (533)

O que implica em b, > 0.3h;. Satisfazer essa condi¢do requer a introdugdo de representagdes
nao triviais de SU(2), que tenham hypercarga pequena, preferencialmente zero.

As Egs. (5.4) e (5.4) mostram que multipletos com hypercarga grande leva & direg¢do
contrria de satisfazer a condi¢do (5.33). Poderiamos pensar em ter novos isodubletos de
léptons vetoriais e/ou de escalares carregando hypercarga zero. Mas uma analise direta mostra
que seria necessario pelo menos 8 isodubletos de léptons vetoriais ou entao 32 de escalares cujos
componentes teriam carga elétrica 1/2 e -1/2.

A solu¢ao mais simples seria ter isotripletos exéticos, preferencialmente de férmions. Das

Egs. (5.4) e (5.4) conclui-se que seria necessario no minimo trés isotripletos de léptons vetoriais
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com Y = 0. Eles teriam a seguinte forma

o L0 ¢t
T=[ v2 Lo |~ @30 (5.34)
t~ _ﬁt
Compatibilidade com o verificado comportamento de liberdade assintética da QCD nas energias
até agora acessiveis sugerem que esses multipletos sejam singletos de cor. Esses tripletos se
acoplam com a matéria usual como veremos adiante. Eles podem ter conseqiiéncias interessantes
como, por exemplo, na geracdo de massa para os neutrinos, mecanismo see-saw, sem apresentar
problemas cosmolégicos se eles pertencerem a escala eletrofraca, de acordo com o estudo desses
aspectos fenomenolégicos na Ref. [106).
Consisténcia com o decaimento da particula Z° implica que a massa dos componentes desses

tripletos deve ser maior do que Mzo/2.
A decomposicdo das duas representagoes de menor dimensdo apés as fundamentais de

SU(3);, com carga de U(1)x zero, sobre o grupo SU(2),®U(1)y tem a seguinte forma:

=3-—-2@21@147
8=3092_3P2301,,

onde os subindices referem-se ao valor da hypercarga, Y. Observe que o sexteto tem um
isotripleto com Y2 = 2 que poderia cumprir com o papel, porém ele tem, também, um isosingleto
com Y? = 16. Esse isosingleto poderia ser suposto pesado e fora do espectro em energias abaixo
de pa3;. Queremos evitar uma suposi¢gdo assim. Seriam necessarios trés sextetos de léptons
vetoriais, se as componentes com Y2 = 16 fossem pesadas, junto de um sexto escalar para
ajustar as massas. Ja o octeto possui a vantagem de ter um isosingleto e um isotripleto ambos
com hypercarga nula que, portanto, ndo contribuem para o coeficiente b,. Os dois isodubletos
com Y? = 9 podem desacoplar do espectro de baixa energia se um octeto de campos escalares
faz-se presente, e condensando na escala p33; como discutiremos abaixo. Por essa razao, vamos

considerar aqui léptons vetoriais exéticos em trés octetos uma vez que eles dao a solugao mais

simples. Eles tém a forma

%tﬂ + %Aﬂ t+ o7
Ee= ty —Jdste+ A 9 ~ (1,8,0) (5.35)
2 10
52— §:+ —%Aa
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coma=1,2,3.

Deve ser dito que essas representagées nio introduzem nenhuma anomalia nova uma vez
que sao do tipo vetorial.

Diferentemente das construgoes chirais usuais, a invariancia de gauge ndo pode proibir
termos iniciais de massa para campos nas representacoes acima, onde todas as componentes

espinoriais de um dado campo de matéria pertencem a um mesmo multipleto, ou seja, séo

permitidos termos de massa do tipo
Mg TiE, 5, (5.36)

na Langrangiana em sua fase simétrica.

Para satisfazer a condi¢do em Eq. (5.33), é necessirio entao que os léptons de Y2 = 9
contidos nos isodubletos § = (67,67 7)T e £ = (£7+,£7)T em Eq. (5.35) devem estar desaco-

plados das energias abaixo de pss;. Isso pode ser obtido com escalares em uma representagio

de octeto. Chamando essa representacao de ¥,

779°+ J5¢° ¢ o1
Y= (b_ —%(bo + "\}?SDO ()01_— ~ (1, 8’ O)’ (537)
©3 o3 —Z¢°

veremos como o desacoplamento ocorre analisando o espectro de massa para esses novos léptons.

As interacoes de Yukawa possiveis no setor de léptons sio agora

~Ly = Hup€ijk(Viar) Ve + Var (Gl aslorp + GEas EsrX)
= o — 1 — — — —
+ G VorZem + §Tl'[:.a (A,,,,:,,E + B Y=y + Mab‘:b)] + H.c., (538)

nos indices repetidos estd implicita uma soma. H,, é uma matriz antisimétrica pela estatistica
de Fermi, G,, GE, G%, matrizes gerais complexas e Ag, Bay, M, matrizes reais simétricas que
serdo consideradas como sendo diagonais por simplicidade.
Os isodubletos Y2 = 9 em =, desacoplam quando () = %((po)dz’ag( 1,1, -2), e as seguintes
relagoes sao satisfeitas
0
17
(Ao + Bab)i_)' + Moy ~ my,,,

V6

0
Mgy — 3Aab%—6')‘ 33,
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0
Mgy — 3Ba “076> = U331 (539)

Com myg,,, sendo uma escala de massa pertencendo & escala de energia de SU(2),QU(1)y.
A primeira relacao acima deixa os campos nos isotripletos 7. em =, com massas apropriadas
abaixo de u33;. As duas tltimas relagdes em Eq. (5.39) garantem que a massa dos componentes
dos isodubletos § e £ fiquem acima da escala do Modelo Padrao, pois {¢°) ~ u33;, uma vez que
() quebra o grupo da simetria eletrofraca SU(3) para o grupo SU(2)r. Os isosingletos A2 nos
octetos =, tém massa da ordem de myg >~ M,, —my,, que é da mesma ordem de p331, de acordo
com as Egs. (5.39). A condensagdo de ¢° em ¥ é severamente restringida pelo parimetro p,
relacionando as massas dos bésons de gauge W< e Z.

Um estudo mais completo poderia ser feito nos pardmetros da matriz de massa, mas essa
simples andlise acima é suficiente para mostrar que de fato os campos com hypercarga grande
podem ser pesados. Assim, somente os tripletos de 1éptons exéticos junto dos campos conhecidos
é que contribuiriam para as equacoes do grupo de renormalizacdo para energias E < pas;.

No tltimo estagio de quebra de simetria, quando o grupo do Modelo Padrao se reduz ao fator
eletromagnético, U(1)em, vemos que hd uma mistura entre os léptons conhecidos e os ex6ticos
devido ao termo de interacio G5, ¥, =7 na Eq. (5.38); no entanto, essa mistura poderia ser
eliminada por algum tipo de simetria discreta.

A seguir, veremos como o limite perturbativo é melhorado com essas novas representagoes.

5.4.1 O limite perturbativo com as novas representagoes

Com trés octetos leptonicos de SU(3)., Z,, (¢ = 1,2,3), como em (5.35) teremos entdo trés
isotripletos tipo (5.34) em energias E < pg3;, de modo que Nyp = 3 nas Egs. (5.4) e (5.5).
Desde que a contribuicao dos escalares é pequena frente aos férmions, podemos supor que os
campos em X, Eq. (5.37), contribuem com um isotripleto de Y2 = 0 e dois isodoubletos de

Y2 =9. E das Egs. (5.4) and (5.5) resulta que os coeficientes passam a ser
(b1, 82) = (10, 6). (5.40)
O que satisfaz a condigdo 5.33.
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A evolugio de sw?(u) tem entdo um comportamento decrescente conforme a energia é au-
mentada até escala p33; como mostramos na Figura 5.2 (novamente para referéncia futura nés

também mostramos as curvas no modelo com o sexteto escalar).

o2

0.21

E (TeV)

Figura 5.2: Evolucao do angulo de mistura eletrofraco para os modelos estendidos em energias
E< p,,,. Modelo A, m,4, com apenas trés tripletos escalares, e Modelo B, mpg, com um sexteto

escalar. (s) significa que os escalares com Y2 = 9 sdo desprezados. Os modelos m4(s) e mp

tém curvas curvas degeneradas.

Da Eq. (5.3) temos que para energias E > pss1, bx = 26.
Dessa forma, o limite perturbativo é bastante melhorado, tornando o modelo muito mais

vidvel com a adigdo das representagdes octeto, por exemplo, na Eq. (5.17) se pg3 =1 TeV, a
escala na qual a teoria de perturbagdes nao pode ser mais aplicada é acima de M’ = 16.8 TeV;
para u,,, =3 TeV tem-se entdo M’ = 70.6 TeV. Ao se desconsiderar os isodoubletos escalares
com Y2 =9, temos que (b, b2) = (7,17/3) e o limite perturbativo torna-se melhor ainda, pois

se p,,, = 1 TeV, temos que M’ = 20.2 TeV; para u,,, = 3 TeV temos que M’ = 92.3 TeV.

e O modelo com o sexteto escalar

Podemos repetir a mesma analise para o modelo onde o elétron e seus primos ocupam as
terceiras componentes dos tripletos de léptons. Nesse caso, um sexteto escalar S ~ (1,6,0)

como na Eq. (5.19) é adicionado para quebrar a degenerescéncia de massa entre os léptons

carregados conhecidos.
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E as interacoes de Yukawa sdo

—L% = Hap€ije(Wiar)Wjormk + G apWarS(Yine ) + G=a6VarZom + Fuv€ijn Yiar (ST=5) 5
1 I
+ §TI‘[EG(AabEbZ + BgpXZp + MabEb)] + H.c. (5.41)

O desacoplamento do isodubletos com Y? = 9 acontece da mesma forma anterior. A
mistura entre os léptons conhecidos e exéticos se dd através das interagoes GfbﬁaLEbn e
Fov€ijtViar (S'=5) 5 nesse caso.

Sob SU(3)c®SU(2),®U(1)y, essa versao do modelo tem além dos campos do modelo an-
terior os seguintes multipletos advindos do sexteto escalar S em Eq. (5.19): um isodubleto
(h$, 69) ~ (1,2,+1), um isotripleto ndo hermitiano (H; ~, hy,09) ~ (1,3, —2), e um isosin-
gleto Hit ~ (1,1,+2). Assim, para energias E < p33;, nés vamos considerar trés isodubletos
escalares com Y2 = 1, dois isodubletos de escalares com Y? = 9 e dois isotripletos, um deles
advindo do sexteto e com Y2 = 4, e outro com Y? = 0 advindo do octeto escalar. A inclusdo
dos demais isosingletos escalares ndo alteram qualitativamente os resultados; portanto, teremos
para as Eqs. (5.4) e (5.5) Ns =3 com Y2 =1, Ns=2com Y? =9, Nrg =1 com Y? = 4,

Nrs=1comY?2=0e Nrrp =3 com Y? = 0. E os coeficientes s3o entdo nesse caso:
(b1, by) = (64/6,41/6), (5.42)

o que satisfaz a condigio (5.33).

Como nao hi componentes direitas de 1éptons carregados temos agora que bx = 22. Refa-
zendo a mesma andlise anterior temos que se yu,,, = 1 TeV entdo M’ = 32.4 TeV; se p,,, = 3
TeV entao M’ = 155.0 TeV. Desconsiderando os isodoubletos escalares com Y? = 9 advindos

do octeto, o limite perturbativo é melhorado pois o valor de b, é diminuido.

5.5 Desacoplando os escalares das energias £ < u33;

Admitimos que alguns dos escalares faziam parte do espectro em energias F < 33 de
modo que eles estariam ativos e contribuindo para a evolugdo de a; e ay. Pode ser, no entanto,
que todos os escalares estejam com massa acima de u33; ja que todos os multipletos escalares

acoplam-se diretamente com ¥, pois o potencial escalar para os trés tripletos 7, p, x e o octeto
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(¢

V = Vo +man'Sy+mup'Te 4+ msx!Sx + Tr[Z2 (022 + my S — ml)] + A (Tr[%?)?

+ Te[=% (Aan'n + Aap' o+ Asxx) - (5.43)

Vr representa a cole¢ao de todos os termos envolvendo somente 7, p e x 1. Os termos em A3, )\,
e As recebem todos uma contribuigio de massa da ordem de (p°)? para os tripletos escalares,
de modo que pode ser que nenhum dos campos neles permaneca com massa abaixo de pa3;. De
fato, o tinico estado escalar com massa que poderia estar livre das contribuigoes vindas de (X),
seria o correspondente ao pseudoescalar neutro, ji que ele provém de uma combinagio da parte
imagindria dos campos escalares. No entanto, j4 nos modelos minimos observa-se que a massa
desse pseudoescalar é proporcional a (x°) ~ uss;. Isso sugere que os escalares deveriam ser
todos pesados; todavia, uma andlise mais completa do espectro de massa dos escalares deveria
ser feita para confirmar isso. De qualquer forma, a anélise do grupo de renormalizagdo ndo é
modificada qualitativamente se os escalares forem todos pesados pois como dissemos, sio os
férmions quem d&ao a contribuicio principal.

Resumindo o estudo das duas iltimas sessées, observamos que é possivel evadir o limite
perturbativo adicionado representagoes octetos nos Modelos 3-3-1, tornando-os computacional-
mente vidveis na escala de energia dos TeV. O efeito resultante dessas representagoes é fazer
com que a evolug¢ao do angulo de mistura do setor eletrofraco, 8y, seja tal que sw? decresce com
o aumento da escala de energia F até que se tenha E = us3;, caracterizando o surgimento da
nova simetria eletrofraca SU(3),®U(1)x. Esse comportamento estd sujeito a um teste direto
que pode excluir os modelos estendidos propostos aqui. A evolugao para o angulo eletrofraco
permite que a constante acoplamento do fator U(1)x, ax, tenha um valor inicial menor do que
ela teria nos modelos minimos. A partir desse ponto, sw? comecaria a crescer sendo que o valor
seria alcancado acima de dezenas de TeV.

Representacoes diferentes dos octetos poderiam realizar a evolugao desejada para resolver o
problema perturbativo; porém, os octetos oferecem a forma mais simples para desacoplar, em

energias baixas, os isodubletos com o quadrado da hypercarga grande.

1Vale a pena observar que nio é possivel ter uma simetria do tipo ¥ — —X ji que ela ndo permite o

acoplamento entre £ e Z,’s, comprometendo assim o mecanismo para desacoplar os isodubletos de léptons 4 e

£ de hypercarga alta.
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A condensagdo do octeto escalar ¥ nao tem nenhuma influéncia na geragao de massa para o
béson de gauge Z’ j4 que, como o féton e o béson Z°, ele é uma combinagao linear das entradas
diagonais da matriz dos bdsons de gauge em Eq. (2.32). A massa dos bdsons de gauge W+
também nao é afetada por essa condensacgdo; contudo, ela contribui para a geracdo de massa
dos bésons de gauge exdticos carregados V* e U+, deixando a diferenca de massa quadratica
AM? = M‘f .= Mz .

, entre eles inalterada, de modo que a anilise na Segdo 2.2 continuaria

valida.
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Capitulo 6

Discussao final

As extensoes 3-3-1 do Modelo Padrao sao um arcabouco tedrico interessante para uma
nova fisica na escala de energias dos TeV. Uma das principais motivagoes para se considerar os
modelos 3-3-1 é que eles sdo resultantes de uma construcao que restringe fortemente o conteido

de matéria fermionica na estrutura de familias chirais. Em geral permitem-se nimeros de

familias que sejam miiltiplos de trés. Novos bosons de gauge sao previstos contendo interagoes
bastante especificas com os 1éptons, de acordo com a defini¢do do operador de carga elétrica.
Estudamos duas construgdes dos modelos com a simetria SU(3),®U(1) x: a primeira delas,

a qual chamamos de Modelos 3-3-1 requer a existéncia de novos léptons e quarks, completando
as representagoes do grupo SU(3)r. Os novos quarks tém cargas elétricas exéticas. Nessa
versao, temos novos bésons de gauge intermediando as interagoes fracas, sendo dois deles com
uma carga, V%, dois deles duplamente carregados, U** e um real neutro Z’. E possivel evitar a
introducao dos léptons exdticos supondo que as terceiras componentes dos tripletos de léptons
sdo ocupadas pelo elétron e seus primos. Nessa configuracdo hd a descri¢do de processos,
intermediados pelos bosons de gauge duplamente carregados, violando o nimero leptonico de
familia. Uma caracteristica geral dessas construgoes é que elas colocam um limite superior para
o angulo de mistura eletrofraco, isto é, elas dao que sw? < 0.25; a segunda construgio acomoda
os neutrinos direitos nas terceiras componentes dos tripletos de léptons. Nesse caso, o angulo
de mistura eletrofraco nao é tao vinculado como na configuragiao anterior, sendo apenas tal

que sw? < 0.75. E diferente da construcdo anterior ao invés de bdsons vetoriais duplamente

carregados, temos dois bésons de gauge neutros ndo hermitianos, U® e Ut
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Em ambas as construgoes, prevé-se que o médulo da diferenga de massa quadrética dos
novos bésons de gauge nio hermitianos é tal que AM? =| M? — M? |= -‘743 |v2 — 22 |< M2 .
A principio, os modelos nao indicam qual dos novos bdsons de gauge nao hermitianos é o mais
pesado. Supondo que a previsao gy = 1 do Modelo Padrao em nivel de drvore deva ser mantida
para as extensdes aqui apresentadas vimos, por exemplo, que no Modelo 3-3-1 V* é o novo
bdsons de gauge nao hermitiano mais pesado e que as duas escalas, v, e v,, que quebram a
simetria do subgrupo SU(2);®U(1)y ficam determinadas. Justifica-se a suposi¢do pelo fato
que as ultimas medidas do parametro p, tém-se aproximado ainda mais do valor da unidade.

Vimos nesse trabalho que as extensdes 3-3-1 podem acomodar a simetria U(1) pg de Peccei-
Quinn tornando a solugdo do problema da violagdo CP forte natural, isto é, sem que essa
simetria precise ser imposta. Isso foi feito com a introdugdo de simetrias discretas, Zy, que
faziam com que U(1)pg surgisse automaticamente. As simetrias Zy tém o papel de proteger
a solugdo com o axion contra os efeitos gravitacionais, que poderiam desestabilizar a massa
do 4xion e principalmente o pardmetro f.f; que estd mais exposto as correcoes gravitacionais,
devido a experiéncia direta limitar esse parametro como tendo um valor extremamente pequeno.
Os operadores efetivos nao renormalizdveis suprimidos pela massa de Planck e que sdo perigosos
por levarem a correcdes para ¢, acima do limite experimental sdo supostamente suprimidos
pela simetrias discretas que devem ter uma origem em um grupo local de gauge.

Para os Modelos 3-3-1, apresentamos duas configuracoes permitindo a prote¢do contra
os efeitos gravitacionais para qualquer valor da escala, f,, da quebra da simetria U(1)pg
no intervalo permitido. Uma delas com a simetria SU(3)¢®SU(3),®@U(1)x®Z138Z2, onde
a conservacao do pronto nimero leptonico também é automadtica. E outra, com a sime-
tria SU(3)c®SU(3).®U(1) x®Z)3, cuja simetria de nlimero leptonico é explicitamente violada.
Nessa ultima configuracdo, temos a geracao de massa grande, na escala da quebra de simetria
U(1)pg, para neutrinos direitos ligando assim a solugao do axion para o problema de violagdo
CP forte com a geracao de uma massa de Majorana pequena para os neutrinos ativos, esquerdos,
através do usual mecanismo see-saw. Adicionalmente, conseguimos mostrar que a carga elétrica
estd também quantizada nesse modelo; isto é, ndo hd nenhuma arbitrariedade na escolha das
cargas X do fator abeliano U(1)x. Veja Apéndice B.

Para os Modelos 3-3-1 com neutrinos direitos, apresentamos uma configura¢io na forma

SU(3)c®SU(3).®U(1) x ®Z11®Z,, que, a principio, permitia a estabilizagdo da solugio do pro-
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blema da violagio CP forte para escalas f, < 10'°. Além da simetria U(1)pg, obtivemos
também nesse modelo que o nimero leptonico surgia automaticamente como consegiiéncia das
demais simetrias. Tanto esse modelo quanto o Modelo 3-3-1 que tratamos primeiro estao livres
do problema de dominio de parede, o que significando que, apés a condensagdo dos campos
escalares, nio existem vacuos degenerados acarretando em problemas cosmoldgicos. Os aco-
plamentos do axion com o f6ton foram também calculados e estdo de acordo com a experiéncia
em ambos os modelos.

Devemos dizer algo sobre as simetrias discretas que ainda nao foi possivel de mostrar: isso
diz respeito ao cancelamento das anomalias para simetrias discretas. De fato, existem condigoes
para estabelecer o cancelamento das anomalias que possivelmente poderiam ser geradas pela
simetria discretas supondo que essas tém origem em um grupo local [73]. A configuragdo para
os grupos discretos que utilizamos aqui ndo satisfazem as condi¢Ges para o cancelamento dessas
anomalias & primeira vista. No entanto, nao foi possivel provar que nao existe nenhuma outra
configuracgio equivalente a essas que poderiam cumprir com as condigbes para o cancelamento
das anomalias. Satisfazer essas condi¢des quando se tem um grupo discreto grande é uma tarefa
dificil. Deixaremos isso como um problema em aberto.

Gostariamos de mencionar que a utilizacio de simetrias discretas como as que usamos aqui
tem sido feita no contexto do grupo de simetria do Modelo Padrdo, em uma construgio com
a solugdo tipo dxion estabilizada [107], onde as constantes de acoplamento unificam em uma
escala de energia da ordem de 10" GeV [108]. O que seria bastante préximo a da quebra de
U(1)pg. Temos assim outra justificativa para a introducdo dessa nova escala. As simetrias
discretas proibiam operadores nao renormalizaveis de dimensdo baixa que violam o nimero
baridénico; consequentemente, a desintegracao a rapida do préton é suprimida também.

Voltando ao Modelo 3-3-1, mostramos também uma maneira pela qual a condensagido
dindmica do singleto escalar pode vincular a quebra da simetria no setor eletrofraco. Vi-
mos que o mecanismo de Coleman-Weinberg aplicado inicialmente no singleto escalar gera a
condensagao deste. Com a suposicdo de que essa condensagio ocorre em uma escala muito
alta e que as transi¢coes para a fase quebrada do setor eletrofraco ocorreu, portanto, muito
depois e de forma independente, obtivemos uma reducao na arbitrariedade da condensacao dos
tripletos escalares. O resultado foi que a condensa¢do das componentes neutras dos tripletos

estdo todas vinculadas. Desse modo, ao admitimos a condensa¢io de uma dessas componentes,
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digamos X, entdo, as demais componentes neutras devem necessariamente condensar, tornando
o mecanismo de quebra espontanea de simetria mais consistente.

Por fim, tratamos do limite perturbativo dos Modelos 3-3-1. Estudamos através da evolucao
da constante de acoplamento ax do fator abeliano U(1) x deixaria de ter um valor perturbativo,
isto é, menor do que um, quando a escala pg33; é variada. Fizemos isso para duas versées dentro
dessa mesma, classe de modelos: as versoes com e sem léptons exoticos; considerando também
as respectivas versoes supersimetrizadas.

Os limites perturbativos, em geral, estao dentro de um intervalo de poucos TeV, sendo que
o valor maximo até onde a teoria de perturbacoes pode ser utilizada esta em torno de 3 TeV
para o modelo com o sexteto escalar. A evolugao rapida da constante de acoplamento ax se d4
por causa do alto valor das cargas X dos quarks exéticos como pode ser visto, quando omitimos
essas particulas, supondo que elas so as mais pesadas do modelo, nas equagoes de evolugao
que indicaram um aumento no limite perturbativo.

Para deixar o modelo tratdvel do ponto de vista da teoria de perturbacdes propusemos a
introdugao de um contetido de matéria adicional. As representagoes mais sugestivas e simples
para que o limite perturbativo possa ser alargado sao férmions na representagio adjunta.

Vimos, entdo, que a evolu¢io de sw? é tal que esse pardmetro decresce com o aumento de
energia na escala de SU(2),®U(1)y, com os novos férmions, o que deixa os quarks exéticos e
também o bdson de gauge Z' previsto pelos modelos tratdveis perturbativamente até as escalas
de até dezenas de TeV, tornando os modelos nessa classe ainda mais atrativos do ponto de vista
fenomenoldgico nas energias que serao alcancadas nos préximos aceleradores.

Esperamos que num futuro breve, novos resultados experimentais possam confrontar com
as extensoes do Modelo Padrao que apresentamos nesse trabalho. Sejam eles por observagao ou
nao do axion. Ou, ainda na producao de novos estados nos aceleradores de particulas. Muito

provavelmente, as extensoes 3-3-1 poderao ser confirmadas ou descartadas frente a novos dados

experimentais.
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Apéndice A

Representacgoes

As matrizes geradoras da 4lgebra de SU(3) que utilizamos nesse trabalho sdo dadas pela

forma padrao de Gell-Mann. Elas sao:

010 0 — 0 1 0 0O
T, = 1 00 s T, = i 0 O ) I3 = 60 -10],
000 0 O 0 0 O
0 01 0 0 — 000
T4=]1 000 , Is=| 00 0 , Ie=]1 001 |,
1 00 i 0 O 010
00 O 1 0 0
1
Tr=1 0 0 —i , Tg=—| 01 0 ]. Al
7 13 8 \/g ( )
0z O 0 0 -2
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Apéndice B

Quantizacao da carga elétrica no

Modelo 331 com o singleto do axion

Vamos mostrar aqui a quantizagdo da carga elétrica para o Modelo 331 com a simetria

discreta em Eq. (3.27).
O operador de carga elétrica, que define o modelo, necessariamente, envolve uma parte

vinda do fator abeliano U(1)x. As cargas X do conteiido de matéria do modelo sao, a principio,
arbitrarias. Mostrar que existe a quantizagdo da carga elétrica significa que a carga X de cada
multipleto esta relacionada com a respectiva carga de um unico multipleto, sem necessidade da

defini¢do de nenhuma carga a priori. Para ver como isso deve se dar, escrevemos o operador de

carga elétrica na seguinte forma:
Q=T* - V3T% + gx X1 (B.1)

gx devera ser determinado como o inverso da carga de um tnico campo, dando assim sem
nenhuma ambiguidade o valor de () para cada campo. Adicionalmente, é feita uma hipétese
sobre a geragdo de massa para os campos através da quebra e espontanea de simetria. Um
espectro de massa consistente deve ser gerado pela condensagio de campos escalares.
Deixando arbitrarias as cargas X para os férmions nas representagées do modelo, o conteido

fermionico que completam as representacoes junto dos graus de liberdade desses campos sao

entao
‘I'ZL = (Vay b, Ea)% ~ (1,3, Xy,),
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Var ™~ (17 17 Xv.,); laR ~ (17 17Xla); EaR ~ (1717XE.,);

ﬁL = (dm7 Um, ]m)’{ ~ (373*7XQm)7 QgL = (U3, d37 J)’{ ~ (3737XQ3)7

Uar (37 17Xua)7 daR ~ (37 17Xda))

JR ~ (37 17XJ)7 ij ~ (37 17ij)' . (BZ)

O conjunto de multipletos escalares minimo que pode gerar massa para esses campos € para

parte dos bosons de gauge, admitindo que neutrinos sdo particulas de Majorana, é

n~(1,3,X,), p~(1,3X,), x~(1,3,X,), ¢~(1,1,X,). (B.3)

O valor esperado no vidcuo desses multipletos deve ter a seguinte forma:

Uy 0 0
m=—2slo | =2l | w=s|0 | W= @
0 0 vy

A simetria discreta em Eq. (3.27) determina a Langrangiana de Yukawa, incluindo o singleto

do 4xion, que com a estrutura de vicuo acima, gera massa para todos os férmions.

—Llol = Gvab(_q,—)a VRN + G’abmaleRP + Gfb(_‘ﬂaLEbRX

+ aiL (FiauaRP* + ﬁadaRn*) + GBL (GauaRn + éadaRP)

— R
+ X QaJirxX + XpQirimrX" + —2—3¢ (V,r) Vs + Hoc. (B.5)

>4

A conservacao da carga elétrica significa que o vacuo é aniquilado pelo operador @ em Eq.
(B.1), ou seja,
Qp) =0 (B.6)

com p = 1, p, X, . Resulta que o coeficiente de normalizacao gx e as cargas X dos escalares

sao tais que

Ix=5 Xp=X4=0, X,=-X,. (B.7)

INSTITUTO BE Fls

o ICA
Servis de Biblioteca g
Tor hofngrga iaofg

1
Xp
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A Langrangiana de Yukawa em Eq. (B.5) fornece os vinculos a nivel cldssico sobre as cargas

X dos férmions

Xy, = X,,, Xoi =Xy, — Xpy Xz = X,

Xy, =Xy, + X, Xo;, = Xa,, Xgs = Xa, + X,

Xy, = Xg, — X), Xo,=X;,+X,, Xog,=X,-X,,

X, + X, =0. (B.8)

Sendo essas relagoes validas para qualquer a, b, , ¢, m tem-se ao fim que

Xy, = X, =0, Xoi=Xqg Xj.=Xq-X,
X, =—X,, Xi, =Xo,  X;=Xg+2X,,
Xg, =X,  Xu,=Xo+X, Xo =Xo+X,. (B.9)

E assim, as cargas de todos os multipletos sao escritas em termos das cargas de dois mul-
tipletos, X, e X, tornando arbitraria a atribuicao de cargas em nivel cldssico. Para eliminar
essa arbitrariedade e mostrar que, de fato, as cargas estdo quantizadas, é necessario, portanto,
uma relacdo entre X, e Xo. Lanca-se mao entdo dos vinculos quinticos que sdo as condigdes
para cancelamento de anomalias, Egs. (2.7), (2.9), e (2.10), envolvendo o fator abeliano U(1)x
esperando que elas possam oferecer pelo menos uma relacao nao trivial entre as cargas. Substi-
tuindo as cargas em Eq. (B.9), verifica-se que Egs. (2.7) e (2.10) sdo trivialmente satisfeitas, e

nao oferecem, portanto, nenhuma informacgio. Porém, a Eq. (2.9) fornece a relacdo que faltava

dando
SUG),PUM),:  Tr({T%TX) =0 — Xo= —%X,,. (B.10)

Isso elimina qualquer liberdade na atribuicdo de cargas X, o que mostra que a carga elétrica

é quantizada no modelo e as cargas dos léptons e quarks conhecidos sao reproduzidas correta-

mente como pode-se verificar substituindo a relagdo acima em Eq. (B.9).
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Some versions of the electroweak SU(3); ® U(1)y models cannot be treated within perturbation theory
at energies of few TeV. An extended version for these models is proposed which is perturbative even at
TeV scale posing no threatening inconsistency for test at future colliders. The extension presented here
needs the addition of three octets of vector leptons, which leave three new leptonic isotriplets in the
SU(2), ® U(1)y subgroup. With this representation content the running of the electroweak mixing angle,
Ow(u), is such that sin*8y, () decreases with the increase of the energy scale u, when only the light states
of the standard model group are considered. The neutral exotic gauge boson Z' marks then a new

symmetry frontier.

DOI: 10.1103/PhysRevD.71.015009

I. INTRODUCTION

The known 3-3-1 models proposed nearly 12 years ago
are good candidates to describe some new phenomena we
expect to see in the near future [1]. They offer a novel
phenomenology like, for example, being an appropriate
framework to study in details bilepton through e e~ pro-
duction in linear colliders [2], also within other observa-
tional capabilities [3,4]. They provide a natural theoretical
explanation to the families replication problem.

Despite these and other curious features the early model
versions present a severe limitation. The problem is that,
like in any standard model gauge group extension, they
predict a bunch of new particles. If from one side we have a
base for computing new states production, on the other side
we must worry about the consequences of the additional
degrees of freedom. New particles already arising at the
TeV scale affect significantly the coupling evolution with
energy. In fact, even if these states do not appear directly as
on shell states, their degrees of freedom effectively con-
tribute to the dynamics according to the renormalization
group equations. This problem is particularly dramatic in
the model versions we shall discuss here. Such versions
belong to the class of 3-3-1 models where the third com-
ponent in the lepton triplet is a positive charged particle
[1,5]. There the SU(3), ® U(1)y gauge coupling constants,
denoted by a,; and ay, respectively, are linked by the
following relation involving the electroweak mixing angle
Ow

ax(p) _  sinBy(p) W
ap(u) 1 —4sin?0y(u)

This relation is valid above the energy scale p = p33;
where all symmetries become evident inside this theoreti-
cal framework. Evidently, the symmetry breakdown
SU(3), ® U(1)y — SU(2), ® U(1)y has to be postulated
to have occurred when a scalar field y condensates with
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{x) = p13,. But Eq. (1) requires sin*6y < 1/4, which is
in accordance with direct measurement. Equation (1)
when confronted with the current value sin?6y(Mz) =
0.23113(15) [6] gives rise to a trouble in these models.
The point is that their SU(2), ® U(1)y effective theory has
almost the same standard model minimal particle content,
apart from few additional scalar multiplets. Therefore, the
renormalization group equation solutions in this case show
us that sin?@y, increases with energy. It means that Eq. (1)
points to a nonperturbative regime at energy values which
we shall be just interested. The equation defines the initial
value ay(i33;) and since it comes from an Abelian group
it also increases with energy, being close to 1 for energies
around few TeV in the minimal models. Consequently it is
a serious problem for the perturbative approach and it
could make the models less appealing.

For example, running sin’fy, with only the minimal
standard model representation content we see that it
reaches the value 0.25 at the energy scale u ~4TeV
[7]. A study of perturbative limits in 3-3-1 models was
carried out in [8]. There it was shown that perturbation
theory cannot be used already above scales of few TeV
if we consider the minimal versions with or without
supersymmetry.

There are some 3-3-1 constructions which do not have
the problem above [9]. But the ones considered here
account for doubly charged bileptons intermediating
processes where partial lepton number is violated, repre-
senting a very distinct signal to search for [2,3]. Other
aspects and recent work on these models can be found in
Ref. [10].

In this work it is proposed an additional matter content
to the early 3-3-1 models where perturbative treatment can
be applied without such tight restrictions. We see that the
simplest representations to be added to the minimal ver-
sions are four octets, three of vectorial leptons plus and a
scalar one. With them there is a prediction of a decreasing
behavior for sin?fy, in a certain range of energy. The new
exotic leptons are interesting also from the phenomeno-
logical point of view under the standard model gauge

© 2005 The American Physical Society
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group in the seesaw mechanism [11], and also under the
extended group we consider here [12].

The work is organized as follows. In Sec. I we study the
renormalization group equations to understand how the
nonperturbative limit appears in the minimal models. We
then define a condition which should be satisfied in the
model extensions, in order to make them perturbatively
safe. We, then, justify the choice of the new representations
content to be introduced. In Sec. III we show how the
perturbative limit is raised in two 3-3-1 models. In
Sec. IV it is suggested a possible decoupling off all the
scalars for energies below w33;. We finish in Sec. V with
the discussion of our results.

II. THE RUNNING OF THE ELECTROWEAK
MIXING ANGLE

At the SU(2); ® U(1)y energy scale the renormalization
group equations dictating the running of the gauge cou-
plings at one loop level are given by

1 1 1 Mg
= + —b;In|—=}, = 7 @
a(p)  a(Mz) 27 ( M ) #= b €
with i = 1,2 and @, a; are the coupling constants of the

SU(2),, U(1)y groups, respectively. The third equation in-
volving the QCD coupling constant is irrelevant for our
purposes here at this approximation level, and so it will not
enter in our developments. As we have said above, for
posterior use in the context of the 3-3-1 models we denote
the gauge coupling constants «;, ay for the groups
SU(3)., U(1)y, respectively. In a generic gauge group the
b; coefficients are given by

b; =§ > Te(F); +% D Tr(S)i - 1-31‘C2(G)i 3
fermions scalars

for Weyl fermions and complex scalars, with the generators
T satisfying TH{T°(I)T*(I)] = Tr(1)6° where I = F, S.
For SU(N) Tx(I) = 1/2 in the fundamental representation
and C,(G) = N. C,(G) = 0 for U(1). These numbers can
be computed for other different representations with aid of
the identity Tr(I)(N? — 1) = Cyr(D)dg(I), where Cox(1) is
the quadratic Casimir operator and dg(I) is the representa-
tion dimension. For U(1), we use ¥ Tg(F,S) =3 y?
where y = Y/2 for the standard model and y = X for the
3-3-1 models.

Below 33, the sin?fy, running is then, according to the
standard model gauge group,

1
1 + &)’

a,(u)
We see that for a SU(2) content presenting asymptotic
freedom, i.e., @y — 0 as u — o0, sinfy, increases with
the energy. Above the scale p33; we run the renormaliza-
tion group equations with particles in the full SU(3),
U(1)y representations. In the minimal models when we

sin26y (u) = M S a3 4
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consider @33, < 2 TeV, then perturbative expansion in ay
makes sense only at energy values lower than 2.4 TeV [8].
It jeopardizes the perturbative analysis of the neutral exotic
vector boson Z' which is one of the model predictions,
since its mass is naively expected to have a lower limit near
this perturbative upper bound.

We observe that for a SU(2) content not presenting
asymptotic freedom, i.e., with a,(u) growing when pu —
H331, then sin?@y,(u) decreases in the same energy interval
improving the perturbative validity in such models. From
Eqgs. (2) and (4) it is deduced that the condition for accom-
plishing this is that

b, > tan’@y (M;)b,. (5)

Inserting the tan?@y, value at the Z pole, the condition
between the coefficients turns out to be b, > 0.3b,. So, if
we want to satisfy it some additional fields in nontrivial
SU(2) representations must be considered. In order to give
a bigger contribution to b, than to b; their hypercharge
must be small.

To be more explicit we take the 3-3-1 model with only
three scalar triplets as our first representative of the class
[5]. The electric charge operator @ is

Q =30k = VArg) +X. ©®

The representation content in the quark sector is [the
numbers inside parenthesis mean their transforma-
tion properties under SU(3)¢, SU(3),, and U(1)y, respec-
tively, or under SU(3), SU(2);, and U(1)y when this is
the case] Qn = (dp, Uy, jm)! ~ (3,35, -1/3),m=1,2;
Q3 = (u3, d3, J)T ~ (3,3,2/3); and the respective right-
handed components in singlets ugg ~ (3,1,2/3), dgg ~
(3,1, -1/3), B=1,23; Jg~(315/3) and jnuz ~
(3.1, —4/3).

In the scalar sector the three triplets are
x=0"x 0" ~1,3,-1), p=(p*.p%p**)T ~
(1,3,1), and 9 = (9% 97, 73)7 ~ (1,3,0).

Finally, in this model, leptons come in triplets like

\I’aL = (Var lar Ea)z ~ (lr 3 O)r

where a = e, p, 7. With their right-handed components in
singlets I,z ~ (1,1, —1), E,x ~ (1,1, +1). We have omit-
ted right-handed neutrinos since, like any neutral singlet
representation, they are not relevant for our purposes here.
The effective SU(2), ® U(1)y theory coming from this
model, when the condensation (x°) =w/+2 occurs,
have the same light multiplets which dominate the spec-
trum of the standard model plus an extra scalar isodoublet
n="%757)T ~ @ 2 —1). The value w/~/2 is going to
be identified with w33;.

Next we consider the renormalization group coefficients
in Eq. (3) at the SU(2), ® U(1)y level with three usual
matter generations, taking into account at most the two
nontrivial lowest dimensional SU(2) representations, i.e.,

015009-2
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isodoublets and isotriplets. We reserve the prefix iso just
for when we talk about SU(2), ® U(1)y representations.
Let Ny be the number of scalar isodoublets, Ny the number
of new exotic fermionic isodoublets, Nrg the number of
scalar isotriplets and N7 the number of new exotic fermi-
onic isotriplets, with Y being their respective hypercharge,
then from Eq. (3)

1/, , Y2 1/, Yis
(7
1 1
b2=-3-(NF +5NS+4NTF+2NTS_ 10)- (8)

When dealing with fermions in vectorial representations
Ng and Nyr must be multiplied by 2. In the model above
we have only two Y2 = 1 scalar isodoublets to be consid-
ered, i.e., Ng = 2, in the Egs. (7) and (8) so that (b,, by) =
(7, —3). And it is not possible to satisfy the condition in (5).
In fact the sin?fy, running shows that the value 0.25 is
reached at 4.1 TeV as we see in Fig. 1 (where for future
reference it is also shown the same running for the model
with a scalar sextet). The scale p33; is then below this
value and so the energy A at which the pole is attained is
such that A < 4.1 TeV. The Landau-like pole behavior
with w33, has been studied in Ref. [8]. For example, if
M3 = 1 TeV we have that at energies E =19 TeV,
ay>1, and Mz > ~1.9 TeV so that the model looses
its perturbative character below the exotic neutral vector
boson Z’ mass. In part this is due to the fact that the right-
handed components of the exotic quarks, J and j,,, neces-
sary to complete the SU(3), representations have a value of
the U(1)y charge larger than the other particles. Thus, they
are the major contribution to the ay running. Under the

3 026 T
., I

[3)

5

0.25

0.24

| IS S N ST SR N S S SN SN WY S T

0.23 MU IR T

2 4 6 8 10 12
E (TeV)
FIG. 1. Running of the electroweak mixing angle for the

minimal models considering only light degrees of freedom under
the standard model subgroup. Model A with three scalar triplets,
and model B, the same as A with a scalar sextet added.
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assumption that they are much above the Z’ scale, the
perturbative limit is pushed a little above. But this brings
these quarks out of experimental reach. We would like to
pursue the possibility of keeping them observable at TeV
scale. To make the exotic quarks very heavy means that the
VEV (x")is very high and since this is also responsible for
giving mass to all new fermions in the SU(3), triplets and
the new gauge bosons, it would bring almost all the pre-
dictions of the model out of experimental reach. Of course,
this is not interesting from the phenomenological point of
view.

We see from Eqgs. (7) and (8) that multiplets having large
hypercharge take us in the opposite direction of satisfying
(5). Isodoublets of vectorial leptons or/and scalars with
zero hypercharge could then be considered. But the num-
ber of them needed would be, at least, 8 of vectorial leptons
or 32 of scalars with components having electric charge
1/2 and —1/2.

The simplest solution is to have exotic isotriplets.
Preferentially fermionics. From Egs. (7) and (8) one can
also see that the minimal number of isotriplets are three, all
of vectorial leptons with Y = 0. They are written as

- =0t
T= (Vf_ _:/l_it())y (9)

transforming as (1, 3, 0) under the standard model group.
They must be color singlets, otherwise QCD asymptotic
freedom would be lost. This isotriplet couples with the
usual matter. It has interesting consequences in the seesaw
mechanism and it does not represent cosmological troubles
if they belong to the electroweak scale, as it was studied
along with other phenomenological aspects in [11]. To be
consistent with the Z° decay width, their components must
be heavier than M, /2.

Now the lowest dimensional SU(3), with U(1)y charge
zero, representations which contain an isotriplet decom-
poses under the standard model SU(2); ® U(1)y group as

6=3_262]el4, 8=3062_3623$10.
The subscripts refer to their hypercharge value Y. The
sextet gives rise to a Y2 = 4 isotriplet which could also
do the job but it has a ¥?> = 16 isosinglet. It could be
assumed to be heavy not affecting the spectra below
/337 But we want to avoid such an assumption. It would
be needed also three sextets of fermions if the Y2 = 16
singlet components were heavy, plus a scalar one to gen-
erate masses. The octet on the other hand has the advantage
of having an isosinglet and an isotriplet both neutrals in
hypercharge which, therefore, do not contribute to b;. But
it has also two isodoublets with Y2 = 9. They can be made
heavy if a scalar octet is present and it condensates at the
331, as we are going to discuss below. We shall then
consider here the exotic vectorial leptons in three fermi-
onic octets since they are the simplest solution. With them
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we also do not need to concern with anomalies. They have
the form

1 1 3,0 -
75[2 +73’\a l‘z- 6a
g, = t; -t 8T (10)
£ o -2

transforming as (1, 8, 0), where a = 1, 2, 3.

When it is introduced a representation like this, with all
spinor components of the matter fields belonging to the
same multiplet, differently from the usual chiral construc-
tions, gauge invariance does allow for initial mass terms for
the fields in these representations. Therefore, there would

be a bare mass term like M, Tr= 5, in the Lagrangian in
its symmetric phase.

To satisfy the condition in Eq. (5) the ¥2 = 9 lepton
isodoublets 8 = (67,86 ") and &é= (£, €M) in
Eq. (10) must then be decoupled from energies below
M331. This can be achieved with an octet representation
of scalars similar to the fermions above. Calling this rep-
resentation 2 its form is

e T o7
3 = ¢~ v Ly A
@3 ¢;" %o’

an

transforming as (1, 8, 0). To see how the decoupling can be
worked out let us analyze the mass spectra for these new

fields.
The Yukawa interactions in the lepton sector are

— Ly = Hpp€;(Viar )V jpr i
+ W,.(Glylorp + GEEprx) + G5, By

1 T— ot =1 =1
+ ETr[:a(Aab:bz + Bp2Ey + My Ep)]
+ H.c, (12)

where repeated indices mean summation. H,, is an anti-
symmetric matrix with G',, GE,, G5, general complex
matrices and Ay, B,p, M, real symmetric matrices which
will be assumed diagonal for simplicity.

Then Y? = 9 isodoublets in =, decouple when (3) =
ﬁ(gpo)diag(l, 1, —2), when the following relations are sat-

isfied

(%)
(Agp + Bap)—= NG + M,y = mgy,
(%) (%)
—3A,—=~ s mgy — 3B, o .
ab Jé H331 SM b~ % M331

(13)

Where mg,, is a mass scale belonging to the standard
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model mass spectrum. The first relation above leaves the

isotriplets 7", in =, with appropriate masses below 3.
The last two relations in (13) ensure that the masses of the
components of the isodoublets & and £ are heavy enough,
since () breaks the electroweak SU(3), symmetry down
to the SU(2),, group {(¢°) = u33; and the isodoublets are, in
this way, decoupled of the standard model particle mass
spectrum. The isosinglets A9 in the octet =, have then
masses of order m o = M, — mg, which is the same order
of w33, according to the Egs. (13). The simple analysis
presented here is not complete but it is sufficient for the
purposes of showing that the higher hypercharge fields ¢

an be heavy. Thus, only the vector lepton isotriplets 7T,
together with the known fields contribute to the renormal-
ization group equations at energies £ < g33;.

In the last stage of symmetry breakdown when the
standard model group reduces to the electromagnetic
Abelian gauge group, U(1),,, we see from the term
GE¥, E,n in Eq. (12) that there will be a mixing
between the know and the exotic leptons. It could be
avoided by imposing some sort of discrete symmetry.
Their phenomenological consequences will be carried out
elsewhere.

Finally, we should say that condensation of ¢ in ¥, is
very constrained by the p parameter relating the W+ and Z
masses.

We are ready now to show how the perturbative limit is
improved with these representations.

1. THE PERTURBATIVE LIMIT

We now turn out to look how the perturbative limit is
characterized by the scale ui3; breaking the SU(3), ®
U(1)x symmetry. The relevant running equation is that of
the coupling constant ay coming from the Abelian factor

U(1)y. This running is
bxl (#331)’
n

1 1
ay(u) ax(#331)

by is computed considering the fields in the full 3-3-1 '

representation. Equation (14) starts with the value

ax(u33;) which can be determined using Egs. (1) and (4)

and the fact that az([L33|) = aL(,u,33,). That is,

1 _ 1 _ 3

ax(ps)  ar(uszn)  ax(mss)’

m = pasg.
(14)

15)

Perturbative expansion does not make sense any more
when a scale u = M’ such that ay(M’) =1 is reached.
We have then

M= Mm[ M J("‘ B yam b0 M1 ~ssint 6 M) 1)
K331
(16)

015009-4
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a(Mz) = 1/128 is the fine structure constant at the Z pole,
with Mz = 91.2 GeV. We can now see how the perturba-
tive limit is changed with pi33;.

The additional representations to be considered are then
the three leptonic SU(3), octets 5, (a = 1, 2, 3), like (10)
which leave three leptonic isotriplets like (9) at energies
E = 331, 1.€., Ngp = 3 in Egs. (7) and (8). The scalars in
3. can be assumed to contribute with a Y2 = 0 isotriplet
and two Y? = 9 isodoublets. Thus from Eqs. (7) and (8) we
have (b,, b;) = (10, 6), which obviously satisfies the con-
dition (5). In Fig. (2) the sin’fy running in this model is
shown (again for future reference it is also shown the
curves in the model with a scalar sextet).

From Eq. (3) we also have by = 26. For example, if
MHi331 = 1 TeV then M’ = 16.8 TCV, if M331 = 3 TeV then
M’ = 70.6 TeV. Disregarding the Y? = 9 scalar isodoub-
lets (by, b,) = (7,17/3) and if w33, = 1 TeV then M’ =
20.2 TeV;if p33; = 3 TeV then M’ = 92.3 TeV. The per-
turbative limit is still improved in this case because b,
is lowered. We see then that the model is made perturba-
tively much more viable with the addition of octet
representations.

A. The model with a scalar sextet

Another representation content in the leptonic sector is
possible in accordance with the electric charge operator
Eq. (6). The positron and his cousins occupying the third
component of the leptonic triplets which are represented by

il

\IraL = (Va: lar IZ)Z ~ (l, 3, 0)

with a = ¢, u, 7. A scalar sextet

0.22

0.21

E (TeV)

FIG. 2. Running of the electroweak mixing angle for the ex-
tended models for energies E < p33,. Model A, m,, with only
three scalar triplets, and model B, my, with a scalar sextet. (s)
means that the Y2 = 9 scalars are disregarded. The models m4(s)
and mgy have degenerate curves.
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ol hy By
S=|hn Hy- o
hi oy HPY

transforming as (1, 6, 0) is necessary in the minimal repre-
sentation content to generate all the lepton masses when
(09) # 0. (o) # 0 could give a Majorana mass to the
neutrinos.

The Yukawa interactions in the lepton sector are now

— Ly = Hop€, (Wit Y i + GL U, S(W i1 )F
+ G W, By + Fop€inWinr (ST Eb)jk
1 = S St St
+ ETr[:a(Aab:bz + By 2B, + My 5]

+ Hec. an

And the same decoupling of the Y2 =9 lepton doublets
can be worked out as before. Mixing between the know
and exotic leptons happens through G5V, E,7 and
Fap€3 V0 (STE,); in this case. As before, it could be
avoided by imposing some sort of discrete symmetry.
This model has the following additional multiplets under
the SU(3)c ® SU(2); ® U(1)y symmetry besides those in
the three triplets model: one isodoublet (S, oY)~
(1,2, +1), a non-Hermitian isotriplet (H;~, hy, o9) ~
(1,3, —2), and an isosinglet Hf* ~ (1,1, +2). Then, at
energies below w33, three scalar isodoublets with Y2 = |
and two scalar isodoublets with ¥? =9 are taken into
account but now we have one more scalar isotriplet plus
that coming from the scalar octet. The other scalar fields
including the isosinglet H; * are taken into account only at
energies above ui3;. In this case the inclusion of the
isosinglet H, * does not affect so significantly the running
below p33;. Therefore, Ng = 3 with Y2 = 1, Ny = 2 with
Y2 =9, Nys = 1 with Y2 = 4, Nyg = 1 with ¥? = 0 and
Nrp = 3 with Y2 = 0. So that from Egs. (7) and (8) we
have (b, b,) = (67/6, 41/6). Obviously, this satisfies the
condition (5). From Eq. (3) we also have by = 22 since
there is no right-handed charged leptons to be counted. For
example, if p33; = 1 TeV then M’ = 32.4 TeV; if u13; =
3 TeV then M’ = 155.0 TeV. Disregarding the Y?> =9
scalar isodoublets coming from the octet 3, (b,, by) =
(49/6,13/2), so if p33; = 1 TeV then M’ = 40.3 TeV; if
w331 = 3 TeV then M’ = 213.0 TeV. Again, perturbative
limit is still improved in this case since b; is lowered.

IV. POSSIBLE DECOUPLING OF ALL SCALARS AT
ENERGIES E < H331

In the preceding discussions it was considered that some
scalar multiplets remain light enough, i.e., with masses
much below the w33, scale, so that they could participate
in the counting for the coefficients in Egs. (7) and (8). It
only happens if there is a sort of fine tuning among the
scalar self-interaction couplings. The reason for this comes

015009-5
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from the fact that the scalar octet has interactions with all
the scalar multiplets. The scalar potential for the three
triplets model plus the octet is then

V=V +mn'Sn+mptSp+msxtSy
+ Tr[Z2(A, 3% + m 2 — md)] + A(Tr[32])
+ T 22 Asntn + ApTp + Asxtx),

where V., stands for the collection of all terms involving
only 77, p, and . Note that we cannot impose invariance
under 3, — —3,, since it would also forbid the interaction
between 3 and the E,’s preventing the mechanism of
decoupling the lepton isodoublets § and £ of the standard
model scale. The last term in this potential gives a qua-
dratic mass term of order (¢°®)? for the triplets unless A3,
A4, and A; are fine tuned. Thus, it can happen that no single
scalar be part of the spectrum below w33, In fact, the only
massive scalar state which could be free of mass contribu-
tions coming from () would belong to the neutral scalar
imaginary part, the pseudoscalar. But in the minimal
model, i.e., without regarding the octets, there is just one
massive pseudoscalar and it might be heavy, since its mass
is of order {x°). Of course, careful mass spectral analysis
should be done but the arguments we just have given
indicate that it really should happen. Because of the reason
that the major contributions to the renormalization group
equations are due to the fermions, it is not expected that the
perturbative limit will change significantly when the sca-
lars are omitted below u33;. But to produce any funda-
mental scalar would require energies £ = p33;.

(18)

V. DISCUSSION

We have shown that the addition of octet representations
can turn 3-3-1 models perturbatively viable at the upcom-
ing TeV energy scale. The main effect is that they predict a
running to the electroweak angle, or better sin’dy, such
that it decreases with the increasing of the energy until the
scale w33 which characterizes the appearance of a
SU(3), ® U(1)y electroweak symmetry. It could be tested
providing a direct test of exclusion for the extended models
we have presented here. With the electroweak angle evolv-
ing in this way the U(1)y coupling constant, ay, starts to
run with a value which is lower than the one appearing in
the minimal models. From this point sin’dy begins to
increase with energy but it will reach values near (.25 at
energies bigger than tens of TeV.
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The same behavior could be accomplished with other
representations different from octets. But these representa-
tions would be in general bigger than the ones we have
considered here, and they would need more complicated
mechanisms to decouple isomultiplets with large hyper-
charge. If instead we consider exotic leptons in sextets it is
necessary to assume that the isosinglets with Y2 = 4 be-
longing to them are decoupled at energies £ = p33,. Thus
octets are simpler and more convenient.

Although the additional representations turn the SU(3),
gauge coupling, a;;, looses its asymptotic freedom, it
becomes bigger than one at energies much higher than
M’. Thus, it does not represent a problem.

Symmetry breakdown at the scale w33, is marked with
the appearance of four new charged vector bosons, two of
them carrying two units of electric charge, and the exotic
neutral one Z'. Different from the exotic charged vector
bosons, this neutral one does not receive contribution to its
mass due to the scalar octet and it is bounded according to

1 — sin®Oy(p33)
1 — 4sin®Oy (us3:)

1/2
Mz'—>v2[a’2(#331) :) m331- (19)

This is valid for both models here. It is assumed that
V2(xo) = t33;, Which is quite reasonable since as (3.),
(x) also breaks the symmetry down to the standard model
group. My grows then linearly with pa3y so that its pro-
duction will mark, according to these models, the scale at
which SU(3)yy should be taken into account. Thus, the Z
boson would have a mass which could be tens of TeV or
even much less, if other phenomenological constraints
allow for it.

Finally, we should say that supersymmetry does not
relieve the perturbative limit in the minimal model versions
[8]. It brings more degrees of freedom with the supersym-
metric partners and so it worsens the problem. But for the
extended models presented here it is expected that it makes
the value of M’ in Eq. (16) increase.
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Abstract. Some 3-3-1 models predict the existence of a non-perturbative regime at the TeV scale. We
study in these models and their supersymmetric extensions, the energy at which the non-perturbative limit
and a Landau-like pole arise. An order of magnitude for the mass of the extra neutral vector boson, Z’,

present in these models is also obtained.

PACS. 12.60.Cn, 12.60.Jv

1 Introduction

The so called 3-3-1 extensions of the standard model (SM)
are interesting options for the physics at the TeV scale [1,2].
Although these models coincide at low energies with the
SM, they explain some fundamental questions that are
accommodated, but not explained by the former. For in-
stance, i) in order to cancel chiral anomalies the number
of generation Ny must be a multiple of three, but because
of the asymptotic freedom in QCD, which implies that the
number of generations must be N, < 5, it follows that in
those models the only number of generations allowed is
N, = 3; ii) these models as any with SU(3)w symmetry
explain why sin? 0y, < 1/4 at the Z-pole (see below); iii)
the electric charge is quantized independently of the nature
of neutrinos [3]; iv) the Peccei-Quinn symmetry is almost
an automatic symmetry of the classical Lagrangian [4] and
with a minimal modification, the PQ symmetry as the
solution to the strong CP problem is automatically im-
plemented and the axion is protected against semiclassical
gravity effects [5]; v) the theory becomes non-perturbative
at the TeV scale, and the same happens with the respective
N = 1 supersymmetric version [6]. There are other mod-
els with SU(3)w symmetry [7], but some of them imply
charged heavy bileptons which are stable, that in turn lead
to potentially cosmological troubles [8]. Another interest-
ing possibility to consider is by introducing extra dimen-
sions [9] and the orbifold compactification [10,11], or other
sort of 3-3-1 models as in [12]. A common feature of mod-
els with SU(3)w electroweak symmetry is the existence of
simply and doubly charged or neutral non-hermitian vec-
tor bosons. For instance, the doubly charged and neutral

® e-mail: alexdias@fma.if.usp.br
b e-mail: remartinezm@unal.edu.co
¢ e-mail: vicente@ift.unesp.br

vector bosons can be discovered by measurement of the
left-right asymmetries in lepton-lepton scattering [13,14],
in muonium-antimuonium transitions [15,16] or in accel-
erator processes [17,18].

One of the main feature of these models is the fact that
when the g7, and gx coupling constants of the gauge groups
SU(3)r and U(1) x, respectively, are related with the elec-
troweak mixing angle, the following relation is obtained

9%  sin’bw

=T aZal (1)
97 1 —4sin® 0y
in the models of [1,2]. When sin® 8y (1) = 1/4 the coupling
constant gx(u) becomes infinite, i.e., a Landau-like pole
arises, however the theory loses its perturbative character
even at an energy scale lower than p. The other possibility
gr — 0 is ruled out since gy, is the same as in the standard
model, g, due to the fact that the SU(2), subgroup is
totally embedded into SU(3)y.

The possible existence of a Landau-like pole in 3-3-
1 models is not unexpected since every non-assintotically
free theory seems to has such a behavior. The new feature
is that in some of these models that behavior may happens
at energies of just few TeVs. This will imply that the cut-
off, A_,.... in the theory can not be eliminated, by taking
A o = 0C, 88 it is expected in renormalizable theories.
In this limit the theory might be a trivial theory. This is
supposed to be the case of pure QED since the works of
Landau and co-workers [19]. From the phenomenological
point of view this result is not very dangerous, we already
know that QED has to be embedded in the electroweak
theory at a few hundred GeVs, and also that weak and
strong correction have to be taken into account in the
calculations of physical observables, even those that are
purely electromagnetic in origin, like the (g—2),, factor, etc.
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However, as a mathematical laboratory it is interesting
to study pure QED at arbitrary small distances. In fact,
lattice calculation suggests that chiral symmetry breaking
allows QED to escape the Landau pole problem [20, 21].
This should happen because the chiral symmetry breaking
is always strong enough to push the Landau pole above
the cutoff [20]. It is interesting that the possibility of the
existence of the Landau pole, or that the theory is a triv-
ial one, arises already at the lower order in perturbation
theory. More sophisticated calculations only enhance our
confidence that this phenomenon is not an effect of the
perturbation theory at lowest order. This is in accord with
the point of view that the renormalization group provide
qualitative guidance with respect to the asymptotic be-
havior at very high energies even where coupling constant
at the scale of interest are too large to allow the use of
perturbation theory. In particular this method provides
usual insight into the types of possible behavior in field
theories [22].

Notwithstanding, we must remember that both QED
and the standard model are effective, and not fundamental
theories. It means that effective operators with dimensions
higher that d = 4 have to be considered if we want, for
instance, to get a realistic continuum limit in lattice cal-
culations [22]. Thus it seem that using the pure versions of
these models are still inconclusive and the renormalization
group may give an insight in this issue in 3-3-1 models.

The possibility of triviality implies that new phenomena
must enter before the reach the Landau pole: or a new
phase of the theory or the theory must be embedded in a
more general one. This has been used in the context of the
standard model to constraint the upper value of the Higgs
boson mass [23]. Moreover, recently it has been argued that
this upper limit on the Higgs bosons mass does not come
from an instability of the vacuum [24].

In the past years some authors, using perturbation the-
ory, have calculated the energy scale at which the weak
mixing angle get the 0.25 value [25-27]. They have been
found, taking into account only the degrees of freedom of
the standard model, that this condition occurs at an en-
ergy scale of the order of 3-4 TeV in the model of [1]. This
value is an upper limit of the energy scale at which the
Landau-like pole occurs (see the discussion in Sect. 6).

Our goal in this paper is to study the running of sin” fy,
with energy in 3-3-1 models [1,2] and their supersymmet-
ric extensions given in [6]. However, since we have verified
that, with the representation content of the minimal mod-
els g7 does not change significatively, we study the running
of gx. We confirm the order of magnitude of the results
of the previous works but we considered a more general
scenario, when the SU(3), symmetry breakdown scale,
14331, is inside the perturbative range and when the ex-
otic quarks or SUSY particles are considered much heavier
than the other particles. As previous calculations, ours are
also done at the 1-loop level but we briefly comment the
2-loop case. For this reason our result have to be seen as an
estimative of the energy scale where sin? y = 0.25. Using
the perturbation theory to find a singularity could appears
self-contradictory, however, we recall that this behavior at
relatively low energy, arises because of the constraint in

(1). We think that our calculations as the previous ones in
3-3-1 models are only preliminary results. When lattice
calculations, or other more appropriate techniques, were
available they could be compared with those 1-loop calcu-
lations, as is usually done in the A¢* or QED cases [24].

The outline of this paper is as follows. In Sect.2 we
revise briefly the minimal representation content of two
3-3-1 models that will be considered next. In Sect.3 we
give the evolution equation and calculate the b; coefficients
in each model with and without supersymmetry. In this
section we also reproduce the calculations of [25-27] of the
energy at which the condition s, = 0.25 is satisfied, taking
into account only the degrees of freedom of the standard
model. In Sect. 4, we study the evolution of ax = g% /4,
and calculate the energy scale, M’, at which ax(M’) > 1.
We also compare this energy with A defined as ax (A4) = oo,
taking into account the degrees of freedom of the 3-3-1
models for energies above an energy scale that we denote
u331. The last section is devoted to our conclusions.

2 3—-3-1 Models
with doubly charged vector bosons

The models that we will take into account in this section
are characterized by the electric charge operator,

Qa= % (/\3 - \/5/\8) +X, (2)

with two different representation content in the leptonic sec-
tor that are giving either by W, 1, = (va, 1o, EF)T ~ (1,3,0)
(Model A) or by ¥, = (Vs, L, I€)T ~ (1,3,0) (Model B),
a = e, p, 7. Both models contain doubly charged vector
bosons. In the first case, we have to add singlets I,z ~
(1,1,-1), E,r ~ (1,1,+1); and neutrinos v, ~ (1,1,0),
if necessary. In the second case only right-handed neutri-
nos have to be added, also if necessary. However, since
neutral singlet representations do not affect the running of
the coupling constants, we will not worry about
them here. In both models the quarks transform as
follows: Q1 = (di, wi,5:)T ~ (8,3%,-1/3); i = 1,2;
Qsr = (us,ds, J)T ~ (83,8,2/3), with the singlets
UaRr ™~ (17172/3)> daRN (1717—1/3): a = 172)37 j‘iRN
(1,1,—-4/3), and Jg ~ (1,1,5/3),

In these models there are fields with masses of the
order of magnitude of the SU(3), energy scale. For in-
stance, in Model A the scalar fields necessary to break the
gauge symmetry down to U(l)g and giving the correct
mass to all fermions in the model are three triplets: n =
(7707 ™ ﬂ;)T ~ (1,3,0), p = (p+7 pO; P++) ~ (1,3,1)
and x = (x~, x 7, x°) ~ (1,3, —1). We will denote the
vacuum expectation values as follows: (n°) = u/v/2, (p°) =
v/v/2 and (x°) = w/v/2. In Model B it is necessary to add
an scalar sextet S ~ (1,6,0)

o) hy RS
S=|hr H ™ o3 |, (3)
hi of HFT
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and we will usethe notation (69) = v/ V2. Itisalsopossible
to have (69) # 0 giving to the neutrinos a Majorana mass.
We will not be concerned with this here.

In Model A the physical scalar spectra are such that a
singly charged scalar, which is a linear combinations of 7;
and p*, has the square mass [28]

wy uw
Sy w

M2, o [ u? + o2
u v

and the other singly charged scalar is a linear combination
of 7§ and x* and has a square mass

fv_w_M)

U w

M§+ x (w2 +v% - (5)
where f < 0 is the trilinear coupling with dimension of
mass. We see that even if f = 0 only one of the singly
charged scalar has a low mass, the other one has a mass
square proportional to w?, so it is heavy enough (unless
it is fine tuned) to be decoupled from low energy physics
(below the breaking of the SU(3), symmetry). The same
happens with the doubly charged physical scalar, a linear
combination of p™+ and x**, with a mass square
2 fuwv _ fu_w) (6)

2 2
M;, (w +v » -
and we see that it is also too heavy (unless fine tuned)
and it will not be considered at low energies. On the other
hand, in the real scalar fields sector, there are three physical
scalar Higgs, two states that do not depend on w and f
having square masses of the order of u2 +v? and the other
one is heavy. It means that at low energies we consider
two scalar doublets of SU(2);, when we use the standard
model degrees of freedom. The vector bosons, V=, U™,
the exotic quarks and scalar singlets, all of them may be
heavy since their masses are proportional to w. The extra
neutral vector boson Z2, has an even higher mass and also
it will not be considered at low energies. This vector bosons
is a mixture of Z and Z’, but if we neglect this mixture
Zy = AR

3 The evolution equations

The evolution equations of the coupling constants at the
one loop level are given by

1 1

_ 4 Mz
(M) oi(Mz)

1 .
gb«i In (7) s 2—1,2,3, (7)

where a; = g? /4w and g3, g2, g1 are the coupling constant
of the SU(3)¢, SU(2)1,U(1)y gauge groups, respectively.
In the context of 3-3-1 models we define the b; coefficients
corresponding to the coupling constants g3, gr., gx of the
gauge groups SU{(3)¢, SU(3)r.U(1)x, respectively.

For a general SU(N) gauge group the b; coefficients are
given by

=3 3 Tw(F)+3 Y TwlS)- 5 CulG) )

fermions scalars

for Weyl fermions and complex scalars, and Tr(I)§% =
Tr[T*(I)T%(I)] with I = F, S; Tr(I) = 1/2 for the funda-
mental representation, Co(G) = N for SU(N)and C2(G) =
0 for U(1). For U(1), we use _ Tr1(F,S) = Y_ y* where
y = Y/2 for the standard model and y = X for the 3-3-1
models. On the other hand for the respective supersym-
metric version we have

bzusy= Z Tri(F) + Z Tri(S) — 3Ca(G), (9)

fermions scalars

and only the usual non-supersymmetric fields are
counted now.

We will assume that the standard model with several
scalar multiplets is valid until an energy scale ussi, i. e.,
below 2331 we consider the SM plus some light scalar dou-
blets or triplets. A SU(2); ® U(1)y model with N, = 3
fermion generations, Ny scalar doublets (Y = %1} and
Nz non-hermitian scalar triplets (Y = 2), using (8) and
the representation content above, implies

1 20
b1 = 6NH+NT+?,
1 2 10
b2— 6NH+§NT~'—3—,
by = —T. (10)

Notice that we have not used a grand unification normal-
ization for the hypercharge Y assignment. Since we will
assume that pigusy & p331 when considering the SUSY ex-
tensions of a 3-3-1 model, below u33; the only effect of
supersymmetry will be the addition of light scalar mul-
tiplets. Above us3;, we have to consider the degrees of
freedom of the 3-3-1 models.

The heavy leptons, E, in Model A, quarks J and j;; the
scalar singlets 75, p™; the scalar doublets like (x ™, x ™7 );
and finally, the vector doublets like (V~,Y~~) and the
extra neutral vector boson, Z’, will not be considered as
active degrees of freedom below pi33;. Hence, in non-SUSY
Model A we have Ng = 2 and N7 = 0; in the SUSY version
Ny =4 and Np = 0. In the non-SUSY Model B we have
to take into account the scalar sextet which implies an
additional doublet and an non-hermitian triplet, so that
Ng =3 and Ny =1, and Ng = 6 and Ny = 2 in the
SUSY case.

In the energy regime below pu33; we use the standard
definition for sin® 8y (u):

(11)

sin? G (1) = B < pssr-

1

Q2 ?
1+ 22
With this equation for the weak mixing angle and the b;
coefficients in (10), we obtain the value of sin? Ow (1331)
using the running equation of al‘,é given by (7), which will
be used as an input for the case of energies above p33;.
The values of the energies at which sin? §(4) = 0.25 (at
which the curves cut the values 0.25), in models A and
B with and without supersymmetry, are shown in Fig. 1.
These energies give an order of magnitude of the energy
scale of the Landau Pole. In particular, for the non-SUSY
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10 12

E (TeV)
Fig. 1. Running of the electroweak mixing angle for Mod-
els A and B considering only the degrees of freedom of the

effective 3-2-1 model. (s) stands for the respective supersym-
metrized version

Model A (leftmost curve in the figure) we obtain a value
for A in agreement with that of [25-27], i.e., ~ 4 TeV.

Next, we consider the case of energies above the scale
p331. Now we have to use the relation

, 11
51n2€W(u)= ZW S1/4, M2 U331, (12)
dax (p

and the running equation we will be concerned is

Caa 1 1
=(1- (b -
) [1 4sin GW(MZ)] a017) + 271_( 1 — 3b2)
Mz) 1 (Nssl)
In|—|+—b,In| — ], 13
% n(ﬂasl o X " U (1)

where b, with 7 = A, B, are given below by (14) for Model
A, or by (15) for Model B, respectively; with sin? Oy, (Mz) =
0.2311, a(Mz) = 1/128 and Mz = 91.188 GeV [29].

The b; coefficients in Model A, with and without SUSY,
when the degrees of freedom above p3s; are taken into
account, are given by:

b% =24+ N, + Ny,
b = 36 + 3(N, + Ny),

b5 =15+ 3(N, + Ny) . (14)

Similarly, for the case of Model B, we have
b% =20+ N, + Ny,
b%s =6+ N, + Ny,
bR = 30 4+ 3(N, + Ny),

b)'i;susy) =9+3(N,+ Ny). (15)

In (14) and (15) we also show the cases when we omit the
exotic quarks (this is denoted by J in bx ). We recall that

in the supersymmetric versions we have assumed pysy =
1331

In the minimal non-SUSY version of models A and B,
we have N, = N, = 1 and N, = N, =2 in the respective
SUSY models. Notice that in both models adding more
triplet of scalars like p and x enhance by and produce
a lower value for A. In the SUSY version the running is
always faster.

4 The Landau pole

We see from (12) that ax (1) — oo when p — A, and we
have sin® @y (1) — 0.25. This is the Landau pole that we
have mentioned in Sect. 1. In practice we study, using (13),
what is the energy p = M’ at which ax(M’) > 1, ie.,
the condition when ax becomes non-perturbative and we
compare this result with the energy A calculated directly

by the expression
2
). (16)

A= bz exp (bxax(,ussl)

which must coincide with, or be of the same order, the
value obtained by using the condition sin® @y (A4) = 0.25.
Of course, we expect that M’ < A.

4.1 The Landau pole in model A

As we said before, at energies below p33; there is an ap-
proximated SU(3)c ® SU(2)L @ U(1)y symmetry with the
particle content of the SM plus a second scalar doublet, i.
e., in the context of Model A: in the fermion sector there are
the usual doublets (v,, lu)r ~ (1,2, —1) and (2q, do)L ~
(3,2,1/3); the singlets I,z ~ (1,1, —2) (and right-handed
neutrinos but they do not affect the running of the con-
stants); and uar ~ (3,1,4/3), dor ~ (3,1,—2/3). In the
scalar sector we have two doublets (n°,77) ~ (1,2,-1)
and (p*, %) ~ (1,2, +1).

These are the degrees of freedom that are active at
energies p < ugs;. Hence, we have Ny = 2, Ny = 0 in
the non-SUSY model and Ny = 4, Ny = 0 in the SUSY
one. With this particle content we have from (10) [for
completeness we include the coefficient bs]:

(b17 b21 b3) = (7) —37 _7) 9
(b1, b2, b3)"Y = (22/3,-8/3,-17), (17)

and using (11) for obtaining «x (u331). If we use only the
degrees of freedom that were used in obtaining the coef-
ficients above we get, using (11), that sin?fy (A4) = 0.25
when A ~ 4.10 TeV in the non-SUSY caseand A ~ 4.8 TeV
in the SUSY case, as can be seen from Fig. 1.

Above the u33; scale, the full representation of the 3-3-1
model have to be taken into account and we get, according
to (14) [for future use we have included the coefficients

bL7 b3])
(bX7 va bS)A = (26, "-13/2, —5) ,
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Table 1. Values of M’ and A for the non-SUSY Model A. The
number inside parenthesis are the values for the case when we
omit the exotic quarks in the running equation. We show, in
the last column, an estimative for the mass of the Z’ vector
boson. All masses are in TeV

t3z1  Gx(pss) M A Mz (p331)
20 055 2.4(30) 3.1(52) 52
15 0.39 2.2(3.4) 2.8(5.7) 3.3
1.0 028 1.9(39) 2.4(65) 19
0.75 0.23 1.7(42) 21(71) 13
0.5 019 1.4(48) 18(82) 08

Table 2. Same as Table 1 but for the SUSY Model A

pssr  Ox(pas) M A Mz (12331)
2.0 047 2.3(2.6) 2.6(3.3) 4.9

1.5 035 1.9(2.3) 2.1(2.9) 3.1

1.0 026 1.4(1.9) 1.6(24) 1.8

0.75 0.22 1.2(1.7) 1.3(2.1) 1.2

0.50 0.18 0.9(1.4) 1.0 (1.8) 0.75

(bx,br,bs)f = (12,-13/2,-7);
(bx,br, b3)AEu) = (48,0,0),

(bx, br, ba)y ) = (27,0,-3). (18)

With the exotic quarks we will consider two situations.
First, that they have masses below A and are taken into
account in the evolution equations in the interval [u3s1, A];
second, we assume that their masses are higher than A and
are not considered in the running coupling constants.

The result for the non-supersymmetric model appear
in Table 1 for different values for the p33;, scale: 2.0, 1.5,
1.0, 0.75 and 0.50 TeV. The same is done in Table 2 for
the supersymmetric model. In both cases the M’ and A
values when the exotic quarks are considered heavy until the
Landau pole scale are shown in parenthesis in the respective
table. In the last column we show an order of magnitude
of the Z’ neutral vector boson (see below).

4.2 The Landau pole in model B

In this case below u33; in the scalar sector we have to
consider three doublets (7%,77) ~ (1,2,-1), (p*, 0%,
(hF,09) ~ (1,2, +1); and one non-hermitian triplet T ~
(1,3, +2). With this particle content we have from (10), be-
low pi33) i.e., wehave Ny = 3and Ny = 1 (Ny =6, Npr =2
in the SUSY case):

(by, ba, bs) = (49/6, —13/6,~T),

(b1, bo, b3)™%Y = (32/3,-1,-7). (19)
If we use only the degrees of freedom that were used in
obtaining the coefficients above we get again, from (11),

that sin? fy (A) = 0.25 when A ~ 5.7 TeV in the non-SUSY

Table 3. Same as Table 1 but for the Model B

psz1  ax(pss) M A Mz (p331)
20  0.40 3.0(6.3) 40(139) 45
15 0.32 2.7(80) 38(17.7) 3.0
10 0.24 24(11.3) 3.2(248) 1.7
0.75  0.21 2.2(14.4) 29(315) 1.2
0.5 0.17 1.9(20.1) 2.5 (44.2) 0.7

Table 4. Same as Table 2, but for the SUSY Model B

pasy  Gx(upsn) M A Mz (paz1)
2.0 0.34 2.7(35) 3.1(48) 4.1
1.5 0.28 2.2(3.2) 2.5(4.4) 2.8
1.0 0.22 1.7(2.8) 1.9(3.8) 1.7
0.75 0.19 1.4(2.5) 1.6(34) 1.1
05 017 1.0(2.2) 1.2(3.0) 0.7

case and A &~ 7.8 TeV in the SUSY case, as can be seen
from Fig. 1. If we consider the doublet (h], 02) heavy (but
keeping its VEV small) we get b; = 8 and b7"% = 28/3
and the values for M’ and A are a little bit smaller than
the case considered here.

Above the u33; scale, the full representation of the 3—
3-1 model have to be taken into account and we obtain,
according to (15) [again for future use we have included
again the coefficients by, b3],

(bx,br,b3)? = (22,-17/3,-5),
(bx,br,bs3)] = (8,-17/3,-7),

(bx, br, b3) ™) = (42,5,0),

(bx, br, bs); ) = (21,5,-3). (20)

The results are shown in Table 3 for the non-SUSY Model
B and in Table 4 for the respective SUSY model.

5 Z’ mass and 2-loop evolution equations

The Z’ is the heaviest vector boson of the models, the Lan-
dau pole energy scale (A) is supposed to be an upper limit
for its mass in the context of a perturbative approach [25].
However, the mass of this boson, at the scale u33;, and
assuming (x°) & u33; has an order of magnitude given by

Mz (ps31) ~ [4m ox (pss1))/? pasr - (21)
The values for the estimative of M2+ using (21) are shown
in the last column of Tables 1-4. We see that for some
values of ayx, Mz is larger than M’ or A.

It is interesting to note that in the SUSY version of
Model A at energies above u33; the dependence with the
energy in SU(3), and SU(3)¢ is lost since, as can be seen
from (18), at the 1-loop we have that by = bz = 0, i.e.,

ap(p > p3s1) = as(p > pss) = constant (22)
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and the same occurs for SUSY Model B for a3 as shown
in (20). We can wonder if this is an artifact of the 1-loop
approximation. Thus, let us consider the two-loop evolution
equations that are given by

da;()
du

3
1 1 o N2
=5 b1+4ﬂj_2_;buaj<u> ai(w)?,  (23)

where we have not considered the Yukawa couplings since in
any case their dominant contributions seems to be positive.
For example, in SUSY Model A [30]

84 1 12(N, + Ny) 32 + 16(N, + Ny) 160
by=| 4+2(N,+Ny) 14+ (N, +N,) 48 |.(24)
&2 24 48

In fact, in (23), we have N, = N, = 2 since we are con-
sidering the SUSY version. We see that even at this order
the asymptotic freedom for QCD has been lost for energies
higher than ps3;. The lose of the asymptotic freedom at
higher energies, for both the SUSY Model A and B is a
prediction of the models since this result does not depend
on the value of uzs;. Of course, a more careful analysis
should be done.

6 Discussions

We have re-examined the question of the non-perturbative
limit and the Landau-like pole in 3-3-1 models. In addition
we have considered the respective supersymmetric versions
and also the situation when the exotic quarks are heavy
enough and do not enter in the running equation of ax. In
practice what we have studied is the energy scale at which
a model loses its perturbative character, M’, or calculated
directly the Landau pole, 4, from (16). We find, as expected,
that for all these models these energy scales are of the same
order of magnitude, i.e., M’ < A.

From Table 1 we see that for Model A, the values of M’
and A decrease with the value of p33; but increase for lower
133y if we omit the exotic quarks in the running equation.
The maximal values of 4.8 TeV or 8.27TeV without the
exotic quarks, respectively, occur when p33; = 500 GeV.
For the respective SUSY cases, we see from Table 2 that
M’ and A always decrease with p33; and also that they
have lower values than the respective non-SUSY model.
The result for the model with the scalar sextet (Model B)
are shown in Tables 3 and 4. The largest value for M’ (A) is
20.1 (44.2) TeV when the heavy quarks are not considered.
As in Model A, both scales also decrease with the value of
H331-

Notice that from Table 1, the value of A (or M’) for
Model A (without SUSY) is always lower than the value
obtained in [25-27] and in Fig. 1. As we have mentioned
before, the latter value should be an upper limit for A.
This is confirmed when the extra degrees of freedom of
the 3-3-1 model are taken into account, for energies above
1331 As said before, we can see from Tables 1-4, the value

of A increases when the scale p33; increases. But, as us3;
becomes larger the difference between both energy scales
becomes smaller and in some point p33; must be equal to A.
However, notice also that when we omit from the analyses
the exotic quarks this upper bound is evaded. This happens
because the right-handed components of those quarks have
the largest value of the U(1)x charge making that ax
run more rapidly compared to the case where only the
standard model particles are taken into account. When
the heavy quarks are switched off ax run again slowly
and the Landau-like pole occurs at a higher energy. The
scenarios without the exotic quarks could be realized if there
are strong dynamical effects with these degrees of freedom
in this range of energy an probably the number of scalar
multiplets of these models may be lower than it has been
considered [31]. Notice also that since SUSY implies more
degrees of freedom the values of M’ and A are always lower
than in the respective non-SUSY model. If the Landau pole
is calculated by using only the degrees of freedom below
the 3-3-1 energy and the condition sin? 6y (A) = 0.25 from
(11), the value obtained is shown in Fig. 1. Since the value
of p331 is below of these values we have studied how the
value of the pole and the perturbative limit are modified
when 0.5 < g3 <2TeV.

Finally, let us mention that there is another type of
3-3-1 model in which the right-handed neutrinos or heavy
neutral leptons belong to the same triplet than the ordinary
leptons [32,33]. The charge operator is defined in this case as

1

0=y (n-ph)4x o)

In this sort of models the Landau pole arise above the
Planck scale and for this reason it has no physical con-
sequences. However, models with electric charge operator
defined by (2) and (25) are embedded in an SU(3)¢c ®
SU(4)L ® U(1)n but in this 3-4-1 model the relating the
coupling constant gz, and gx is given also by (1) [34]. Thus,
our results are also valid for the case of 3-4-1 models.
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Abstract

We show that in SU(3)¢c ® SU(3)r ® U(1)y (3-3-1) models embedded with a sin-
glet scalar playing the role of the axion, after imposing scale invariance, dynamical
symmetry breaking of Peccei-Quinn symmetry occurs through the one-loop effec-
tive potential for the singlet field. We, then, analyze the structure of spontaneous
symmetry breaking by studying the new scalar potential for the model, and verify
that electroweak symmetry breaking is tightly connected to the 3-3-1 breaking by
the strong constraints among their vacuum expectation values. This offers a valu-
able guide to write down the correct pattern of symmetry breaking for multi-scalar
theories. We also obtained that the accompanying massive pseudo-scalar, instead of
acquiring mass of order of Peccei-Quinn scale as we would expect, develops a mass
at a much lower scale, a consequence solely of the dynamical breaking.

Key words: Effective potential, 3-3-1 model, Dynamical symmetry breaking
PACS: 12.60.Cn, 14.80.Mz

1 Introduction

The origin of mass has been one of the greatest mysteries in Particle Physics.
The simplest way we envision particles getting their masses is through Higgs
mechanism, which takes place when a gauge invariant theory undergoes spon-
taneous symmetry breaking (SSB) as its potential develops a non-trivial value
(a non zero vacuum expectation value (VEV)) for the scalar field at its mini-
mum.

Preprint submitted to Physics Letters B 13 May 2005



In the context of the Standard Model (SM) this is achieved by means of
the most general gauge invariant and renormalizable potential, V = p2¢T¢ +
(¢! ¢)?. Stability forces us to choose A > 0. But the choice of the unique di-
mensional parameter in the model, u2, is enforced to accommodate the mass
generation mechanism. This ad hoc construction brings to the theory an unde-
termined parameter making impossible to directly predict the scalar particle
mass. However, thirty years ago, it was shown that quantum corrections can
lead to SSB in a scale invariant theory through the computation of its effec-
tive potential, the Coleman-Weinberg (CW) mechanism [1]. In such theories
a typical mass scale is connected to the dimensionless parameters through
the so called dimensional transmutation, which trades a coupling constant
by a mass parameter. So, the particle masses, resulting from the scalar field
condensation, would have a dynamical origin.

At one loop level, the dominant contribution arising from the most massive
particles leads to the following form for the SM effective potential, according
to the CW mechanism [2],

- BSM¢4[1n(%> -3 (1)

The coefficient Bgys is given by

1

- _ - 4 4 4
BSM — 647r2<¢>4 (3MZ +6MW 12Mt ), (2)

where Mz, My and M, are the neutral, charged gauge bosons and top quark
masses, respectively. In order to have V bounded from below, the condition
Bsas > 0 has to be verified. In this way, the Higgs mass could be predicted in
terms of the known particle masses of SM. At the time this idea was proposed,
it was only possible to put an upper bound on the Higgs mass, since the top
quark was not detected yet and there was a lot of uncertainty on the possible
value of its mass. However, with the top quark mass determination, M; ~ 174
GeV, the CW mechanism seemed then definitely discarded in the context of
the SM once it implied Bsps < 0. Moreover, Eq. (2) was derived by considering
that the Higgs self-coupling was negligible compared to the other couplings in
the theory, an assumption which is valid when the Yukawa couplings are small.
However, since we already know that top quark is heavy, the Eq. (2) loses its
meaning as it stands, and should be properly modified in order to account for
a large Higgs self-coupling !. By the other side, some simple extensions of
SM were studied by adding more scalar fields, allowing for a stable effective

! Recently, Elias et. al, in the Ref. [3], have shown that renormalization group im-
proved Coleman-Weinberg mechanism in SM predicts a Higgs mass around 216 GeV
when leading logarithms are summed over.



potential even for fermion masses above M, [4]. Also, one should care about
finite temperature effects as addressed in Refs. [2,5,6], but they are important
only if fermions are involved in the computation of the effective potential,
which is not going to be the case in the study we perform here.

In this work we consider the CW mechanism and its effects, in 3-3-1 models [7]
endowed with a singlet scalar field playing the role of the axion [8,9]. These 3-
3-1 models are very attractive extensions of the gauge sector of SM, possessing
additional scalar multiplets and, among several nice features, they can nat-
urally accommodate a Peccei-Quinn (PQ) symmetry [10], U(1)pg, and solve
the strong-CP problem with an invisible axion stable under gravitational ef-
fects if an appropriate Zy symmetry is imposed [8,9]. Their scalar sector can
have three [8] or five [9] neutral complex scalars, besides the singlet, which
could develop VEV’s. It is natural to ask if these VEV’s (or some of them)
could be an outcome of some dynamically broken symmetry at a higher energy
scale. We remark that throughout this text we are going to use the expres-
sion dynamical symmetry breaking as referring to CW mechanism leading to
a nontrivial VEV, which should not be confused with some fermion conden-
sation as, for instance, in Technicolor models. Our aim then is to obtain SSB
at the electroweak scale driven by dynamical breaking at this higher scale,
specifically the PQ scale around 10'? GeV.

It is suitable to stress that the method here developed can be useful in similar
situations for models containing multiple scalars able to develop VEV’s. Its
application to 3-3-1 models contains all the information needed to closely
follow the details of our procedure. We believe it is a valuable tool for model
builders when dealing with several neutral scalars and facing the need to pick
up non-trivial values among several VEV’s.

Next we review the field content of the models imposing the scale invariance.
Then we perform the one loop calculation of the effective potential and look
for the possibility of obtaining SSB driven by dynamical breaking in model
I and comment the results for model II, which are very similar. Finally, we
present our conclusions.

2 The models

The class of models we are going to deal here, known as 3-3-1, first proposed
about ten years ago [7], constitute a gauge extension of SM which, among
several nice features, requires a multiple of three fermion families for anomaly
cancellation [7,11,12]. Also, QCD demands a maximum of sixteen fermions
for asymptotic freedom, which in 3-3-1 models translate to the fact that the
number of families cannot exceed five (if we believe that asymptotic freedom



stays valid at 3-3-1 scale), automatically implying that only three families
are allowed, naturally explaining the outstanding family problem. Besides,
there is a bunch of new particles and interactions which make these models
phenomenologically rich and attractive as an alternative to the SM 2, since
they can be tested already at next collider experiments aimed to work at
the TeV scale. Among the possible field representations, we choose to work
with only three scalar triplets, which is the minimal scalar content needed
to generate the mass spectrum in two of these models. In the first model,
an exotic lepton appears in the leptonic triplets and right-handed neutrinos
come in singlets. Although a restriction on its perturbative applicability was
found in Ref. [14], the situation can be improved by adding new fermions in
non-fundamental representations [15]. The second model is the so-called 3-3-1
with right-handed neutrinos [12,16], where right handed neutrinos naturally
belong to the lepton triplets, instead of singlets, avoiding the introduction of
heavier leptons.

With a singlet scalar ¢ ~ (1,1,0) embedded in the model [8,9], we are going
to impose scale invariance so that no dimensional parameter is allowed at tree
level. Without scale invariance, mass terms for the scalars are present in the
lagrangian and the naturalness problem sets in, which means we have to fine
tune, order by order, the smallness of these masses with the hugeness of Planck
scale. Rather than explaining this fine tuning, we assume that the mass terms
for the scalars are zero from the beginning, a choice which is no less natural
than fine tuning, justifying scale invariance. Bellow we briefly review these

models.

2.1 Model I

This version of 3-3-1 model contains exotic charged leptons and quarks, and
can be minimally implemented by considering only three scalar triplets [11].
Its lepton content transforms under the gauge symmetry SU(3)c ® SU(3)L ®
U(1)n as follows,

fi=0f 1f ED" ~(1,3,0),

Var ™~ (1,1,0), laRN (1,1,—-1), EaR ~ (1[1)-{-1) (3)

with @ = 1,2,3 representing the three known generations. The left-handed
quarks transform as,

2 Electroweak models with SU(3) symmetry also have some predictive power con-
cerning the observed value of the weak mixing angle and can be embedded in theories
of TeV-gravity (see Ref. [13] and references therein).



Qir = (dir wir Jir)" ., Qs = (usr dsr Ji)T, (4)
where Q;; ~ (3,3*,—1/3) and Q3 ~ (3, 3,2/3), while the right-handed ones

transform as,

Ugr ™~ (3,1,2/3), daR ~ (3,1,—1/3),
ij ~ (3a1a_4/3)7 JR ~ (3a115/3)1 (5)

withi,m=1,2anda=1, 2, 3.

In the scalar sector, this model possess three triplets responsible for the
fermion masses,

ca=( 0 ) L p=(" A o), (®)

transforming as x ~ (1,3,—1), n ~ (1,3,0) and p ~ (1, 3, 1), respectively.

x=(x" x—~ x°)T

Since the number of independent fields is large enough, it was observed in
Ref. [8] that a Z;3 symmetry can be naturally associated to this model. We
can then write the most general, renormalizable, gauge, Z3 and scale invariant
potential for this model,

Vo= At + Aot + dax* + M(nn) (p10) + As(n'm) (x'x) + As(0"0) (X ")
+X7(p" ) (') + As(x M) (1"x) + Aa (X" P) (0'X) + Mo mipixdp + H.c.]
+(86") [Pax(X'X) + Aop(070) + Ain(11'm) + As(967)] - (7)

An additional symmetry can be easily recognized in the model, a Upg(1)
symmetry, which after spontaneous breaking implies an invisible axion [8],
since it is predominantly formed by the singlet field and couples directly only
with exotic quarks. This not only solves the strong-CP problem through an
invisible axion but the existence of a Z;3 symmetry guarantees the stability
of this solution under gravitational effects.

2.2 Model IT

The 3-3-1 model with right handed neutrinos on a triplet representation was
introduced in Ref. [12,16]. This 3-3-1 model differs from the above one basically
by its matter content, since it contains no exotic charges for fermions and the



right handed neutrino already belongs to the triplet. Besides, its scalar sector
also comes in three triplets but it has a different content, as described below,

fg = (Vz etlzl (Vc)tlzl)T ~ (173: _1/3)7 €aR ™~ (17 17 _1)7 (8)

where, again, a = 1, 2, 3 label the three families. In the quark sector, one
generation comes in the triplet fundamental representation of SU(3), and the
other two compose an anti-triplet with the following content,

Qi=(dir —wy dp),  Qar = (usr dar uy)", 9)

where Q;p ~ (8,3*,0) and Q3 ~ (3,3,1/3), and the right-handed quarks
transform as,

Uar ~ (3,1,2/3), dar ~ (3,1,-1/3),

{iR ~ (371’_1/3)7 uI3R ~ (3’1’2/3)7 (10)
with ¢ = 1, 2. The primed quarks are the exotic ones but with the usual electric

charges.

In order to generate the masses for the gauge bosons and fermions, the model
requires only three triplets of scalars, namely,

x=0 x= xX°), n=("n" 7°), p=(o* &° p*). (11)
with 7 and x both transforming as (1, 3, —1/3) and p transforming as (1, 3, 2/3).

As in model I, we can write the most general scalar potential, invariant under
the gauge symmetry, a discrete Z1; ® Z» [9] and also scale symmetry. Its form
is exactly the same as the one in Eq. (7), except for the differences in the
scalar triplets content. As before, a Upg(1l) symmetry is identified and as a
result of its spontaneous breaking an invisible and stable axion emerges [9].

In the next section we are going to present the effective potential for the singlet
scalar field, ¢, studying the possibility of driving SSB at scales lower than PQ
scale in model I. We also comment about the results in model II.

3 Induced spontaneous symmetry breaking

The usual procedure in developing the effective potential when dealing with
multiple scalars is described in Ref. [2,6,18]. There the quantum corrections to



the effective potential are computed considering the scalar fields altogether.
This is done in such a way that guarantees the perturbative validity of the
scheme throughout the computation, by choosing a specific direction in field
space such that all coupling constants are kept small. What we are going to do
here is something different, since the question we wish to answer is whether
the dynamical breaking for just one field, the axion in our approach, can
induce spontaneous breaking of 3-3-1 as well as the electroweak symmetries.
This means that we have only to compute the quantum corrections for the
singlet field and check if it leads to a stable effective potential that can trigger
nonzero VEV’s for some of the remaining neutral scalars of the model, namely,
Uy, V, and v, which are in charge of producing the desired pattern of symmetry
breakdown.

Applying the CW mechanism by considering only the singlet condensation,
we computed the effective potential for the 3-3-1 models above presented. We
then obtain the following renormalized effective potential:

2 1
V:sz = ng(bg [ln (%) - 5] ) (12)

&

where ¢2 = ¢*@, v, = () and the coeflicient B, 2 is given by,

3
Bug = 1oz [(Non + 26 + X5 (13)

Observe that there is no trace of A4 in this equation, since the renormalization
procedure, along with the minimum condition, lead to a Ay )\f,n., where
i =1, p, X, which are small couplings as we will see ahead, allowing to neglect
Ap in Eq. (13). With this result we can already be certain that this effective
potential breaks the Upg(1) symmetry at v, scale, which we associate to the
PQ scale. It is clearly a stable effective potential since all terms appearing in
ng are definite positive.

In order to address the problem of driving spontaneous breaking by the dy-
namical one, we have to analyze the constraint equations coming from the full
potential. This means that we are going to substitute the A\y¢* in Eq. (7),
by the term obtained in Eq. (12) and check which, if any, non-trivial VEV’s
for the neutral scalars are consistent with a minimum. It should be remarked
that in this sense we first considered the potential in Eq. (7) and obtained
a nontrivial VEV for the singlet field, which we called dynamical breaking.
Only then we are going to formulate constraint equations for the VEV’s for
the remaining scalars, knowing that vy4 is guaranteed to be nonzero by CW
mechanism. However, now the potential is not given by Eq. (7), but by that
potential changed after the dynamical breaking as pointed above. As far as



we know, this approach is new and could prove very useful in establishing the
correct pattern of breaking for a multi-Higgs theory, which is our case for the
models presented in Sec. 2.

At this point the two models should differ, at least in their neutral scalar
content, leading to different constraint equations. We are going to develop the
formalism for model I here, just mentioning the results for model II. According
to Sec. 2.1, in order to get its constraint equations we first make the shift in
each neutral scalar field by its respective VEV, and plug them into the new
potential, we obtain the following constraints:

2007 + Agvl + AsvZ + Aq&n”i] Up + A10U,05 0 = 0,

[2/\2’0,2, + /\4’0.,2’ + /\6'0)2( + /\¢va} Up + /\10’0-,,’UX’U¢ = O,
[2/\32))2( + /\5v,2, + /\62)5 + /\¢ng] Uy + AoUpv,vs =0,

Aoy + g + ’\¢XU>2(] Vg + AoUnUpvy =0, (14)

where we have taken, (¢c) = J5vp, (X°) = J5vy, (7°) = vy and (%) = J5v,.

Notice that in these equations, the only VEV which is guaranteed to be
nonzero is v,, by the CW mechanism developed above for the ¢ field. When
we ask if we can induce SSB at low energies by the dynamical one obtained
for ¢ at PQ scale, we are actually asking if the constraint equations are consis-
tent with nontrivial values for the remaining VEV’s at TeV, the typical scale
for breaking 3-3-1, and electroweak scales, otherwise we would have been in
trouble since the known low energy physics could not be recovered with these
models. For model I, looking at the set of Egs. (14), we see that if one of
the triplet VEV’s is different from zero only nontrivial solutions are possible
for the remaining ones. This is easy to see by initially imposing that some
of them are null and checking the constraint consistency condition. Hence, if
one admits that the couplings in the potential are non-zero (since we have no
underlying symmetry implying null couplings), one gets to the conclusion that
SSB is a non negotiable outcome.

We also observe that the constraint equations, Eq. (14), allow us to determine
the coupling constants in terms of the remaining couplings and VEV’s:

B —\vp 4 Agv) + Asvy + Asvivl

Agn =
25,2
UaVs
4 4 4 2,2
A = /\11)7’ — /\2’Up + /\3‘UX + /\5’1),7’UX
ép — 202
[



Mg + Agvs — Agvly + Mquiv?
Agx = V202
X9
’U,?’(Aﬂ)?’ + A4U’2,) + vf,()\gvi + As’vi) + ’Ui()\g’vi + )\51)3’)

UpUpUx Vs

(15)

Alp=—

which shows that the singlet interaction with the triplets are suppressed by
factors of (vy/vs) and (v2/v3), since v4 is much bigger than v, which is about
a few TeV's.

We could go a step further and ask: “what if the highest scale below vy,
which means v,, is also dynamically non-zero?”, we would have to follow
the above analysis again and verify the induced spontaneous breaking. The
problem of considering radiative symmetry breaking with multiple scalars was
already considered before (see second article in Ref. [4]), but here we want
this dynamical breaking to be only a part of the whole mechanism of SSB. To
proceed with this proposal we remark that, differently from the singlet field,
the triplet component x couples not only with scalars but with fermions and
vector bosons too. In this way we could expect to have the same problem of
instability as in the SM, since now we have heavy exotic quarks and vector
bileptons which acquire mass at v, scale. It would make no difference then if,
instead of making assumptions over the masses of these fields, we just assume
that v, is nonzero from the beginning. Observe that this assumption is not
worse than that we had in the model without CW mechanism, where besides
assuming a nonzero VEV we also had additional free parameters, the mass
scales in the scalar potential. In essence, we can argue that our method allows
us to eliminate some of the free parameters of 3-3-1 through scale invariance,
and this is a step forward in reducing the unknowns in the theory. The fact
that we added a scalar singlet into the model has increased the number of
parameters though, but it happened in exactly such an amount that we ended
up with the same number of parameters as before, where we had no singlet
scalar and no scale invariance. This is an interesting result, since we are able to
solve strong-CP problem without any additional cost of increasing the number

of parameters.

As for model II, the analysis follows exactly in the same way, but things are
not so straightforward as in model I. The additional complication comes from
the fact that here we have more VEV’s at hand, namely, v,, and v,,. Some of
the VEV’s can remain zero and still keep consistency, v, = 0 and v,y = 0 (in
this case we would recover the constraints of model I, Eq. (14)), or v,» = 0
and v, = 0, for instance. However, this only points to interesting possibilities
with this model, since the second solution would imply spontaneous breaking
of lepton number, leading to a triplet majoron [17], while the first solution
would have no such a feature. We would have no way to select between these
two possibilities by the method here exposed but, again, we would know which
allowed pattern of breaking are consistent for this model.



Finally, we mention that when no dynamical breaking is considered, and the
VEV’s are assumed to be non-trivial, the massive pseudo-scalar, Ay, acquires
a mass which is dominated by a v, factor, Ma, = {/|\i0| vsvy. However, in
our dynamical scheme, this does not happen and the dominant contribution
to Ag mass is given approximately by,

Al 1 1
MAO%Jl—ﬂ(—+ —)vi ~ O(TeV), (16)

2
211,, v,

a result which can be rather interesting phenomenologically, since this scalar
can be produced at energy scales around TeV instead of much higher energies
as in the case before. Besides, it shows that it is not necessarily true that
scalars embedded in such a dynamical context are forced to get mass at the
breaking scale. This could have interesting implications for models involving
scalars originated at such high energy scales.

The important lesson from this study is the fact that we have SSB driven by
dynamical breaking and, in the models here presented, this happens in such
a way that there is coherence between their structure and phenomenological
aspects. For instance, it could be that some of the low energy VEV’s, like v,
or v,, would not be simultaneously different from zero for the models studied,
implying that the scheme for fermion mass generation in these models would
need revision. It is clear that what differentiates the view above presented from
applying CW mechanism directly to multi-Higgs models is a subtlety. We are
using the mechanism to ignite SSB while caring for its consistency. Also, it is a
whole new way of dealing with SSB, since this is not an ad hoc assumption of
nontrivial VEV’s, we are firmly basing its origin on the dynamically generated
VEV. We believe this method can serve as a guide for model builders when
several scalar multiplets develop VEV’s, since they should obey some inherent
consistency conditions, as shown above. Moreover, it seems that this approach
provides a way of choosing the right pattern of breaking. In our case, model
IT offers the possibility of having two of the VEV’s identically zero, though
we could also pick up one or both of them as nonzero if needed. Conversely,
we could not arbitrarily impose zero values to VEV’s as we wish, which is
patently obvious in both models in what concerns v,. As we have seen, since
vy # 0, there is no freedom to assign a null value to this VEV, and we would
have been in trouble if for some reason we needed that.

4 Conclusion

We have shown that two models of an electroweak model based in a SU(3), ®
U(1)y symmetry, with three scalar triplets and a singlet axion, are able to ac-
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commodate dynamical symmetry breaking at high energies and trigger spon-
taneous breaking at lower scales, which was done considering scale invariance.

By analyzing the effective potential for the singlet scalar field we obtained
dynamical breaking of Peccei-Quinn symmetry through CW mechanism. This
breaking, along with the assumption that the next highest VEV is nontriv-
ial 3, lead to effective potential constraint equations for the remaining VEV’s
that fixed the pattern of spontaneous breaking. This is what we have called dy-
namically induced spontaneous symmetry breaking. It should be remarked that
the spectrum of Goldstones in the scale invariant theory would not match the
required one if no singlet were added, because without an interaction among
the three triplets there would be an additional global symmetry. However,
this interaction is reintroduced disguised in quartic terms involving the sin-
glet, stressing the importance of the singlet in this approach.

It is clear that we are not trying to explain the hierarchy of VEV’s in such
models, or proposing any new mechanism to obtain the masses dynamically.
However, we are offering a new way of viewing SSB as something with dy-
namical origin, though keeping some aspects of usual spontaneous breaking.
It would be useless if no advantage were incremented. In general, the virtue
of such an approach is the fact that it allows us to reduce the number of free
parameters in the multi-scalar models, at least by avoiding dimensional param-
eters in the lagrangian through scale invariance. This justified the inclusion of
a singlet scalar with additional advantages without increasing the number of
unknowns in the model. Moreover, it is a powerful method to identify which
pattern of breaking we can assume without running into contradictions, for in-
stance, like imposing that some neutral scalars do not develop a VEV when the
consistency between CW mechanism and the potential constraint equations
demand nontrivial VEV’s. We believe that this way of facing the problem can
help in several similar situations where multiple scalars can assume VEV’s but
no guide is available to get it without ambiguity. Besides, it is possible that
the structure of other multi-Higgs models would imply that CW mechanism
can drive the desired pattern of breaking at once, by considering only that
the first breaking at the highest energy is dynamical. In this sense the tech-
nique employed here can prove itself powerful and more appealing. Also, we
observed that massive scalars generated in the context of dynamical breaking
can have mass much lower than the breaking scale. It would be interesting to
have further tests of this approach applying it to other multi-Higgs models.
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We show that by introducing appropriate local Zy(N=13) symmetries in electroweak models it is possible
to implement an automatic Peccei-Quinn symmetry, at the same time keeping the axion protected against
gravitational effects. Although we consider here only an extension of the standard model and a particular 3-3-1
model, the strategy can be used in any kind of electroweak model. An interesting feature of this 3-3-1 model
is that if we add (i) right-handed neutrinos, (ii) the conservation of the total lepton number, and (iii) a Z,
symmetry, the Z,5 and the chiral Peccei-Quinn U(1)pg symmetries are both accidental symmetries in the sense
that they are not imposed on the Lagrangian but are just a consequence of the particle content of the model, its
gauge invariance, renormalizability, and Lorentz invariance. In addition, this model has no domain wall

problem.

DOI: 10.1103/PhysRevD.67.095008

I. INTRODUCTION

It is well known that an elegant way to solve the strong
CP problem is by introducing a chiral U(1)pq [1] symmetry
which also implies the existence of a pseudo Goldstone
boson—the axion [2]. This particle becomes an interesting
candidate for dark matter if its mass is of the order of
1073 eV [3-5]. It was also recently argued [6] that an axion-
photon oscillation can explain the observed dimming super-
novas [7] if the axion has a rather small mass: ~ 1076 V.
Which ever of these possibilities (if any) is realized in na-
ture, the existence of a light invisible axion can be prevented
by gravity, since it induces renormalizable and nonrenormal-
izable effective interactions which explicitly break any glo-
bal symmetry, in particular the U(1)pq symmetry, and the
axion can gain a mass that is greater than the mass coming
from instanton effects [8]. This can be avoided if the dimen-
sion of the effective operators is d=12. Hence, unless d is
high enough, invisible axion models do not solve the strong
CP problem in a natural way. Here we will show how in two
electroweak models the axion is protected against gravity
effects; however, the strategy can be used in any electroweak
model.

It was pointed out several years ago by Krauss and Wilc-
zek that a local gauge symmetry, say (1), can masquerade
as discrete symmetries ZyCU(1) to an observer equipped
with only low-energy probes [9]. This means that these sym-
metries evade the no-hair theorem [10]; i.e., unlike continu-
ous symmetries they must be respected even for gravitational
interactions. The only implication of the original gauge sym-
metry for the low-energy effective theory is the absence of
interaction terms forbidden by the Z, symmetry. For in-
stance, if there were more charged scalar fields in the theory,
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the discrete symmetry would forbid many couplings that
were otherwise possible.

Here we will not worry about the origin of this Zy [or
U(1)] symmetry [11-15]. For instance, it might be that the
Zy symmetries come from a fifth dimension, as was shown
for the case of U(1)y in Ref. [12]. We will simply assume
that at very high energies we have a model of the form
U(1)®Gew where U(1) is a local symmetry (maybe a sub-
group of a larger symmetry) which is broken to Zy at a high
energy scale and Ggy is an electroweak model, i.e., U(1)
®Gepw—Zn® Gy . We will use the existence of these local
Zy symmetries in order to protect the axion against gravita-
tional effects. We get this by enlarging, if necessary, the rep-
resentation content of the model, so that we can impose sym-
metries with N=13. In addition, the U(1)pq symmetry (and
under some conditions also the Z, symmetry) is an auto-
matic symmetry, in the sense that it is not imposed on the
Lagrangian but is just a consequence of the particle content
of the model, its gauge invariance, renormalizability, and
Lorentz invariance.

In these circumstances we show how a naturally light in-
visible axion (it is almost a singlet ¢ under the gauge sym-
metry), which is also protected against the effects of quan-
tum gravity, can be obtained in the context of electroweak
models as follows. Effective operators like ¢V~ 1/pmY 174
are automatically suppressed by the (local) Zy symmetry. At
the same time this symmetry makes the U(1)pq symmetry an
automatic symmetry of the classical Lagrangian or, as in the
3-3-1 model considered here, both Zy and U (1)pg are al-
ready automatic symmetries of the model under the condi-
tions discussed in Sec. III. For instance, a Z,; symmetry
implies that the first nonforbidden operator is of dimension
13 and it implies a contribution to the axion mass square of

©2003 The American Physical Society
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" IMY=10"" eV or 107""m], if m,~Ajcp/vg

=103 eV is the instanton induced mass (we have used
Mp=10" GeV and ve= 10'? GeV). The naturalness of the
Peccei-Quinn (PQ) solution to the #-strong problem is not
spoiled since in this case we have Oeﬁ«vZ/M N 4A“QCD [16],
and it means that 8.z« 10~ for N=13. Recently we applied
this strategy in the context of an extension of the electroweak
standard model [17]; now we will apply this procedure to a
model with 3-3-1 symmetry.

Hence, we see that it is necessary to search for models
that have a representation content large enough to allow the
implementation of a discrete symmetry Zy with N=13. In
the context of a SU(2),®U(1)y model we have enlarged
the representation content by adding several Higgs multip-
lets, right-handed neutrinos, and the scalar singlet necessary
to make the axion invisible. Hence, it is possible to accom-
modate a Z;; symmetry while keeping a general mixing
among fermions of the same charge [17]. Larger Zy symme-
tries are possible if we add more scalar doublets in such a
way as to generate appropriate texture of the fermionic mass
matrices. On the other hand, we will show in this work that
in a 3-3-1 model the minimal representation content plus
right-handed neutrinos admit enough large discrete symme-
tries. In these models the addition of a singlet (or a decuplet
[18]) is the reason for maintaining the axion invisible; how-
ever, in the 3-3-1 model the axion picture is a mixture of the
Dine et al. invisible axion [20] and the Kim heavy quark
axion [21]. Nevertheless, unlike the model of Ref. [21], here
the exotic quarks are already present in the minimal version
of the model.

This paper is organized as follows. In Sec. Il we review
briefly the new invisible axion in the context of an extension
of the standard model [17]. In Sec. III we consider one 3-3-1
model. Our conclusions and some phenomenological conse-
quences are in the last section.

I1. AN EXTENSION OF THE STANDARD MODEL

Let us consider the invisible axion in an extension of the
SU(2),®U(1)y model. The representation content is the
following: Q= (ud)!~(2,1/3), L,=(v})I~(1,-1) de-
note any quark and lepton doublet; up~(1,4/3), dp~(1,
—2/3), Ig~(1,—2), vg~(1,0) are the right-handed compo-
nents; and we will assume that each charge sector gains mass
from a different scalar doublet [19], i.e., ®,, ®,, ®,, and
&, generate Dirac masses for u-like and d-like quarks,
charged leptons, and neutrinos, respectively [all of them of
the form (2,+1)=(¢™", ¢°)7]. We also add a neutral com-
plex singlet ¢~(1,0) as in Refs. [20,21], a singly charged
singlet h* ~(1,+2) as in Zee’s model [22], and finally, a
triplet T~(3,+2) as in Ref. [23]. The introduction of right-
handed neutrinos seems a natural option in any electroweak
model if neutrinos are massive particles, as strongly sug-
gested by solar [24], reactor [25], and atmospheric [26] neu-
trino data.

Next, we will impose the following (local in the sense
discussed above) Z,; symmetry among those fields:

Q- wsQ;, ug—wiug, dg—w;s'dg, (n
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Lowgl, vp—wovg, lg—wylp,
¢,—w,'®,, ®,—0;'®,, ©—ow,,,
®,—w;'®,, poo'd, T-w;'T,

h+—)ﬂ)1h+

with w,=e?™*13 =0,1,...,6. With this representation
content and the Z;; symmetry defined in Eq. (1) the allowed
Yukawa interactions and the scalar potential are automati-
cally invariant under a U(1)pg chiral symmetry. The PQ
charges are quantized after imposing an extra Z; symmetry
with parameters denoted by @y, @;, and @] '. Under Z; the
fields transform as follows:

q)u,q)[,T,VR—')al((pu,q)I,T,VR),

q)v7¢7uR’IR—-)JI_I((I)v’(ﬁ,uR’lR)’ (2)

while all the other fields remain invariant, i.e., transform

with @,. As we said before it is possible to implement larger
Zy symmetries if more scalar doublets are added in such a
way as to generate appropriate texture of the fermionic mass
matrices.

The PQ assignment is the following:

' i(US)aX ' —iaX
up=e' Xy, g =eg~ieXag,

—iS)aXyy i(3/5)aX gy,
? ?

li=e vi=e

0r _  ~i(4/5)aXy 40 0r _ —2iaXy 40
¢u = (4/5)a. d¢u’ 0'=¢ ia d¢d’

¢?r = —i(8/5)aX, ¢? P O 4°,

¢:- r_ ei(3/5)axd¢":' ,

¢;- 1 =e—i(3/5)ﬂ'xd¢;‘ , (3)

¢[+ l=e—i(8/5)axd¢l+ , ¢:— ' =ei(l/5)axd¢': ,

TO = g~ iEDaXyp0 T+ = iUS) K+

THH!=iODaXyp++  p+r = pi(US)aXyp+

B’ =ei(6HaXag

The axion is invisible since it is almost singlet as in Refs.
[20,21]; the scalar triplet is only a small correction for it.

Some axion models [27] lead to the formation of domain
walls in the evolution of the universe, which could be incon-
sistent with the standard cosmology [28]. The domain wall
number is defined as [29]

Npw= fZ‘,L TrXfTi(f)—fZR Tr X, T2(f)|» (4)

where X denotes the PQ charge of the quark f and there is
no summation on a; we have TrT,T,=(1/2)§,, for 3 and
3*. Using the PQ assignment in Eq. (3) we obtain Npy
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=|(9/5)X4. If X,=*5 we have Npy=9. (We choose X,

=—5 in order to have 86— 8+2wk, k=0,...,8.) The N
=9 vacua can be characterized by

= I S P R,
(u,"uR)-p.“e i27( k/9), (d{dR>—[Ld812"(5k/9),
(¢2>=vuei(ﬁu—2ﬂ'(2k/9)), (¢2>= vdei(ﬁd—Z'n'(SkB))’

0 o D
(451):”19'(5’ 2m(4k/9) (¢?,>=v,,e'w" 2m(3ki9))

(T0>_=v7-ei(/37_2'”(4k/9)), (43): v¢ei(ﬁ¢_2”(3k/9)), )

where k=0, ....8.

In this extension of the standard electroweak model only
the U(1)pq is an automatic symmetry and its charges are
quantized only if we add an extra Z; symmetry. As we
showed before, there are genuine discrete symmetries that
are not broken by the instanton effects, so this model suffers
from the domain wall problem, and it must be solved by any
of the methods proposed in the literature [29,30]. Moreover,
in this model the Z;3 symmetry is not automatic. For more
details, see Ref. [17].

III. THE AXION IN A 3-3-1 MODEL

The so called 3-3-1 models are interesting candidates for
physics at the TeV scale [31-34]. In fact, some years ago Pal
[18] pointed out that the strong CP question is solved el-
egantly in those models. The point was that the Yukawa cou-
plings of these models automatically contain a Peccei-Quinn
symmetry [1] if a simple discrete symmetry was also im-
posed in order to avoid a trilinear term in the scalar potential.
Here we will consider one particular 3-3-1 model in which
only three scalar triplets are needed [32], but we introduce
also a scalar singlet, ¢~ (1,1,0). In this 3-3-1 model if we
add (i) right-handed neutrinos, (ii) the conservation of the
total lepton number L, and (iii) a Z, symmetry defined be-
low, we have that both Z,3 and U(1)pq are accidental sym-
metries of the classical Lagrangian (in the sense discussed in
Sec. I).

Before considering the implementation of a naturally light
and invisible axion in the context of the 3-3-1 model of Ref.
[32], let us briefly review the model.

In the quark sector we have

Ot =l g j )i~ (3,3%,— 1/3), m=1.2,
Q3= (u3,ds3,J)1~(3,3,23), 6)

and the respective right-handed components in the singlets

Vi = 2

X=ThPXs
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Uor~(3,123), dap~(3,1,—1/3), a=123,

Tr~(3,1,53), jnr~(3,1,—413). )

In the scalar sector, this model has only three triplets,
x=(x"x" " x)Np=(p"p%p" )T,

7=(n%n.m)", (8)

transforming as (1,3,—1),(1,3,1), and (1,3,0), respectively.
Finally, in this model leptons transform as triplets (3,,0)
where a=e,u,7:

Vo= (va, Los E)L» ©)
and the corresponding right-handed singlets

VaR~(17190)7 laR~(1717_1)v EaR~(171’+1)7 (10)

and we have added right-handed neutrinos which are not
present in the minimal version of the model. Hence, we see
that the model has 15 multiplets, including right-handed neu-
trinos and the singlet ¢ [in fact, as usual we have to add a
scalar singlet ¢~ (1,1,0) in order to make the axion invisible
[20,21]] and it will admit, under the three conditions intro-
duced above, automatic Z,3 and U(1)pgy Symmetries as we
will show in the following.

With the quark and scalar multiplets above we have the
Yukawa interactions

- ‘Cg’=QiL(FiauaRp* +FiadaR77*)+ Q}L(GlauaR”

+G10darp) + M Q31T g X+ NimQirimrx* +He.,
(11

where repeated indices mean summation. In the lepton sector
we have

~LYy=Go(¥) a1 vpr 1+ Gap(¥) arlorp+ GE (¥ ) s EnrX
+H.c. (12)

In both Yukawa interactions above a general mixing in
each charge sector is allowed. If we want to implement a
given texture for the quark and lepton mass matrices we have
to introduce more scalar triplets and a larger Zy symmetry
will be possible in the model. Interesting possibilities are the
cases where N is a prime number (see below).

The most general L-, Z,-, and gauge-invariant scalar po-
tential is

RETIT A+ M (7T )2+ 0500 0) 2+ Ma(x ' x) 2+ (1" MM a(p T p) + X s(XTx) 1+ M0t 0) (X x) +A5(p" 1)

X(7'p) +hs(x (7 x) + No(p X)) (X )+ N p(B* B)* + $* ¢k=§.p ) NI 1Tt (Mot mpix+He), (13)
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where the u’s are parameters with dimension of mass, the
\’s are dimensionless parameters, and we have denoted T,
=7,p,X.¢ and T;= 7,p,x. Now we can explain the moti-
vation for the three conditions assumed at the beginning of
the section. (i) With the present experimental data [24-26] in
any electroweak model right-handed neutrinos are no longer
avoided under the assumption that neutrinos are massless.
(ii) In Eq. (11) a Majorana mass term is still possible among
right-handed neutrinos, say M z(v°)gvy; on the other hand,
in the scalar potential it is possible to have the quartic term
x"mp’ 7, which also violates the total lepton number. Both
terms are avoided by imposing the conservation of the total
lepton number L. (iii) The trilinear term in the scalar poten-
tial zpyx is avoided if we impose a Z, symmetry under
which Jg ,j .k X, @ are odd and all the other fields are even.
In these conditions, the Yukawa interactions in Egs. (11),
(12) and the scalar potential in Eq. (13) are automatically
invariant under the (local) Z;; symmetry:

-1
Qi—ows Qi, Q3—wsQs,

-1
Ugr— @ \Ugg, dop—w) dag,

. —-1.
Jr=w3Jgs  Jmr— @3 jmrs

¥, —-we¥,, lR_’w;]lR s

vg— 0, 'vg, Egp—w;'Eg,

77_)‘04 777 p_)w6p’

¢—>w,¢, (14)

X @2X,

where w,=e2™*13 k=0, ... 6. Notice that if N is a prime
number the singlet ¢ can transform under this symmetry
with any assignment (but the trivial one); otherwise we have
to be careful with the way we choose the singlet ¢ to trans-
form under the Zy symmetry. This symmetry implies that the
lowest-order effective operator that contributes to the axion
mass is ¢'*/Mj,, which gives a mass of the order of

(vd,)“/M?,, and also keeps the & parameter small, as dis-
cussed previously.

It happens that, like the Z;; symmetry, the U(1)pq is also
automatic, i.e., a consequence of the gauge symmetry and
renormalizability of the model, in the interactions in Egs.
(11), (12), and (13). Let us see the PQ charge assignment for
the fermions in the model:

uy=e "Xuy;  dy=e Xid, I} =e" "],

Vi=e_‘avaL, ji=e—laxij’ Ji=e—’aX'IJL,
Ej=e '*XeE (15
L_e L~ )

and in the scalar sector we have the following PQ charges:

7710=e—21'11')(‘,,'70=e+2iaf)(d,'70’

— (Xt X)X X )
T AL
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77-2+-r =e—ia(X_,+X“)77;-=e+ia(Xj+Xd)772+,
pl0=e+2iaXup0=e—2iaXdp0,
pr+=e—-ia(X“+Xd)p+=e+ia(Xu+Xd)p+’
p' = IaX X gt pHia(X X
Xr— =e—ia(Xu+XJ)X— =e+ia(Xd+Xj)X—-,
Xr——=e—ia(Xd+XJ)X——=e+ia(X,,+Xj)X——’
XI0=e—2iaXIX0=e+2ianX0’
¢’ =e " *ig. (16)

From Egs. (15) and (16) we obtain the following relations:

X;=-X,=X;=—X,, X;=-X=-X;. (17

In the present model, although we have two independent PQ
charges (say, X, and X;), the known quark contributions to 8
which are proportional to X, cancel out exactly. Only X; is
important for solving the CP problem:

0—8-2a X;=0-2aX;. (18)
all quarks

Hence we can assume that X,=0 and the only relevant
PQ transformations are

jr=e iy, Jp=efNiyy,
t_ —iaX; +1__ _jaX; +
EL—e ia JEL7 7 _emXI”Z,

p :e. "p , XI—=eiaij_

2iaX;, 0

X:——=eianX——’ X10=e ix°,

¢,=e—2iaxj¢. (19)

Notice that, as in Ref, [21], we have an invisible axion (it
is almost a singlet; see below), and the PQ charge that solves
the strong CP problem is the charge of the exotic quarks.
However, unlike in Ref. [21] the heavy quark is already
present in the minimal version of this 3-3-1 model. The con-
dition X, = — X is not allowed in the context of the standard
SU(2).® U(1)y model since in this case it is not possible to

shift the 6.
We have seen above that the known quark contributions to

0 cancel out exactly. This also happens in the domain wall
number Npyw defined in Eq. (4). Using the PQ charges in
Egs. (15) and (16) we obtain Npy=X; and since we have
always chosen X ;=1 we see that, as in Kim’s axion model,
there is no domain wall problem in this 3-3-1 axion model.
We stress that the contributions of the known quarks cancel
out exactly even if we assume that X ;# 0. Moreover, we will

see in Sec. IV that the coupling of the axion with the photon
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also does not depend at all on the PQ charge of the usual
quarks and leptons since there is an exact cancellation among
them. However, if X,;#0 there are still couplings with the
usual fermions. Notwithstanding, since X, does not play any
role in the solution of the strong CP problem, we can assume
at the very start that X,=0, i.e., that the nontrivial PQ trans-
formations are those in Eq. (19). This means that at the tree
level there is no coupling of the axion with the known quarks
and charged leptons.

We can verify that in fact the axion is almost singlet. After
redefining the neutral fields as usual, Tg=(v (+Re T2
+ilmTH/N2, ¢=(vy+Rep+ilm $)/V2,  with &k
=7,p,X. we obtain the constraint equations ¢,=0 (where
X=17,0,X.P)

1
t,,=Re[,u,3,v S ST 5()\4|vp|2+)\5|vxlz)v,,

Mo
2
+=mv U0t Aonlvgl v,,},

1
tp=Re[,u,§vp+ )\2|vp|2vp+ 5()\4|v,,|2+ )\6|vX|2)vp

Ao
2
+ TU,,vxv¢+ Aol gl vp],

1
tsze[#,z\«vx+)\3lvx|2vx+ E()\5|v 7)|2+)\6,vP|2)vx

Ao
2
+ TU,,UPU¢+)\¢X|U¢| UXJ,

= 2 2 Mo 1 2
t¢—Re ,u.¢v¢+)\¢|v¢| U¢+ '2_U7’UPUX+ E(A¢7’IU7’|

+)\¢p|vpl2+)\¢xlvxlz)v¢],

Im(v 4v 0 ,0,)=0. (20)

Notice that the solution with v,,,v,,0,,04¥0 is allowed.
For instance, just for an illustration, assuming for simplicity
that all vacuum expectation values (VEV) and parameters

(but ps and p,) are real, )\,vfl,)\zvf,, N okVr0 gl
<[\ 1guxvy], We obtain
2 2
P
¢ )‘¢’ X N’
VU0 U0,
PYxVe 77x"¢
V=N V=" 5, (21)
Ky Ko

and the self-consistent condition )\fovivik,ufpu,g. With all
VEVs real the pseudoscalar mass eigenstates, in the basis

Im(7°,p%x°% &), are given by
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1
o__ =  (—
7' Yp

: s—]vzv s—lv v s—zvzv s—2v2v¢
2 n* £ X £
(_N s, P sy 7 4 8 ¢ 5 X

Ty 0T
X

1
AP=—=(V 0,0 4,0 040 4>V 00 6,0 0,00 ) (22)

VN

where s, = (vi+v§,)m, s2=(v3,+v,2,)“2, and N=v3,[vf,(v§
+vfb)+v§v (2,,]+v pvivi; G}, are genuine Goldstone
bosons (absorbed when the gauge bosons Z,Z’ become mas-
sive), and a is the pseudo Goldstone axion. If |v 4| |v,| we
see that a=Im ¢ and we have an invisible axion [20]. The
usual restriction coming from red giants implies |v ¢|
>10° GeV [35]; A is a heavy pseudoscalar with m3=
-(A 10/8C){v3,[v§(vi+ vi) + viv$]+ v,z,viv?,,} with A 1p<O
and we have defined C=v 40 0,0,

IV. CONCLUSION

We have built invisible axion models in which the axion
is naturally light (protected against quantum gravity effects)
because of a Z;; discrete symmetry. In the context of a
SU(2)®U(1) model this symmetry and a Z; have to be
imposed and new fields have to be added. On the other hand,
in a 3-3-1 model with right-handed neutrinos added, the Z,;
is automatic if we impose the conservation of the total lepton
number and a Z, symmetry. Moreover, in both models
U(1)pq is an accidental symmetry. This means that at low
energy the gauge symmetries are SU(3),®SU(2),
®U(1)y®213®23 or SU(3)C®SU(3)L®U(1)y®Zl3
®Z,. Notice, however, that in the context of the standard
model, even by imposing L conservation and the Z; symme-
try, the Z,3 symmetry is not automatic, but in the 3-3-1
model L conservation and Z, make Z;; an automatic sym-
metry.

Hence, we have implemented an invisible and naturally
light axion in a multi-Higgs-boson extension of the standard
model and also in a 3-3-1 model. Unlike the axion of the first
model, in the 3-3-1 model considered here the minimal rep-
resentation content (plus right-handed neutrinos) is already
enough to implement a local Z;5 symmetry. As we said be-
fore, the interesting discrete symmetries are those in which N
is a prime number. In this case Zy has no subgroup except
itself and the identity [36]. Hence, the next interesting sym-
metry should be Z,;, which will allow an even lighter axion,
L€, M2 (gravieyy = (0 6) M~ 1077 eV or 1077m2. Simi-
larly, in this case the contribution to the 8 parameter is rather
small, Bgraviyy~107%.

We now consider some phenomenological consequences
of the axion in the 3-3-1 model. (The case of the model of
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Sec. II has been considered in Ref. [17].) In general, the
axion-photon coupling is given by
Cayy— 1.95, (23)

¢ ayy”

ayy™

where the first term is defined as

- 1

= 2
4T Npw an demions X2 @)
with Npy=1 in this model since it has no domain wall prob-
lem as in Kim’s model [21]; Xy and Qf are the PQ and
electromagnetic charge, respectively, of the fermion f. The
term — 1.95 comes from the light quark PQ anomalies and it
exists only if these quarks carry PQ charges. In Eq. (24) the
contribution proportional to X, cancels out exactly even if
we assume that X,#0. So we have in general that ¢,,,=
—(2/3)X;—1.95, or c,,,=2.62 (—1.28) for X;=+1(—1).
In our case in particular, since X;,=0, we have just the first
contribution in Eq. (23), i.€., € 4yy= Cayy= = (2/3). We stress
that the contributions of the PQ charges of the known quarks
cancel out exactly in @ in Eq. (18), in the domain wall num-
ber given in Eq. (4), and also in Eq. (24). Thus, if we assign
PQ charges to those quarks it implies only a coupling with
the axion at the tree level. On the other hand, if we assume
that only the exotic fermions of the model carry a PQ charge,
the coupling with the known quarks and leptons arises at
higher order in perturbation theory.

We have imposed at the very start the conservation of the
total lepton number and a Z, symmetry. Another possibility
is to impose the discrete symmetry Z;5. In this case only the
U(1)pq symmetry is automatic and the quartic L-violating
term x'npty is allowed. This term implies a new relation
among the PQ charges of the known particles and the exotic
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ones: X;=3X,. Taking also into account Egs. (17), it can be
shown that there is a surviving symmetry Z3;CU(1)pq,
which implies a domain wall problem [37].

The 3-3-1 model in which the leptons transform as ¥,
=(,, la, 1) needs also the introduction of a scalar sextet
S~(6,0) [or singlet charged leptons E~(1,1)] [38,39]. In
this case the Yukawa interaction in the quark sector is given
by Eq. (11) and in the leptonic sector we have

—LYy=GL Y . v+ G op (V) 0 S
+Gp€iik(V) iarWjpr M+ He., (25)

where G, is an arbitrary 3 X3 matrix while G,, (G') is a
symmetric (antisymmetric) matrix and we have omitted
some SU(3) indices. Notice that this model has only 13
multiplets (including right-handed neutrinos and the singlet
@) so we cannot have a symmetry as large as Z;3. However,
by adding more scalar multiplets as in Ref. [40] it may be
possible to implement, automatically, a large enough Zy
symmetry. The supersymmetric version of the model can
also be considered since in this model, without considering
right-handed neutrinos, there are 23 chiral superfields [in the
same case, the minimal supersymmetric standard model
(MSSM) has 14 chiral superfields] [41].

In the models considered in this work the axion couples to
neutrinos too. This coupling may have astrophysical and/or
cosmological consequences; we can also implement hard
[42], soft [43], or spontaneous [44] CP violation.
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We show that Peccei-Quinn and lepton number symmetries can be a natural outcome in a 3-3-1 model with
right-handed neutrinos after imposing a Z,®Z, symmetry. This symmetry is suitably accommodated in this
model when we augment its spectrum by including merely one singlet scalar field. We work out the breaking
of the Peccei-Quinn symmetry, yielding the axion, and study the phenomenological consequences. The main
result of this work is that the solution to the strong CP problem can be implemented in a natural way, implying
an invisible axion phenomenologically unconstrained, free of domain wall formation, and constituting a good

candidate for the cold dark matter.

DOI: 10.1103/PhysRevD.68.115009

L. INTRODUCTION

The standard model (SM) of strong and electroweak in-
teractions SU-(3)®SU(2)® Uy(1) has shown its extraor-
dinary accuracy in explaining many features of particle phys-
ics along the years. Among the issues not covered by this
successful model there is the fact that the QCD vacuum has
a nontrivial structure revealed by its nonperturbative regime,
implying the so-called strong-CP or 8 problem (the subject is
widely reviewed in Ref. [1]). Violation of CP by strong in-
teractions appears in the theory after the introduction of an
instanton solution to solve the U4(1) problem [2]. It induces
the so-called @ term in the QCD Lagrangian, which violates
P, T, and CP. Additional electroweak effects change this
term proportionally to Det[ M], where M is the quark mass
matrix. The effective 6 term 6,/ is observable through the
electric dipole moment of the neutron, whose experimental
bound implies the upper limit |8,|<107° [3]. The small-
ness of 6, is what we call the strong-CP problem.

Among the several solutions proposed to solve the
strong-CP problem, there is one which is particularly el-
egant. It was introduced by Peccei and Quinn [4] and con-
sists of imposing a global chiral symmetry, known as the
Peccei-Quinn (PQ) symmetry Upy(1), on the classical La-
grangian so that the dynamics of the theory sets 6, s to zero.
Because of the breaking of PQ symmetry, a massless pseu-
doscalar is generated, the axion, which couples linearly to
the axial anomaly. When this axion develops a vacuum ex-
pectation value (VEV) vp,, it produces a further displace-
ment on 6,;;, making it disappear in favor of a dynamical
field, the physical axion, eliminating the strong-CP violating
term of the theory. The breaking of PQ symmeury brings a
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new scale into the theory, fpp, the axion decay constant,
bounded by astrophysical and cosmological data, and its al-
lowed range is 10° GeV<fp,<10" GeV [5].

The first class of models introducing the axion via PQ
symmetry in the context of the SM was obtained by Wein-
berg and Wilczek [6]. This axion was soon shown to be
unrealistic mainly due to its nonsuppressed coupling to light
matter fields [7], which happens when v py, is of order of the
electroweak scale. Viable models to solve the strong CP,
introducing an invisible axion, were devised by Kim and
independently by Shifman, Vainshtein, and Zakharov [8]
(KSVZ) and by Dine, Fischler, and Srednicki as well as Zhit-
nitskii [9] (DFSZ). Both make axions invisible by increasing
Upg (the larger vpy, the weaker the axion-matter coupling)
and obtain the axion through a singlet scalar. In the KSVZ
axion model the ordinary quarks and leptons do not carry PQ
charges; some heavy new quarks have to be included which
carry this quantum number. On the contrary, in the DFSZ
model ordinary quarks and leptons do carry PQ charges, al-
though these fermions do not couple directly to the singlet,
which happens only at the loop level through interactions in
the potential.

The possibility of an invisible axion makes the PQ ap-
proach even more attractive since in this case the axion is a
natural candidate for explaining the existence of cold dark
matter (CDM) [10]. This is possible because the axion re-
ceives a tiny mass through a chiral anomaly, m?
~A‘éCD/ff,Q, amounting to a mass of O(107%) eV. How-
ever, it is not easy, in general, to obtain the required PQ
symmetry in a natural way; most models have to impose it
from the beginning, weakening such a solution to the
strong-CP problem. That is the reason we concentrate here
on a class of models where the symmetry would arise auto-
matically: namely, a particular version of the SU.(3)
®SUL(3)®Uy(1) model (3-3-1 for short) [11-15].

In 3-3-1 models the anomaly cancellation requires a mini-
mal of three families (or a multiple of three in larger ver-
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sions). Besides, there is a bunch of new particles and inter-
actions which make these models phenomenologically rich
and attractive as an alternative to the SM. If we assume that
in the realm of intermediate energy there are no exotic lep-
tons, then the 3-3-1 symmetry allows for only two possible
gauge models for the strong and electroweak interactions,
which will be referred as version I and version II.

In the most popular one, version I [11], the triplet of lep-
tons is composed of (v ,! L,l;)T; it contains exotic quarks
with electric charge 4/3 and 5/3 and a doubly charged bilep-
ton gauge boson U**, which prompts rare lepton decays. It
also implies an upper bound on the Weinberg angle,
sin(@y)<<1/4. Version II is the 3-3-1 model with right-handed
neutrinos [12]. In it the triplet of leptons is constituted by
(vy,lp,ve)T. Its bilepton gauge boson is neutral and their
exotic quarks carry the usual charges 1/3 and 2/3 [16].

The physical properties of these models were investigated
in several works and their different aspects became evident
[14,15]. Among these differences it is noticeable that version
I requires a minimal of three triplets and one sextet of scalars
in order to generate the masses for all fermions and gauge
bosons while version II does the same job with only three
triplets.

Their shared aspects include the naturalness of massive
neutrinos, with the difference that in version I neutrinos are
Majorana type, while in version II they are Dirac type. Be-
sides, from their structure these models dispose of enough
constraints upon the U(1)y quantum numbers, leading to a
correct pattern for electric charge quantization [17]. Another
of these aspects is that also the PQ symmetry and the lep-
tonic symmetry can emerge naturally in both versions [18—
20].

Since version II of 3-3-1 was observed to possess the PQ
symmetry with a smaller content [20], although in that con-
text the axion was of the Weinberg-Wilczek kind, we decided
to chose this more economical model and investigate the
possibility of obtaining an invisible axion by including only
one extra scalar singlet field in the model. The presence of
CDM candidates in version II of 3-3-1 was recently ad-
dressed [21], but here we wish to have the axion playing
such a role. There is a crucial issue that has to be addressed
when trying to stick with a CDM singlet axion though. It
concerns the fact that gravitation induces dangerous effective
terms in the Lagrangian, explicitly breaking any global sym-
metry of the theory. In particular, focusing on Upp(1), this
breaking implies a huge contribution to the axion mass.
There remains the question of whether an appropriate mecha-
nism exists in order to avoid such terms, stabilizing the ax-
ion. Fortunately, the annoying terms can be conveniently
suppressed by the presence of suitable discrete symmetries.
Moreover, it was noticed in the late 1980s by Kraus and
Wilczek [22] that a local continuous symmetry at high ener-
gies manifests at low energies as discrete (local) symmetries
which, differently from global ones, are expected to be re-
spected by gravity. This means that the needed discrete sym-
metries can arise in a rather natural way if we assume some
underlying local continuous symmetry.

Discrete gauge symmetries have been used to stabilize the
axion in a model with extra dimensions by Kamionkowsky
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and March-Russell [23] more than ten years ago. It was also
pointed out that large discrete symmetries can naturally arise
in the context of string theories [24]. The same is true in
dimensional deconstruction [25], leading to low-mass
pseudo-Nambu-Goldstone bosons as axion and quintessence.
Also, in an attempt to prevent B-L violation in a class of
supersymmetric standard model, large discrete symmetries
were imposed, implying an automatic PQ symmetry, stabi-
lized against quantum gravity effects [26]. For what we are
concerned with, it was noticed in Ref. [19] that 3-3-1 models
possess a large enough number of fields to accommodate
large discrete symmetries Z,,. And the larger N is, the higher
are the number of suppressed unwanted terms in the La-
grangian. In order to obtain a Z;; symmetry, the authors in
Ref. [19] added some extra fermion fields to the model, re-
sulting in an automatic PQ symmetry and the axion protected
under gravitational mass corrections. This constitutes an ad-
ditional motivation for considering these 3-3-1 models to
obtain the invisible axion and solve the strong-CP problem.

This work is divided as follows. We first introduce the
model in Sec. I In Sec. Il we impose a Z;;® Z, symmetry,
associating the appropriate charges for the fields, and obtain
that the resulting Lagrangian is invariant under Upp(1),
identifying the correct PQ charges. This is done within the
same spirit as that presented in Refs. [19,27], assigning
charges under a discrete symmetry group to the fields at hand
and observing that a PQ symmetry emerges automatically if
a Z, is also imposed. We will see that in this case also lepton
number symmetry arises naturally. In Sec. IV, we analyze the
symmetry breaking pattern of the model, recognizing the ax-
ion and its couplings. We finally present the conclusions in
Sec. V.

1I. MODEL

Our investigation on this work relies on version II of the
3-3-1 models [15]. Its lepton content comes in the fundamen-
tal representation of the SU(3), , the left-handed composing
a triplet and the right-handed a singlet,

VL
si=| e
(vp)*

with a=1,2,3 representing the three known generations. We
are indicating the transformation under 3-3-1 after the simi-
larity sign “~.” Differently from version I, right-handed
neutrinos are already present instead of exotic leptons.

In the quark sector, one generation of left-handed fields
comes in the triplet fundamental representation of SU(3),
and the other two compose an antitriplet with the content

~(1,3,—1/3), ep~(1,1,—1), (1)

dip Usp
Qu=| ~H|, Qu=|4%u|, )
diIL "éL

transforming as (3,3,0) and (3,3,1/3), respectively, and i
=1,2 represents two different generations. The primed
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quarks are the exotic ones but with the usual electric charges.
Right-handed quark fields are singlets:

wi~(3,1.23), dig~(3.1,—113), dlg~(3,1,—1/3)

uhe~(3,1,23).
3)

In order to generate the masses for the gauge bosons and
fermions, the model requires only three triplets of scalars:
namely,

usp~(3,1,2/3), dsz~(3,1,—-1/3),

x° 7° p*
x=\ x|, o= 7|, p={ °]. @
Xro 7,;0 pl+

where 7 and x both transform as (1,3,—1/3) and p trans-
forms as (1,3,2/3).

With these scalars and matter fields we can write the
Yukawa interactions [28]
LY=G\03u3px+ G 0udrx* +G3* O3 uarn
+ G Qipdor* +G3°031drp + G Qi arp™
+hanfareorp + hop€ (Far) i(Fo)§(p* )+ Hee.
&)

After the breaking of the 3-3-1 symmetry the vector
gauge bosons W=, V=, U°, and U®! interact with matter as

follows [29]:

2 2

PHYSICAL REVIEW D 68, 115009 (2003)

£61= = ST LWL+ (R eV L+ F () U

+uf yrdi Wy + (3 yids iy d i)V,
+ (U3 yHus —di v dy ) Up]+He. (6)

It is through these Lagrangian interactions £Y and £¢’
that we can recognize particles that carry lepton number L
such that total lepton number is conserved at this level. From
these interactions we have

L(V*u3,7' %0 )==2, L(U%d].x°.x")=+2.

@)

Notice that the new quarks u; and d] are leptoquarks
once they carry lepton and baryon numbers; V* are charged
vector bileptons while U° and U°" are neutral vector bilep-
tons. We have also charged scalar bileptons and two neutral
scalar bileptons. These last ones would be important in
studying spontaneous breaking of lepton number if the asso-
ciated global symmetry is conserved by the potential, leading
to the so-called majoron, as discussed in Ref. [20].

We include also an additional singlet scalar field ¢
~(1,1,0) in order to complete the spectrum, allowing for the
desired discrete symmetry which will enable us to get an
axion protected under a large gravitational contribution to its
mass.

Finally, we can write the most general, renormalizable,
and gauge-invariant potential for this model. We divide into
two pieces: one Hermitian, Vi, and one non-Hermitian,
Vg . which can be written as

Vi=pd8?+ ulx?+ ul P+ ulp? + N x*+ MmN+ M (x0T )+ hs(x ) (pp) + N2 ) (0T p) + M (X )
X(7°x) +Xs(x*p) (T x) +No(7Tp) (Pt ) + N 1o @*)* + X 11 B * ) X x) + N 12 6* ) (pTP) + N 13(d*) (7 1)

and

®)

1
Vr=ux" ntfixt ne+fox' ne* + A u(xTn)? + N isx T ndd+ Niex nd* e+ A pxt ne** + Ef”"(fs 7iPjXk

+amimiprt FsXiXiPe) + €75 (N 1gmipixi+ N 19mi 7P+ MaoXiXjpi) B+ €75 (N g 7iPiXkT N2 Pkt NsXiXPk) D
+haalx ') (T )+ N as(X T ) (7" 1)+ N a6 (X 1) (pTP) + X or(xT ) (X" x) + Hec. 9)

With this at hand we have all the necessary ingredients to
associate a discrete symmetry Z;; to the model. This will
allow us to eliminate several terms in the non-Hermitian po-
tential, Eq. (9), and verify that we need only an additional Z,
symmetry to have PQ symmetry naturally, assigning the ap-
propriate PQ charges to fermions and scalars.

-

IIL. Z,; AND PQ SYMMETRIES

A discrete symmetry Z, can naturally be accommodated
when the theory has a large enough number of fields in its
spectrum. It was observed that this is the case for the SM
when some scalar multiplets and right-handed neutrinos are
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added [27] or for the minimal 3-3-1 model when only right-
handed neutrinos need to be included [19]. It was obtained
that a Z,3 local symmetry could be imposed in this way,
leading to a natural PQ symmetry. We remark that this idea
was first pursued by Lazarides et al. in the context of models
embedded in superstring theories [30].

Here we are going to apply such idea to the version of
3-3-1 model presented in Sec. II, which has right-handed
neutrinos in its fundamental representation. It was observed
that an axion might be a natural outcome when a Z, symme-
try was imposed in this model [ 19]. Although this axion is of
the Weinberg-Wilczek kind, thus phenomenologically dis-
carded [7], if we consider the enlarged spectrum with a sin-
glet scalar ¢, the axion can be a mixing of this field with
other scalars in the model, with its major component being
the pseudoscalar part of the ¢ field. Then, a discrete symme-
try can be imposed, allowing for an axion also protected
under gravitational mass corrections.

To proceed in this way we first assign the Z, charges to
all independent fields and check for additional symmetries
appearing after eliminating forbidden terms under Z . It will
turn out that a chiral U(1) symmetry arise, and we will see
that it is possible to identify it with PQ symmetry. It would
be interesting to have a Z;3 symmetry so as to obtain a PQ
scale in its upper limit v pp~ 10'? GeV. Although the model
disposes of 14 independent multiplets, it is not possible to
accommodate a symmetry greater than Z,,, because the
Yukawa interactions in Eq. (5) imply some constraints over
the allowed Z charges. It is clear that N=12 is the value of
N that allows for a maximal protection of the axion under
gravitational effects in this model. However, besides the
seemingly difficulty of avoiding to repeat the phases of the
multiplets, the singlet ¢ would have to acquire a very spe-
cific phase since 12 is not a prime number. In other words,
any even phase would make the transformation to belong to
a smaller discrete symmetry, jeopardizing our intent of sup-
pressing some high-order operators involving ¢ products.
For this reason the largest discrete symmetry we can use is
Z,,, which allows any phase to ¢, except the trivial one.

The effective operators responsible for the gravitational
mass contribution are of the form ¢"/M ’;,,_4 . A Z, symmetry
automatically suppress terms of this kind until some n=N
— 1. The main surviving term contributing to the axion mass
is the one with n=N. It is true that with Z,; the axion is
protected only for energy scales not bigger than (¢)
=100 GeV. Nevertheless, this is not a threat for the model
since we still have values for the 6 angle and axion mass
(gravitationally induced) [31]:

N-2
M& = <¢i,_4 =107 ev=10""m,,
Mp,
(&)
=— =107 (10)
eff - ’
M?’Il 4A4QCD

where we have used Mp=10"GeV and Apcp
=300 MeV, and m,=10"> eV is the instanton induced ax-
ion mass. These values are consistent with astrophysical and
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experimental bounds (see PDG [3]). If we had taken (¢)
=10!! GeV, the axion would still be protected under gravi-
tation, but the & value would be on the threshold of its bound
Oopr= 107%. So we can have a valid solution to the
strong-CP problem for Z,, for scales {$)=10'" GeV in this
version of 3-3-1. In order to seek for this solution let us
proceed further by first assigning the correct Z;, charges to
the fields. Defining w,=e?™*!! {k=0,%1,...,%5}, the
Z,, transformations are given by

¢_’wl¢7 faL_’w]_lfaL7

p—w2p, daR_)wZ_ldaRv

-1
X—w3x, (eg ’“QR)—’“’:; (er.usg),

’ =1 41
Qo wsQ, dip—w, dig,
-1
N—Ws7, Ugr— Ws Ugr»
(11)

At this point it is possible to go back to the potential, Eq. (9),
and note that this symmetry eliminates all non-Hermitian
terms except three: namely, x' 7é*¢*, npx b, nnpd*.

If besides the Z,, symmetry we impose a Z, symmetry
that acts as

Q31— 00y .

(¢7X7dl,27u::.k)_'_(¢7x7dl,2 7uéR)7 (]2)

with the remaining fields transforming trivially, the only term
which remains in the non-Hermitian potential is the 7py ¢.
It should be noted that the Yukawa interactions in Eq. (5) do
not allow for terms which interchange y+ 7, since they do
not respect Z,;®Z, given by Egs. (11) and (12).

We have the stage settled to see that an automatic PQ
symmetry arises in the model. To achieve this conclusion we
start by assigning the PQ quantum numbers such that quarks
of opposite chiralities have opposite charges, yielding chiral
quarks under a Upp(1) transformation:

iaX

uaL_)e_ “UaL» uaR_’e’aX“uaR’

' —iaX), ! ’ iaX. 1
Up—e i3y, UzpTE€ ilp,

—iaX iaX
daL_) e ddaL ’ daR_) € ddaR »

d{L—ve_i"Xn'id;L, d,fR—>ei"Xt’id{R. (13)
For the leptons we can define their PQ charges by

eaL_’eiaxeeaL » eaR_)eiaXEReaR »

v —e v, vp—e Xy o, (14)

With these assignments and taking the Yukawa interac-
tions in Eq. (5) into account, as well as the non-Hermitian
terms npx¢@, we easily see that the PQ charges for the sca-
lars are constrained and imply the relations
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X;=—-X,, Xp=—X,, X,=X.r, X.=X,z. (15)
We can make the further choice X,=X,-, leading to

Xi=Xg=—X,==X,=—X.=Xpg=X,=~ Xy,
(16)

implying that the PQ symmetry is chiral for the leptons too,
and the scalars transform as

¢_)e—2iaXd¢, 77°—>62‘“Xd77°,

o, p0—eieXag0
ptop*,  pOoedaXapd
P’+—'p’+, X°—>e2i"xdx°,
X=X, x'0—oeti Xy, (17)

Now it is transparent that the whole Lagrangian of the
model is Upp(1) invariant and the strong-CP problem can
be solved in the context of this model. The strong-CP viola-
tion angle is given by the sum over the quarks PQ charges,
which translates to

60— 0%+2aX,. (18)

This result is possible in this version of 3-3-1 because the PQ
charges of the exotic quarks d’ and u3 do not cancel exactly
for the case of interest here, X,,= — X ;. Moreover, the model
is particularly attractive in the sense it does not present the
domain wall problem [32]. This means that there is no dis-
crete subset of PQ symmetry that leaves the axion potential
invariant—i.e., AZyC Upy(1) such that V,;,,(6) is invari-
ant. This is similar to what happens in the 3-3-1 version
discussed in Ref. [19], although there right-handed neutrinos
had to be added to the model besides the singlet scalar.

It is remarkable that under Z,,®Z,, not only is the PQ
chiral symmetry automatic but the lepton number symmetry
also appears naturally in the model, once the possibly non-
conserving lepton number terms present in the potential
completely disappeared. In this sense, discrete symmetries
originating at some high-energy scale seem to be enough to
generate the desired global symmetries we need at lower
energies.

We finally write the most general potential invariant under
3-3-1 and Z,;®Z, [or Upy(1) and lepton number] symme-
tries,

V(7.8.X)=Vu+ N g™ nip;xadp+He, (19)

where Vy is given in Eq. (8).

In the next section we are going to use this potential to
recognize the axion, the Goldstone boson originating from
the breaking of the PQ symmetry, and verify that it is con-
stituted mostly of the singlet ¢.

PHYSICAL REVIEW D 68, 115009 (2003)

IV. SPONTANEOUSLY BROKEN PQ SYMMETRY

The potential given in the previous section, Eq. (19), al-
lows us to obtain the mass eigenstates for the scalars, so we
can identify the Goldstone bosons which are absorbed by the
massive gauge bosons and extract the axion in terms of the
interaction eigenstates. To accomplish this, let us consider
that only x’'°, p°, 7° and ¢ develop a VEV and expand such
fields around their VEV’s in the standard way,

10

1
X _ﬁ(

1
vX/+RX/+iIX:), 77°=—(v,,+R,,+iI,7),

V2

1 1
p°= —z(vp+Rp+i1p), b= E(v¢+R¢+il¢).

(20)

With such an expansion, the next step is to get the constraints
that lead to the minimum of the potential:

A A A A
2 2 (04 0 S5 2 P2,
,u.x+)\1vx,+ 2 vyt 2 v,t > vgt 2 =0,
XI

A A A
2 2 4 2 6 2 13
myt A0+ > vX,+—2 vp+—2

A
2+—6v +

A
2 2 5
Mot Av,+ A A

A A A
2 2 12 12 2 2 _
/L¢+)\lov¢+ Tvx,'i' 7vp+ Tv,,+ —2—-0,

(21)

where we have defined A=\ 4v,v,v,/v4. Substituting the
expansion in Eq. (20) in the potential, Eq. (19), and using the
constraints above, we get the mass matrix M,%(RX,R 1) for
the real scalars in the basis (Ry,R ),

AplooA Av,vy, A
4 2vi, 4 2vxlv,,
)\7vxlv,, A )\7le A
- T a2
4 20,0, 4 2v,]

and the mass matrix M%(RX, .R,.R,,Ry) in the basis
(RX’ 7R7],Rp,R¢)$

115009-5
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[ A Aoy A Aspv A A ]
lei’ — 4 é\f 7 5 2x p +
20, 20,0, 20,0, 2040
A Agv U A A
Avi-—y ey
2v? 2 20,0, 20,04
A 4 (23)
)\30 Ty
P 2”:23 20,04
A
2
Moy~
L Vgl
T
These bases are not coupled; that is the reason we have two 1 Do
squared mass matrices. From the first matrix, Eq. (22), after a= ( 14— X Ix') ,
diagonalization it is easy to recognize the following massless v, Vg
scalar in it: 1+ _X2
Ve
1
R0=ﬁ(v#7l'_UX'RX)' (24)
+v,
UnT Vx '3 { vévxr Vgl
. . . G, = 2 2 1~ x' Iy),
The other real scalar mass eigenstate is orthogonal to this vyt E \ £ £
one and those coming from the diagonalization of the matrix,
Eq. (23), which are a little more intricate but fortunately we
do not need them for our purpose. )
Regarding the pseudoscalars, similarly to the real scalars, G,= I, + Ux I )
we obtain the mass matrix Mf(IX 1) in the basis (1, ,1,), vi, v, X
1+—
2
)\7v3,__A_ _)\7vx’vrl+ A Uy
4 2vi, 4 20 0,
2 y
_ )\7Ux’v71+ A AMvy _4 vf,(v?,,vi,+§) / Uivivx'
4 20,0, 4 2p? Gsy= 222 . 2,22 7 7 2 Ly
Vx 7 25) vpv¢vx,+v,,(v¢vx,+§)\ v,,(v¢vx,+§)
2 2 2 2
and the mass matrix Mf(IXr JA,.1,,14) in the basis _ v"v‘f’:X' _ vPv‘f’:x’ 1,
P >
Uy Ly 0o 0y, v+ " v, (il +8)
[ 1 1 1 1]
v2, Upl,r Doyt Ui 1
X v x Y x x'“¢ PS,
L1 v, v} 3
A VR v, U Ry
n b/ 4 ¢ v v v
-3 (26) 7 Yp Uy
1 1
— v v
2 Ugbp x| 1,4 =21+ 21+ 21 |,
Uy Uy Vp
1 X
. e ... .. _2
L Ug J
. . ! Uy
From these matrices we can easily obtain the Goldstone  PS,=—F—=|1,——1,]|, 27N
bosons and identify the axion as the one whose main com- vf, Uy
ponent is in the ¢ direction. The Goldstone and pseudo- 1+—
Goldstone bosons are Uxr
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where we have defined ¢{= vi(v$+ vi,,). In the above equa-
tion, the axion is identified as a, and the remaining three
Goldstone bosons G, G,, and G5 together with the Gold-
stone boson in Eq. (24) are those absorbed by the four neu-
tral gauge bosons of the model. The last two linear combi-
nations of the interaction states in Eq. (27), PS, and PS,,
are the massive eigenstates or pseudo-Goldstone bosons. The
important point that can be extracted and from these results
is that our axion has a small component of I,:. Since, vy
=10' GeV and v X' =10° GeV, this component is very sup-
pressed and, as expected, our axion is invisible, being almost
exclusively the imaginary part of the singlet ¢. Besides,
since 7+ couples only to the exotic quarks, our axion is very
different even from that obtained in the version of 3-3-1 in
Ref. [19], which does couple to neutrinos at the tree level. Its
coupling can be easily obtained after rotating the mass eigen-
states, Eq. (27), in terms of the interaction eigenstates, and it
translates into the Lagrangian term

—iv,
X [G,u U, G id! d’ Ja+Hec,
2 3LU3R iL%jR

- \/2(v‘2ﬁ+vx )

which is very weak for G, ,G;j~ of the order of unity, since
v¢>v,s . The pseudo-Goldstone bosons PS, and PS; are
more strongly coupled to fermions and, differently from the
axion, also couple to ordinary matter. This leads us to con-
clude that, in this model, the only candidate for cold dark
matter is the axion. We could check if the real massive sca-
lars could fit for this role also, but a rough numerical ap-
proximation just confirms that they behave as their partners,
as we could expect.

We also checked the coupling of our axion with photons.
It is defined through the effective Lagrangian term

Logrgr

(28)

caw a(x)_

ny 2

arr” 3272 Upg Fuk @9

In the present model only exotic quarks participate in the
loop, leading to the above anomaly term, which leads to

Cany= 3UPQEX 05, 4. (30)

This value is very similar to those obtained in different mod-
els present in the literature and can be used to make the
relevant computations involving axions in astrophysical pro-
cesses.

V. SUMMARY AND CONCLUSIONS

We studied the consequences of discrete symmetries in
the version of the 3-3-1 model with right-handed neutrinos.
One of the main points in this work is that global symmetries
appear automatically as a consequence of such discrete sym-
metries in this model. It turned out that, when the model has
aZ,,®Z, symmetry, the whole Lagrangian is invariant under
U(1) transformations and also total lepton number is con-

PHYSICAL REVIEW D 68, 115009 (2003)

served at the classical level. It is remarkable that this hap-
pens in this more economical version of the model by adding
only one singlet scalar; no other fields are necessary, which
makes it a suitable model for implementing the strong-CP
problem solution.

We then recognized the global symmetry identifying it
with a chiral PQ symmetry Upp(1). In general, solutions to
the strong-CP problem through the PQ mechanism lead to
domain wall formation, which is a threatening feature to cos-
mology, but fortunately model dependent. In this version of
the 3-3-1 model this problem is absent due to the fact that we
chose a relaion among PQ  charges—namely,
X=X ,’,—-—which avoids this situation. Nevertheless, we have
to remark that other possibilities would be allowed if we had
not imposed a Z, symmetry. In this case, we could have let
X ,’, free and, working with the non-Hermitian potential terms,
look for the relations among the PQ charges that would keep
the Upp(1) invariance. Such a relation exists and is given by
3X;=—X,, which is consistent with PQ invariance for all
three Z,, invariant non-Hermitian terms x' pé* ¢*, npx o,
and p7p¢*. In this situation we would have to address the
formation of domain walls, and for this reason our previous
choice seemed physically more appealing.

We proceeded with the spontaneous breaking of Upp(1)
and studied its consequences, obtaining the axion and show-
ing that it is mainly constituted of the singlet. It was shown
that it interacts with exotic quarks only, through a very sup-
pressed coupling. Hence, our axion is an invisible one. How-
ever, since global symmetries are not stable against gravity
effects, our axion could be in danger, receiving large mass
corrections and losing its appeal as a CDM candidate. This
was circumvented by assuming that Z;, is a subgroup of an
underlying gauge group at some high-energy scale. Annoy-
ing gravity-induced terms contributing to the axion mass are
conveniently suppressed thanks to the local Z,;, stabilizing
the axion. Although larger discrete symmetries would lead to
a better stabilization of the axion against gravity, as well as a
0, safer from experimental constraints, we saw that it is
still possible to have a Z,; leading to small mass corrections
and @, below the bound 6,5<107° if v,=(¢)
=10'" GeV. Besides, the fact that 11 is a prime number
allows ¢ to acquire any charge under Z,; except the trivial
one. This implies no need of assigning a very specific charge
to ¢ in order to avoid restriction to smaller subsets of Zy
which would not lead to axion stabilization.

Finally, there is a point that has to be highlighted when
considering the 3-3-1 version with right-handed neutrinos. In
the form it was presented here the model generates arbitrary
masses for two neutrinos only, which can be deduced from
the antisymmetry of the Yukawa coupling h,, in Eq. (5).
This leads to an antisymmetric neutrino mass matrix, imply-
ing a zero eigenvalue and two degenerate ones. Although the
massiveness of neutrinos is not the issue here, it would be
nice to have a model that at least produces an appropriate
arbitrary mass pattern for all fermions of the theory. To ac-
complish this we have to devise some way of eliminating
such mass degeneracy. We can suggest two ways of doing
that. One of them makes no enlargement of the spectrum and
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seems the preferable one, dealing only with the vacuum of
the theory. In Ref. [20], the breaking of leptonic symmetry
could be achieved only through a nonconserving PQ symme-
try term—namely, the z7px—when %’ acquires a nonvanish-
ing VEV. However, we have seen that our approach allows
for an equivalent term which could lead to lepton number
violation too, which is npy ¢, with the difference that in this
case PQ symmetry is still conserved. This term allows for a
Majorana neutrino mass through loop corrections, making
possible a mass matrix which is arbitrary enough to accom-
modate nondegenerate and nonzero neutrino masses. Another
way out could be traced by including a singlet neutrino in the
spectrum. Such a neutrino carries the exact quantum num-
bers to provide the required invariance under Z,,®Z, and
Upg(1) and leave only nondegenerate massive neutrinos in
the theory. This second possibility sounds appealing since
not many fields can be introduced without jeopardizing the
desired discrete and global symmetries here studied. What-
ever nature’s choice, both would be adequate to fit in our
approach.

PHYSICAL REVIEW D 68, 115009 (2003)

Summarizing, we obtained automatic Upp(1) and lepton
number symmetries by imposing a local discrete symmetry
in an economic version of 3-3-1 model with right-handed
neutrinos. We got an invisible axion stabilized under gravi-
tational mass corrections, absent of the domain wall prob-
lem, solving the strong-CP problem and constituting a strong
candidate to CDM. These results are a remarkable achieve-
ment of our work, considering that the only additional ingre-
dient we have used was the inclusion of a singlet scalar in the
model.
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By introducing local Zy symmetries with N=11,13 in two 3-3-1 models, it is possible to implement an
automatic Peccei-Quinn symmetry, keeping the axion protected against gravitational effects at the same time.
Both models have a Z, domain wall problem and the neutrinos are strictly Dirac particles.

DOI: 10.1103/PhysRevD.69.077702

I. INTRODUCTION

Recently, observations of the core mass distribution in the
cluster of Galaxies Abell 2029 using the NASA’s Chandra
X-ray Observatory suggest the existence of cold dark matter
(CDM) [1]. On the other hand, the Wilkinson Microwave
Anisotropy Probe measurements of the cosmic microwave
background temperature anisotropy and polarization are also
consistent with CDM and a positive cosmological constant
[2]. Although the exact nature of the CDM is not known yet,
candidates for this sort of matter are elementary particles
such as neutralinos or the invisible axion [3]. However, early
invisible axion models [4,5] are unstable against quantum
gravitational effects [6], which may generate a large axion

mass and also spoil the value of the 8, parameter. One way
to stabilize the axion is by considering large discrete gauge
symmetries in the sense of Ref. [7] as was done in the multi-
Higgs-boson extension of the standard model [8], the 3-3-1
model [9], or the supersymmetric model [10]. The search for
dark matter is of course related to the search for new physics
beyond the standard model which in turn is related to the
existence of new fundamental energy scales. In the literature,
the most easily recognized fundamental energy scales are
those related to supersymmetry, the neutrino masses, grand
unification, and superstring theory.

In this vein, it is worth recalling once more that it has
been known for a long time that the measured value of the
electroweak mixing angle sin’8y(M)=0.23113=<1/4 ap-
pears to obey, at an energy scale u, an SU(3) symmetry in
such a way that sin®6y{u)=1/4 [11]. Hence, if the value of
sin®fy is not an accident, it may be considered as an indica-
tion of a new fundamental energy scale of the order of a few
TeVs. Notwithstanding, in models with SU(3) electroweak
symmetry there is trouble when we try to incorporate quarks.
A solution to this issue is to introduce an extra U(1) factor
such as in 3-3-1 models [12,13], to embed the model in a
Pati-Salam-like model [14], or even to embed it in theories
of TeV gravity [15].

Independently of the axion or dark matter issues, 3-3-1
models are interesting possibilities, on their own, for physics
at the TeV scale. At low energies they coincide with the
standard model and some of them give at least a partial ex-
planation of some fundamental questions that are accommo-
dated but not explained by the standard model. For instance,
(i) in order to cancel the triangle anomalies the number of
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generations must be three or a multiple of three; (i) the
model of Ref. [12] predicts that (g'/g)*=sin’6y/(1
—4sin’6y,); thus there is a Landau pole at the energy scale u
at which sinzﬂw(p,)=1/4, and according to recent calcula-
tions u~4 TeV [16]; (iii) the quantization of the electric
charge [17] and the vectorial character of the electromagnetic
interactions [18] do not depend on the nature of the neutri-
nos, i.e., whether they are Dirac or Majorana particles; and
(iv) the model possesses N=1 supersymmetry naturally at
the u scale [19]. If right-handed neutrinos are considered to
transform nontrivially, 3-3-1 models [12,13] can be embed-
ded in a model with 3-4-1 gauge symmetry in which leptons
transform as (v;,l,vf,1);~(1,4,0) under each gauge factor
[20].

Models with SU(3) [or SU(4)] symmetry may have dou-
bly charged vector bosons. These types of bileptons may be
detected by measuring the left-right asymmetries in Mgller
scattering [21], for instance, at the E158 SLAC experiments
(which use 48 GeV polarized electrons scattering off unpo-
larized electrons in a liquid hydrogen target [22]); or in fu-
ture lepton-lepton accelerators. It is interesting that the weak
interaction’s parity nonconservation has never been observed
in lepton-lepton scattering. Those asymmetries may also be
used for seeking a heavy neutral Z'Oector boson, which is
also a prediction of these models, in ey collisions [23]. Sin-
gly and doubly charged vector bileptons may also be pro-
duced in e~ 7y [24] or 7y [25] or hadron [26] colliders. New
heavy quarks are also part of the electroweak quark multi-
plets in the minimal model representation. They are singlets
under the standard model SU(2),® U(1)y group symmetry.
In some versions their electric charge is different from the
usual one, so that it can be used to distinguish such a model

from their viable competitors. In fact, the pp production and
decay of these exotic quarks at the energies of the Tevatron
have been studied in Ref. [27] where a lower bound of 250
GeV on their masses was found. This sort of model is also
predictive with respect to neutrino masses [28]; the models
can implement the large mixing angle Mikheyev-Smirnov-
Wolfenstein solution to the solar neutrino issue [29], and also
the almost bimaximal mixing matrix in the lepton sector
[30].

Summarizing, from the present experimental data, say
those from the CERN e*e~ collider LEP, 3-3-1 models are
safe if the symmetry breaking from 3-3-1 to 3-2-1 occurs at
the level of TeVs; however, they have rich phenomenological
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consequences as we mentioned above. It will be interesting
to search for some of the new particles that are present in
these models, as extra Higgs scalars, exotic quarks, and vec-
tor bileptons, at the energies of the upgraded DESY ep col-
lider HERA and Tevatron [26,31]. The scalar sectors are
equivalent to multi-Higgs-boson extensions of the standard
model; for instance, under SU(2);® U(1)y the model with
three triplets has two doublets and several non-Hermitian
singlets, while the model with a sextet has three doublets, a
complex triplet, and several complex singlets. In particular,
the neutral singlet (x°) is Z-phobic [its coupling with Z°
vanishes when the scale of the SU(3), symmetry goes to
infinity] and for this reason it evades the LEP constraints. For
a finite SU(3), energy scale there are corrections that can be
calculated by using the oblique S, 7, and U radiative param-
eters which constrain the allowed masses for the leptoquarks
and bileptons [32]. These masses are of the same order of
magnitude, a few TeV, as those allowed by the running of the
coupling constants. Through the condition sin®@(1)=0.25,
the running is sensitive to a new degree of freedom. Hence,
the masses of exotic scalars and bileptons run from hundreds
of GeV to a few TeV [33]. We will return to this point later.

Turning back to the axion, the interesting point is that a
Peccei-Quinn (PQ) symmetry [34] is almost automatic in the
classical Lagrangian of 3-3-1 models. It is only necessary to
avoid a trilinear term in the scalar potential by introducing a
Z, symmetry [35]. Unfortunately, even in this case the PQ
symmetry is explicitly broken by gravity effects. In order to
stabilize the axion, and at the same time automatically imple-
ment the PQ symmetry, we must introduce local discrete
symmetries Zy . In fact, recently it was shown that in a ver-
sion of the Tonasse and Pleitez 3-3-1 model [13] it is pos-
sible to implement both symmetries Z;; and PQ automati-
cally; thus the axion is naturally light and there is no domain
wall problem [9].

We will consider in this work two 3-3-1 models in which
only the known leptons transform nontrivially under the
gauge symmetry, as in Ref. [12], but we add also right-
handed neutrinos and exotic charged leptons transforming as
singlets. In one model (model A) we consider a scalar sextet
but it is possible to use only three scalar triplets (model B).
Both models admit a large enough discrete Zy symmetry,
implying a natural light invisible axion.

II. THE AXION IN TWO 3-3-1 MODELS

We will consider two versions of the 3-3-1 model of Ref.
[12]. In model A we use three scalar triplets and a sextet,
while in model B we avoid the scalar sextet. In both models
we introduce also a scalar singlet, ¢~(1,1,0), and lepton
singlets.

The quark and lepton sectors have the same representation
content in both models. We have quarks transforming,
under SU@3)c®SU(3),®@U(1)y, as follows: Q..
=(dpttm )i ~(3,3%,—1/3), m=1,2; Qs3.=(u3.d3,J)}
~(3,3,2/3), and the corresponding right-handed components
in singlets, u,z~(3,1,2/3), d,z~(3,1,—1/3), a=1,23;
Jr~(3,1,5/3); jmr~(3,1,—4/3); the leptons are the known
ones and transform as triplets (3,,0), ¥,.=(¥,,1,.I57, a
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=e,u,7; and we also add right-handed neutrinos and a
charged lepton in the singlets v,z~(1,1,0), E; o~ (1.1,
—1) [36,37]. The scalar sector, in the minimal version, has
only three triplets x=(x",x~ .x")’, p=(p".p%p**)7,
1;=(1;°,1;,_,1;§')T, transforming as (1,3,—1),(1,3,1), and
(1,3,0), respectively, and a scalar singlet ¢~(1,1,0).

With the quark and scalar multiplets above we have the
Yukawa interactions

_[’g’zéiL(FiauaRp* +FiadaR77*)+)‘iinlijX*
+03.(Grakarn+ Gadarp) + N1 Q31 1px+ He.,
(1)

where repeated indices mean summation.

A. Model with a scalar sextet (model A)

In this model we add a scalar sextet S~ (1,6,0) with the
following electric charge assignment:

o} hi k3
s=| hy H7” o} |, @)

+ 0 ++
h, o, H,

and we will assume that only trg gets a nonzero vacuum
expectation value in order to give the correct mass to the
known charged leptons plus a mixing with the heavy leptons
(K, and K, terms below). The Yukawa interactions in the
lepton sector are given by

—LYy=H. O vppn+ Hoy U S(¥5 )+ K, T Erp

+K;XTEL(‘I,HL)C+GEELER¢+H.C., (3)

where H', is a symmetric matrix in the generation space; we
have omitted SU(3) indices. Neutrinos are strictly Dirac par-
ticles since the total lepton number will also be automatically
conserved.

Next we impose a Z,5 discrete symmetry under which the
fields transform as Q;—w; 'Qi, Q3 — Q3. Uagr
— @3l ar> dar— 05 'dag, Jg— O4JR s jmk— 05 Jmr. YL
—0e¥,, E—oE,, w—ow;'vg, Ezg—oEr, 7
— w37, poosp, x—0; X, 5=, 'S, p—w,¢, where
w,=e2™ M =0, .. 6. Notice that if N is a prime number
the singlet ¢ can transform under this symmetry with any
assignment (but the trivial one), otherwise we have to be
careful with the way we choose the singlet ¢ to transform
under the Zy symmetry. This symmetry implies that the low-
est order effective operator that contributes to the axion mass
is ¢'¥M3, which gives a mass of the order (v 4)'"/Mp, and
also keeps the @ parameter small as discussed in Ref. [9].

The most general scalar potential invariant under the
gauge and Z; discrete symmetries is

Vil=Vut+ (2 s P X mpixit N gox"STpd*+He),
“)
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where V| denotes the Hermitian terms of the potential. This
scalar potential has the correct number of Goldstone bosons
and an axion field.

After imposing the Z,; symmetry defined above we have
that both the total lepton number L and the PQ symmetry are
automatic. The PQ charge assignment is as follows:

up=e 'Yy, dy=e'¥ady, Iy=e7 K,

vi=e " Fvy,, jr=e i, Jp=eTi N,

E;=e "X, E,, Ep=e "*XEE,, (5)
and in the scalar sector we have the following PQ charges:

7 —2X,=2X,=X,~X,,

771—: _(Xu+Xd)=Xu+Xd=Xl_X

-
7y —(XtX)=X+X==(X+X,),
p% 2X,=-2X,=X,~ X,
pT (Xt X)) =X+ X=X,~ Xg,,

P (Xt X=X+ X, =~ (X + Xg,),

X 1 (Xt X)) =Xt X=X, t X,

X 1 Xyt X)=X,+X;=Xp +X,,

X —2X,=2X;=Xg —X,, ¢ —2X;

o) X,/ +3X;=2X,, hy: 3X;~X,=X+X,,

hy: AX;=—X,+X,, o3 4X;—2X,=0,

3(X;—X.)=2X,, Hy*': 5X;—X;=-2X,.
(6)

From Egs. (6) we obtain the relations X;=—X;=3X,=
~1X,=—3X,=—3X, =3X,=}Xp =2Xp = —1X,.

Notice that the mass scale related to the exotic charged
lepton E, up to an arbitrary dimensionless constant Gg
~Q0(1), is related to the PQ energy scale since the require-
ment of the symmetries of the model imposes the Yukawa
couplings in Eq. (3).

Notice that, at the energy scale below the breakdown of
the SU(3), symmetry, this model has scalar multiplets trans-
forming under SU(3)c®SU(2);@U(1l)y as follows: two
doublets (p*,p%)~(1,2,+1), (°,77)~(1,2,—1) and a
non-Hermitian triplet (H__,hl_,a(l))~(1,3,—2). With the
lighter scalar multiplets, and the usual degrees of freedom,
the energy scale at which sin?6y=0.25 is 5.2 TeV. The dou-
blets (x ,x~")~(1,2,—2), (hy,h%~(1,2,+1) and the
extra vector bosons have masses proportional to v, ; the lep-
ton singlet E has a mass of the order of v ;. More details will
be given elsewhere.

H|
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B. Model with three scalar triplets (model B)

In this model we do not introduce the scalar sextet and the
Yukawa interactions are

—Ly=HU(¥)avprn+ Hfzbfijk(‘l’)faL‘I’ij u
+ K, o Exp+ Kox"E(¥ 1)+ GpE Eg*
+H.c., ¢))

where H', is now an antisymmetric matrix. In both Yukawa
interactions above, a general mixing is allowed in each
charge sector. As in the previous model, neutrinos are strictly
Dirac particles. The charged leptons gain mass as in Ref.
[37].

If we want to implement a given texture for the quark and
lepton mass matrices we have to introduce more scalar trip-
lets, and a larger Z, symmetry will be possible in the model.

Let us introduce a Z, symmetry with parameters denoted
by @9, @, @; ', and @,=a; '. uag, Qi1 and v,p trans-
form with @;, dug, Qsr, Yar, Eg, X, and ¢ transform
with @; !, # transforms with @,, and all the other fields
remain invariant, i.e., transform with w,. After Z, is im-
posed, the total lepton number L and the PQ and Z;; sym-
metries are all automatically implemented in the Yukawa
sector and in the scalar potential. The most general scalar
potential is then

Vi =Va+ (N pe* g,0,x,+He.). @)

The following Z;; symmetry is automatically imple-
mented in both the Yukawa interactions and in the scalar
potential: Q;;—w30;1, @3, @031, Uar— Walhar> dar
— oy 'dag, Jg=05 IRy Jmg— @3 Jmr> Y10V, Ey
—w3E;, VR—uo;lvR, Ep—wEp, 17—>w4_l17, p—wp,
X—wsX, d—ow, g, 1t happens that, in addition to the Z,,
symmetry, the U(1)pq and the conservation of the total lep-
ton number are also automatic, i.e., a consequence of the
gauge symmetry and renormalizability of the model, in the
interactions in Egs. (1), (7), and (8). The PQ charge assign-
ments for the fermions in the model are as in Eq. (5); and in
the scalar sector we have constraints equations as in the pre-
vious subsection. In this case, proceeding as in the model A,
we obtain the relations X,=X,=0 and X,=X,,R=X,,=XER
=—3X;=1X,=—1Xp, =X, Notice that for leptons the
PQ transformations are not a chiral symmetry. As in model
A, we see from Eq. (7) that the mass scale related to the
singlet charged lepton E is related to v,. Moreover, in this
model we have that sin?6y,=0.25 at 4 TeV.

III. CONCLUSIONS

We have built two invisible axion models in which the
axion is naturally light and protected against quantum grav-
ity effects. In model A, the Z,; symmetry has to be imposed
but in model B the Z,; symmetry is automatically imple-
mented in the classical Lagrangian after imposing a Z, sym-
metry. With a Z;; symmetry the axion is protected from
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gravitational effects even if v 4~10'? GeV but, with a Z,,
symmetry, U 4= 10'° GeV. In both models the PQ symmetry
is automatically implemented in the classical Lagrangian in
the sense that it is not imposed on the Lagrangian but is just
a consequence of the particle content of the model, its gauge
invariance, renormalizability, and Lorentz invariance.

We would like to stress the strong constraint put on model
building by the approach proposed in Refs. [8,9]. Once the
symmetry Zy is used, automatic or imposed, there is no
choice for new interactions. In this vein, in both models neu-
trinos are strictly Dirac particles, and for this reason both
models will be ruled out if the neutrinos turn to be Majorana
particles, say, by observation of the neutrinoless double beta
decay.

In the PQ solution to the strong CP problem the quark
contributions to @ are such that §—6—2aZ;X;, where f

denotes any quark. In both models we have §— 6—2aX;

PHYSICAL REVIEW D 69, 077702 (2004)

and we have the domain wall problem related to Z,CU(1)
for X;=2. :
Concerning the CDM, we would like to call attention to a
new possible candidate: a light and stable scalar in nonsuper-
symmetric models [38,39]. Although the mass of this scalar
is in the range 32 GeV=m<M,, the model is still compat-
ible with the LEP data since the lightest scalar is almost a
singlet under SU(2);® U(1)y, and it may be mistaken for a
light, m , =50 GeV [40], or for the usual, m,=50 GeV, neu-
tralino. We recall that the latter bound comes from LEP2
searches for the corresponding chargino m,==~100 GeV.
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We show that by imposing local Z,3®Z; symmetries in an SU(2)®U(1) electroweak model we can
implement an invisible axion in such a way that (i) the Peccei-Quinn symmetry is an automatic symmetry of
the classical Lagrangian, and (ii) the axion is protected from semiclassical gravitational effects. In order to be
able to implement such a large discrete symmetry, and at the same time allow a general mixing in each charge
sector, we introduce right-handed neutrinos and enlarge the scalar sector of the model. The domain wall

problem is briefly considered.

DOI: 10.1103/PhysRevD.69.015007

It has been known for a long time that the complex nature
of the QCD vacuum solves the old U(1), problem [1,2] but
also implies the existence of the @FF term in the classical
Lagrangian [3]. This CP-nonconserving @ angle (which has
also an electroweak contribution) should be smaller than
107 in order to be consistent with the measurement of the
electric dipole moment of the neutron [4]. Why is CP only
weakly violated in QCD? This is the strong CP problem and
an elegant way to solve it is by introducing a chiral symme-
try U(1)pq [5]. This Peccei-Quinn (PQ) symmetry implies
also the existence of a pseudo Goldstone boson—the axion
[6]. The invisible axion is almost a singlet (here denoted by
¢) under the SU(2)®@U(1) gauge symmetry [7]. In addi-
tion, since this particle can occur in the early Universe in the
form of a Bose condensate which never comes into thermal
equilibrium, it can be a significant component of the cold
dark matter if its mass is of the order of 107° eV [8,9],
which makes it important in its own right. However, such a
small mass for the axion can be spoiled by semiclassical
gravity effects since it could induce renormalizable or non-
renormalizable effective interactions which break explicitly
any global symmetry, and in particular the PQ symmetry.
The most dangerous of these effective operators are of the
form ¢”, where D is the mass dimension of the effective
operator. In this case the axion could gain a mass which is
greater than the mass coming from instanton effects and also

the 8 angle is not less than 10~° in a natural way. This can
be avoided if the dimension of the effective operators is D
=12 [10,11]. Hence, unless D is high enough, invisible ax-
ion models do not solve the strong CP problem in a natural
way. Thus the invisible (very light) axion must be protected
against gravity effects.

Some years ago Krauss and Wilczek [12] pointed out that
local symmetries can masquerade as discrete global symme-
tries to an observer equipped with only low-energy probes.
We can see this as follows. Consider a U(1) gauge theory

0556-2821/2004/69(1)/015007(4)/$22.50
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with two complex scalar fields # and ¢ carrying charge
Ne and e, respectively. It is possible, for instance, that
7 undergoes condensation at some very high energy v,
but £ does not condensate and produces quanta of relatively
small mass. Before the condensation the theory is invariant
under the transformation 7’(x)=exp[iNeA(x)](x), & (x)
=explieA(x)]é(x) and A, (x)=A ,(x)—3d,A(x), here A, is
the U(1) gauge field. The condensate characterized by the
vacuum expectation value {7(x))=v in the homogeneous
ground state is invariant only when A is an integer multiple
of 27r/Ne. This residual transformation still acts nontrivially
on £ but now as a discrete Zy group. The effective theory
well below v will be the theory of the single complex scalar
field £, neither the gauge field nor the scalar » will appear in
the effective theory since these fields are very heavy. The
only implication of the original gauge symmetry for the low
energy effective theory is the absence of interaction terms
forbidden by the Zy symmetry. For instance, if there were
more charged scalar fields in the theory, the discrete symme-
try would forbid many couplings that were otherwise pos-
sible. Hence, since no processes like black-hole evaporation
or wormhole tunneling can violate a discrete gauge symme-
try it means that local Zy symmetries violate the no-hair
theorem [13]. These symmetries may be the consequences of
gauge U(1)’s symmetries which are embedded in a larger
grand unified theory or from a fifth dimension as it was
shown for the case of U(1)y in Ref. [14] or even in super-
string inspired models [15-17].

In fact, it has long been known that superstring theories
exhibit PQ-like symmetries. It happens that in the reduction
of a ten-dimensional theory to four dimensions an arbitrary
large number of massless (up to the effect of the coupling
FF) scalar four-dimensional fields, which cannot be gauged
away, arise [18,19]. On the other hand, in superstring theory,
also naturally local discrete symmetries arise [15—-18]. These
facts are welcome since superstring theory is considered a
good candidate for the unification of the four interactions.

©2004 The American Physical Society
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Hence it is reasonable to require that any global or local
symmetry that is introduced in low energy models can be
derived from the superstring theory. However, since we al-
ready do not know the details of the theory that describes
quantum gravity, we will apply the ideas above in a more
conservative scenario: a multi-Higgs extension of the stan-
dard model.

We show below that in this situation, the axion, as a so-
lution to the strong CP problem, can be achieved by intro-
ducing appropriated discrete symmetries and also the PQ
symmetry arises as an automatic or accidental symmetry of
the classical Lagrangian in the sense that it is not imposed on
the Lagrangian but it is just a consequence of the particle
content, renormalizability, and the gauge and Lorentz invari-
ance of the model [10]. The automatic PQ symmetry has
been also considered up to now only in the context of grand
unified or supersymmetric theories [20] or, recently, in 3-3-1
models [21,22]. The same can be said with respect to the
axion protection from gravity effects [11,16,17,22].

The model we will put forward can be viewed as a way of
stabilizing the Dine-Fischler-Srednicki (DFS) axion [7]. As
is well known the DFS axion suffers from two difficulties: (i)
the PQ symmetry has to be imposed by hand and (ii) the
axion is not stable from the gravitational effects as discussed
before. With respect to the first problem we expect that the
PQ symmetry is not an ad hoc symmetry but an accidental
one. It could be the consequence of discrete symmetries Z
which in addition, if N is large enough, it can stabilize the
axion from the classical gravity effect. In this vain a large Z
symmetry solves both difficulties of the DFS axion model.
The lowest order effective operator contributing to these pa-
rameters have D=13 since operators with dimension up to
D=12 are forbidden by the local discrete symmetry Z;;
®Z5. Moreover, after imposing these discrete symmetries
the PQ chiral symmetry is automatically implemented in a
model with SU(3)-®SU(2),®U(1)y gauge symmetry (a
similar analysis for avoiding B- and L-violating operators in
supersymmetric versions of this model was done in Ref.
[23]).

The axion is made invisible if it is almost a singlet under
the gauge group and for this reason we add a singlet ¢ which
gets a vacuum expectation value denoted by v, [7]. The
suppression of the explicit breakdown of the PQ symmetry
by gravity is obtained by adding a large Z,, symmetry among
the matter multiplets, in such a way that effective operators
like ¥~ 1/MG~D™*, where My, is the Planck mass, are
automatically suppressed. At the same time this local discrete
symmetry makes the PQ symmetry an automatic symmetry
of the classical Lagrangian. For instance, a Z,; symmetry
implies that the first nonforbidden operator is of dimension
thirteen and the first contribution to the axion mass square is
proportional to v}/M}~10"2"eV? or 10" "mZ, if m,
~A(22(_-D/u,,,=~v~10_5 eV is the instanton induced mass (we
have used Mp=10" GeV and v 4= 10> GeV). We see also
that the naturalness of the PQ solution to the #-strong prob-
lem is not spoiled since in this case we have 6.4
oM™ *Adcp [24] and it means also that Geqoc 107! for
N=13.
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In order to be able to implement this rather large symme-
try the representation content of the model is augmented: we
add right-handed neutrinos and several scalar Higgs multip-
lets. Presently, right-handed neutrinos may be a necessary
ingredient of any electroweak model if, as indicated by re-
cent experimental solar [25] and atmospheric [26] data, neu-
trinos are massive particles. On the other hand, each of the
extra Higgs scalar multiplets that we will introduce has al-
ready been considered, separately, as viable extensions of the
minimal SU(2);® U(1)y model [27-29]. However, in gen-
eral the doublets can be coupled to all fermion doublets,
having flavor changing neutral currents if we will. In other
words, there is not an underlying reason to constraint the
interactions of the multi-Higgs extensions. Below we will
show how this reason arises in an extension of the DFS axion
model.

The representation content is the following: QL=(ud){
~(2,1/3), LL=(VI)Z~ (2,—1) denote any quark and lepton
doublet; wup~(1,4/3), dp~(1,—2/3), lg~(1,-2), v,
~(1,0) are the right-handed components; and we will as-
sume that each charge sector gain mass from a different sca-
lar doublets, ie., ®,, ®,;, ®;, and &, generate Dirac
masses for u-like, d-like quarks, charged leptons and neutri-
nos, respectively [all of them of the form (2,+1)
=(¢*,¢%7]. We also add a neutral complex singlet ¢
~(1,0) as in [7], a singly charged singlet A* ~(1,+2), as in
the Zee’s model [27] and finally, a triplet 7~ (3, +2) that can
be written as [28]

—-T*
), 0

—\/§T++

V21°

TEG;'-'T=( gt

where e=iT,.
Next, we will impose the following Z;; symmetry among
those fields:
Q—wsQ, ug—wsug ,dR—’ws_ldR .
Lo wgl, vg—wovg, Ig—wyly,
®,—w; P, Py—w; 'Oy, Diowyd,
d>,,—>wg'd>,,, d—ol'd, T-w]'T,
R —wh™, (2)
with w,=e>™*3, k=0,1,... 6.
With this representation content and the Z;; symmetry

defined in Eq. (2) the allowed Yukawa interactions are given
by

= Ly=Qir(Fiqitag®,+ Fipd sz ® ) +L_aL(GabeR(§v
+Gable¢)l) +fab(LaiL)cLbjLE,-jh++H.C., (3)
where ®=¢e®*, with i=1,2,3 and a=e,u,7; G,G,F,F are

arbitrary 3 X3 matrices and f°° is a 3 X 3 antisymmetric ma-
trix. Notice that we have the Zee’s interaction [27] but the
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interaction (Li,,L)cFa,,(e;- '7),-ij,4» is not allowed by the Z 4
symmetry, i.e., this is not an automatic symmetry of the
model. Moreover, the Z;; symmetry also implies that there is
no flavor changing neutral currents since there is a doublet
for each charge sector in Eq. (3). The neutrino interactions
with the doublet ®, imply a Dirac bare mass; while the
singlet h* induces, through the radiative corrections, like in
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the Zee’s model, Majorana masses to the left-handed neutri-
nos [30].

The most general scalar potential among the several scalar
multiplets introduced above must be invariant under the
gauge SU(2),®U(1)y and also under the discrete Z,; sym-
metry. However, an extra discrete Z; symmetry will be
added in order to avoid an interaction in the scalar potential
and in Eq. (3). We then have

V=ui®@[ @+ pio* o+ pITe(TIT) + pih T h™ +N(D[D )2+ N | @D, [P+ N (D[ D) p* ¢
MTDID TH(TIT) + (D] TH(TD,) + N DD A~ h* + N (d* )2+ N (TeTTT)?

+ AT TITY2+ N TH(TT) | d 2+ Ns(B R )2+ N TH( T T)R™h* +[N, @0, 01, + X, 8778, ¢

+R301D B+ P10 ,0* + fL,8TTE , + £,8] TS -+ £,®1® ,h~+Hel], (4)

where k#k' run over all doublets, i.e., k,k’=u,d,l,v and
we have omitted summation symbols. The trilinear
D,e®h”¢* is allowed by the Z;3 symmetry but it is for-
bidden by the Z; symmetry with parameters denoted by @y,
@y, and @] ! if ®, transform with w; ' and @, ,vg, I trans-
form with @, while all the other fields remain invariant i.e.,
transform with w,. This Z; symmetry forbids also a Majo-
rana mass term (v,g)°M v,z in Eq. (3). It is in this context
that the PQ symmetry is an automatic symmetry of the clas-
sical Lagrangian of the model and the axion mass and the 8
angle are protected against gravitational effects, as discussed
in the Introduction.

We have confirmed that the axion is an invisible one.
After redefining the neutral fields as usual ®9=(v,
+Re®)+iIm®N/V2, T°=(v;+Re T0+i Im 7%/ 2, and
¢=(vy+Rep+ilm¢)/\2 there are only two neutral
Goldstone bosons: one which is eaten by the Z°% G°, and
another one which has a small mixture with the G°, the
axion which is almost singlet, i.e., a=Im ¢. This has been
done considering the full 6 X6 mass matrix in the pseudo-
scalar sector.

Besides, the fact that the Peccei-Quinn chiral symmetry is
an automatic symmetry of the model, the discrete Z;; sym-
metry suppresses also gravitational effects up to operators of
dimension twelve. It means that the contributions to the ax-

ion mass and to the @ angle are like those we have shown
above. The assignment of the PQ charges for all the fermion
and scalar fields in the model are the following (using the
notation ¢’ = e~ ‘*¥¢ys with X, the PQ charge of the multip-
let §): Xo=-3, X,,=3, X4,=3, X;=—6, X, =-8,
X, =4 Xp =6, Xp,=—6, Xp=2, X¢ =10, X;=12,
Xp+=12, X y=—12. It is straightforward to verify that the
Yukawa interactions in Eq. (3) and the scalar potential in Eq.
(4) are invariant under the PQ transformations given above.
In the present model we have still a global discrete symme-

try, namely Z;3C U(1)pq. Hence, the model has the domain
wall problem [31] and the usual mechanism for avoiding it
can be applied [32,33].

Larger Z, symmetries are possible if we add more fields
in any electroweak model. However, notice that if N is a
prime number the axion can transform under this symmetry
with any assignment (but the trivial one); otherwise, we have
to be careful with the way we choose the singlet ¢ trans-
forms under the Z, symmetry.

In the present model the axion couples to quarks and lep-
tons (including neutrinos). Those couplings are proportional
to Xfmfv;‘ , where X, and m are the PQ charge and the
mass of the fermion f. On the other hand, the axion-photon
coupling ¢, is, in general, proportional to 2Npw= X fQ}
—1.95, where the sum is over all generations and the nu-
merical factor comes from the light quarks through a
Fujikawa relation [34] and it is the same in the present
model; Npyw is the domain wall factor which is equal to 18 in
the present model. We have c,,,~ —0.62, and not 0.75 as in
the invisible axion of Refs. [7,35,36]. The coupling of the
axion with neutrinos in the present model may have astro-
physics and/or cosmological consequences.

It is still possible to assign the PQ charge as in Sec. II of
Ref. [22] and the PQ charges are quantized. However, in that
case it appears as an extra Goldstone boson coupling with
leptons and photons. Thus, in order to avoid such an extra
Goldstone we have to break softly the Z, symmetry, say, by
adding u?®,®, in the scalar potential.

Summarizing, we have obtained a model with an auto-
matic PQ symmetry, with an invisible axion which is pro-
tected against gravitational effects in the context of a multi-
Higgs extension of the standard model. This is important for
three reasons. First, multi-Higgs extensions, with or without
supersymmetry, are used by the experimentalists as reference
models for searching extra scalar particles [29,37]. Second,
these models are used by phenomenologists to get an appro-
priate mass matrix in the lepton and quark sectors. In fact, as
we said before, all the extra fields that we have added to the
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minimal version of the model have already been introduced
in the literature with different goals; we have just put all of
them together. The necessity of protecting the invisible axion
from gravitational effects, as we have done above, gives a
rationale for those scalar multiplets. Finally, we would like to
mention that one of the issues that remains arbitrary in most
multi-Higgs extensions is the flavor violating neutral currents
in the scalar sector. We can implement it or not at will. How-

PHYSICAL REVIEW D 69, 015007 (2004)

ever, in our case these effects are automatically avoided since
the Yukawa interactions are already determined for the Z,
symmetry. Then, our model automatically does not have fla-
vor changing neutral currents in all sectors of the model.
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We show that in an SU(2) ® U(1) model with a Dine-Fischler-Srednicki—like invisible axion it is
possible to obtain (i) the convergence of the three gauge coupling constants at an energy scale near the
Peccei-Quinn scale; (ii) the correct value for sinzéw(MZ); (iii) the stabilization of the proton by the
cyclic Z;3 ® Z; symmetries which also stabilize the axion as a solution to the strong CP problem.
Concerning the convergence of the three coupling constants and the prediction of the weak mixing
angle at the Z peak, this model is as good as the minimal supersymmetric standard model with
Msusy = Mz. We also consider the standard model with six and seven Higgs doublets. The main
calculations were done in the 1-loop approximation but we briefly consider the 2-loop contributions.

DOI: 10.1103/PhysRevD.70.055009

The convergence of the three gauge coupling constants
g3 82, 81 = +/5/3g" and the prediction of the electroweak
mixing angle are some of the motivations for grand
unified theories (GUTs) [1-4]. Unfortunately the simplest
and more elegant GUTs which break into a simple step to
the standard model, like SU(5) [1,2] and some of the
SO(10) and E¢ GUTs [3,4], were ruled out by two experi-
mental results. The first one is concerned with the fact
that using the value of the electroweak mixing angle
measured at the Z peak by LEP, ie., sin2fy(M;) =
0.231 13(15) [5], the running coupling constants extrapo-
lated from the values measured at low energies do not
meet at a single point or, inversely, assuming the con-
vergence of the three coupling constants, the prediction of
the value of sin?8y (M) [or, alternatively, we can obtain
the convergence point of &; and a, and then the value of
a,(Mz) can be predicted] does not agree with the experi-
mental value. On the other hand, in the minimal super-
symmetric extension of the standard model (MSSM for
short) the coupling constants do intercept at a single
point, with a remarkable precision, and the predicted
value of the weak mixing angle is also in agreement
with the observed value [6]. In fact, this has become
one of the most important reasons for believing on the
existence of supersymmetry at the TeV scale and, in
particular, on the MSSM. In particular, a new scale for
physics, gysy, is then required. The second trouble with
the simplest GUT: is related to the nonobservation of the
proton decay at the predicted lifetime. Recent data by
Super-Kamiokande on p — K* 7 imply that 7, > 10> yr
[5,7]. However, this is also a trouble for supersymmetric
(SUSY) SU(5) since this theory has d = 5 effective op-
erators induced by colored-Higgs triplets that produce a
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rapid proton decay [8] and it is necessary to appeal to
fermion mixing in order to keep (tight) agreement with
data [9]. Thus, it appears natural to ask ourselves if there
are options for SUSY yielding the convergence of the
couplings, the observed value of the weak mixing angle
at the Z pole, and an appropriately stable proton. The
importance of the Higgs boson contributions to the con-
vergence of the couplings has been emphasized recently
[10], although exotic fermions can also lead to the gauge
coupling unification even at the TeV range [11]. In this
case, unification at a lower energy scale is possible even
without supersymmetry and the proton stability is guar-
anteed by additional assumptions as extra dimensions or
dynamical symmetry breaking [11], by the conservation
of the baryon number in the gauge interactions as in
the [SU(3)P trinification [10], or in [SU(3)}* quartifica-
tion where the proton decay is mediated only by Higgs
scalars [12].

Here, we will show that in a multi-Higgs extension of
the standard model we have the convergence of the three
gauge coupling constants at an energy scale of the order
of 10" GeV, and the weak mixing angle in agreement
with the measured value at the Z pole. The proton decay
occurs only throughout dimension 8, 9, 10, and 11 effec-
tive operators because discrete Z;3 ® Z; symmetries for-
bid all d = 6,7 operators. This model was proposed
independently of the issue of the gauge unification, and
it has a Dine-Fischler-Srednicki-like invisible axion [13]
stabilized against a semiclassical gravitational effect by
those discrete symmetries [14]. The use of discrete gauge
symmetries in the proton decay problem has been used
recently in Ref. [15] in a model with a Zg symmetry,
where baryon number violation low dimension dangerous
effective operators are all forbidden. For other recent uses
of symmetries like these see [16]. We compare our results
with the usual MSSM showing that the convergence
of the coupling constants and the prediction of the

© 2004 The American Physical Society
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sin26y (M) is, in this model, as good as in the MSSM
with ugysy = Mz. We also consider the SM with seven
Higgs doublets, and briefly comment on the SM with six
Higgs doublets and pgysy = 1 TeV.

In Ref. [14] the representation content of the standard
model was augmented, by adding scalar fields and right-
handed neutrinos, in such a way that the discrete Z,; ® Z;
symmetries could be implemented in the model. The
particle content of the model is the following: Q; =
(ud)f ~(2,1/3), Ly = (»I)] ~ (2, —1) denote any quark
and lepton doublet; up ~ (1,4/3), dg ~ (1, —2/3), Iz ~
(1, —2), and v ~ (1, 0) are the respective right-handed
components. It was also assumed that each charge sector
gains mass from a different scalar doublet, hence we have
the following Higgs multiplets: four doublets ®,, ®,, ®,,
and ®, [all of them of the form (2, +1) = (¢*, p°)7
under SU(2) ® U(1)] which generate Dirac masses for u-
and d-like quarks, charged leptons, and neutrinos, respec-
tively; a neutral complex singlet ¢ ~ (1,0), a singly
charged singlet A* ~ (1, +2), and, finally, a non-
Hermitian triplet 7 ~ (3, +2). With the discrete symme-
tries flavor changing neutral currents are also naturally
suppressed at the tree level.

Next, let us consider the evolution equations of the
three gauge coupling constants, at the 1-loop level,

ar! (M) = a_’(Mz)gcoszaw(Mz) + by m(%),
b
a;' (M) = o~ (Mz)sin®6y (Mz) + 2 1 (ALZ) 6y

o' (M) = a3 (M) + 52 1n(":f),

where b; are the 1-loop beta-function coefficients

== Z TR,(F)+ ZTR,(S) —Cz(V) )

fenmom scalars

For SU(N), we have that Ty = C, = N, with N = 2, for
fields in the adjoint representation, and Tx(S, F) = 1/2
for fields in the fundamental or antifundamental repre-
sentation; for U(l1), C,(V)=0, and T(S, F,) =
(3/5)Tr(Y2/4) for a unification in SU(5) [it is the same
for the case of SO(10)]. Equation (2) is valid for Weyl
spinors and complex scalar fields. Considering the exten-
sion of the standard model with N, matter generations,
Ny Higgs doublets, and Ny non-Hermitian scalar triplets,
all of them considered relatively light,

4 1 3
= +
by =3Ng + 15N+ SNr
4 1 2 22 4
b2=§Ng+gNH+§NT_?» b3=§Ng—‘11.
(3

Only the scalar singlet 2* will be considered with mass

PHYSICAL REVIEW D 70 055009

of the order of the unification scale. The evolution equa-
tions in Eq. (1) imply the unification condition
ay'(My) = ad(My) = a3 (My) = aj', which also de-
fines the mass scale M,:

_ a”'(Mz) - §a3' (M)
My Mzexp[.?ﬂ' %bl b, —§b3 ] )
From Egs. (3) with N, = 3, Ny = 1, and Ny = 0, i.e,,
the standard model, give (b, by, b3) = (41/10, —19/6,
—7). In this case, the evolution of g; is shown in Fig. 1.
In this figure (and below) we have used the inputs M, =
91.1876 GeV; a(Mz) =1/128; and a3;(Mz) =0.1172
[5] It is clear that with only the representation content
of the SM, there is no convergence of the three g; at a
given point [6].

On the other hand, with N, = 3, Ny =4, and Ny =1
i.e.,, the model of Ref. [14], with Egs. (3) we have
(b1, by, b3) = (5, —2, —7) and the evolution of the cou-
pling constants in this case is shown in Fig. 2. We obtain
that the three forces unify at the energy scale M, = 2.8 X
10" GeV and aj'=~38. The value predicted for

sin20y (Mz), using the unification scale as an input, is

Y 3 5 M

sm20w = § + ma(Mz)(b] - bz) ln(M—LZI), (5)
and we obtain in this model sin?6y (M) = 0.2311, which
coincides with the measured value as it should be since
the unification occurs with a very good precision. In order
to compare this result with others [10] we write at the 1-
loop approximation, by eliminating the unification scale
from Eq. (3) and also using Eq. (1),

<24 a(M.

5 - 11 + %NH + 2NT =§ Sln29w(Mz)A“ ;‘:(T,zz)')'
—3(Ny + Nr) 3| 1—5sin?0y, (M)

(6)
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FIG. 1 (color online).
model.

Running couplings in the standard
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FIG. 2 (color online). Running couplings in the present
model.

where b = (b; — b,)/(b, — b;) [11]. For being more gen-
eral we let Ny and Nr arbitrary to see if there are other
values for them which could fit with unification. The
theoretical ratio 5 defined in the first line of Eq. (6),
and which depends mainly on the scalar representation
content (notice that, at the 1-loop level, 5 does not depend
on N,), should coincide with the quantity defined in the
second line which depends only on the experimental
values of the coupling constants @ and a3 and sin2dy, at
the Z peak. The experimental input then implies b =
0.714 using the second line of Eq. (6). Using the first
line of Eq. (6) the minimal standard model implies b =
115/218 = 0.527 (including the scalar contributions), so
that it does not match and sin®8y, (M) = 0.204 according
to Eq. (5) and for this reason the unification of this model
in nonsupersymmetric SU(S) was ruled out by LEP data.
In the present model we obtain 5 = 5/7 ~ 0.714 and this
_value matches in Eq. (6) and gives, then, the observed
value for sin2Ay (M) [S] as we pointed out above,

In the MSSM when wgysy = Mz we have (b, by, b3) =
(33/5,1, —3) and the respective evolution is shown in
Fig. 3, with My =~ 2.1 X 108 GeV and the inverse of the
coupling constant at the unification scale, denoted in this
case by as, is a5 ! = 24. The weak mixing angle has also
the correct value [17] and the same value for b is obtained
as in the present model. The case when the SUSY scale is
of the order of M7 is better than the case when that scale is
of the order of 1 TeV but we do not show the latter case. As
can be seen from Figs. 2 and 3 and from the value of b,
concerning the unification and the prediction of the weak
mixing angle, the model of Ref. [14] is as good as the
MSSM and for this reason it was not necessary in the
present work to take into account the theoretical and
experimental uncertainties.

Finally, in the case when N, =3but Ny = 7and Ny =

0 we have (b, by b3) =(47/10,-13/6,=7), b=
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FIG. 3 (color online). Running couplings in the MSSM with
Msusy = Mz.

145/206 =~ 0.704, and sin?8y, (M) = 0.230 according to
Eq. (5) and the evolution is shown in Fig. 4 with M;; =
5.8 X 10'3 GeV [3]. We have also studied the case of the
SM with six Higgs doublets. In this case the unification of
the coupling coincides with that of Ref. [10] and
sin2fy (Mz) = 0.226. Moreover, the convergence of the
three coupling constants in the seven Higgs scalar dou-
blets is better than the case of six of such doublets [10].
We see that, in order to have the unification of the
couplings and the correct value for the weak mixing
angle at the Z pole it is not necessary to have low energy
supersymmetry. On the other hand, four Higgs doublets
and a non-Hermitian Higgs triplet are more precise, for
the unification of the coupling constant, than just seven
Higgs doublets. As we said before, only the singlet 2* has
been considered having a mass of the order of the uni-
fication scale. Assuming that this singlet is light we
obtain the same value for My but sin?8y,(Mz) = 0.229.

~~ v 1 1 I 1 T g
=44 r oy 7
T 42 F ]
[} L
40 £ ;
38 F a, ]
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34 _ A3 -
32 F .
O :4. PRREPEE NSNS T 0 S S U NP RN SN ST N ST SN S T BN SR N
10” 1012 1013 1014
M, (GeV)

FIG. 4 (color online). Case of the standard model with seven
scalar doublets.
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The contribution of just one Higgs doublet is almost
negligible compared to that of quarks and leptons when
dealing with the renormalization group equations. But in
models like the multi-Higgs extensions we have discussed
here, the Higgs multiplets have a total contribution al-
ready important to unify the theories. However, we stress
again, looking at Eq. (6), that the value of sin?dy (M)
depends strongly on Ny and Ny selecting in this way only
a few possibilities. Moreover, the prediction of the weak
mixing angle in this model is not an accident. To see that,
with the experimental inputs in the second line of Eq. (6)
we have Ny = 7.324 — 3.333N; and it is clear that the
best solution for Ny and Ny integers is when Ny = 4 for
Ny = 1. The seven doublets model N = 7 for Ny = O is
the second best solution. The denominator in the exponent
of Eq. (4) can be written as (1/3)Ny + (5/3)Ny + 22, and
we see that a larger number of Higgs multiplets imply aI

19 9 36 3
1]—51\(g +§6NH +2—NT N N,
bij= '5'Ng+’]—NH+?NT TNg+
350Ve

The quark top Yukawa coupling being of order of unity,
is the only one comparable with the «;. However its
contribution to Eq. (7) is unimportant when compared
with the other contributions in Eq. (8) and does not affect
the 2-loops running significantly for the values of Ny and
N7 considered here. A complete treatment includes, of
course, all scalar interactions (which in the present model
include trilinear interactions) and it is much more com-
plicated. However, as an illustration, we will consider
only the corrections of the gauge coupling constants in
Eq. (8). In this case, the numerical solutions to the system
of equations in Eq. (7) can be found using Eq. (1) after
making the simple substitution b; — A;, with the A;
extracted numerically. The values of A; and the respective
values for My and sin?fy (M), at the 2-loop order, are
given in Table L. We see from the table that in the cases
with Ny = 4, Ny = 1 and Ny = 7, Ny = 0, the values of
the weak mixing angle at the Z pole are a little above the
experimental value (since this is only an illustration that
considers just the evolution of the gauge coupling con-
stants it is not necessary to take into account the experi-
mental and theoretical uncertainties). This does not rule
out these models since the correct value of sin?fy (M)

TABLE L. Values for A; and sin®8y, (M) at the 2-loop level
for multi-Higgs models. My, is in units of 10'3 GeV.

NH NT A] A2 A3 MU Sinzéw(Mz)
4 1 5102 -—1.847 -7.080 L5 0.235
6 0 4659 -2213 -7.089 5.0 0.23]
7 0 4762 -2035 -7.089 34 0.234
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smaller value for My, however, we obtain the best match
condition for b with Ny = 4 and Ny = 1.

Because of the precise measurements in the electro-
weak sector higher order corrections to the 1-loop calcu-
lations are important to verify if the solutions above can
be stable against these corrections. Considering only the
gauge coupling constants, their running g;(u) are now
solutions of the corrected renormalization group equa-
tions

da(p) 1 1 g
M = | b+ — o ()2,

P 47; bija;(u) |a;(w)?  (7)
The general form of the coefficients b;; is given in
Ref. [18]. For the cases discussed in this paper, ie., the
only nontrivial scalar representations under SU(2) are
doublets and triplets, they have the following form:

9 72 44

hNsEN

sNp+3Nr =5 4N, ®
3N, BN, — 102

l
may be obtained at the 2-loop level by constraining the
self-interactions couplings and the masses of the scalars
fields. Hence, this partial analysis suggests that solutions
in the 1-loop approximation might be stable under higher
corrections since they are not drastically changed when
2-loop corrections are included.

Next, we come to the question of the proton stability in
the present model. We have seen that the energy scale of
the unification of the coupling constants is of the order of
103 GeV, i.e., smaller than the scale of the non-SUSY
SU(5) and near, by a 10—1000 factor, to the Peccei-Quinn
(PQ) scale. This is, apparently, a disaster from the point of
view of the nucleon decay. However, it is not because the
model accepts discrete symmetries that forbid potentially
dangerous effective operators of d = 6, 7. With the repre-
sentation content of the model it is possible to impose the
following Z,3 symmetry:

Q— ws0, Up — W3k, dp — w5 'dg,
L — wgl, Vg — woVg, Ip = wylp,
b, — w;'P, O, — wi'P, d,— w,®, (9)
@,,—»wglq),,, ¢—>w1_1¢, T—>w4_1T,
ht — wht,
with @, = e2™*/13 k=0, 1, ..., 6. Moreover, in order to

have an automatic PQ symmetry [19], it is also necessary
to impose a Z3 with parameters denoted by @&, @,, and
@; ! with @, transforming with &;!; @, vg, Ig with @,
while all other fields transform trivially under Z;. For
details see Ref. [14].
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We search for effective operators that are SU(3). ®
SU(2); ® U(1)y and Z,3 ® Z; invariant. No grand unified
model is assumed here. Effective operators with d = 6
which induce a rapid proton decay for My < 10’6 GeV,
are given by [20]

Of,‘,icd = €;j1€a8(dr)5,(ur)jb(QL)inc(LL) a>

02 ) = €ij1€ap(01)5ra(Q1) ;s R (IR) i

02 4 = €ijx€ap€yp(Q0)ia(CL);85 @0y L) pas

= eijk(a:e)aﬁ

(7€) 1,(Q1)aa(QL)igs( QL) e (L) pas (10)

05)s = €inldr)E (ur)jpur)i  (IR)as
08ea = €iuR)(ur) (RN (IR
sz?cd = €;(up)i,(dr) b (dr)ic(VR) 4,
0.4 = €ijx€ap(dr)s(QL)jat (PR QL )kpus

where i, j, and k are SU(3) indices; «, B, y, and p are
SU(2) indices; and a, b, ¢, and d are generation indices.
From Egq. (10), using Fierz transformations, it is possible
to obtain all vector and tensor Dirac matrices [20]. All
operators in Eq. (10) are forbidden by the Z,; symmetry
in Eq. (9); d = 7 operators formed with those of Eq. (10)
and the singlet ¢ (or ¢*) are also forbidden. Notice that

0%?@3’7’8) are also forbidden by Z;. However, there are
others B — L conserving operators allowed by all the

symmetries of the model as
3,
O(u]b)cd(b; CDM’ Ofllb)t.'d¢4’ O(ubj:zl‘ﬁs’ (1 1)

of d = 8, 10, 11, respectively, that may induce the proton
decay, via four fermion interactions, after the spontane-
ous symmetry breaking. Let us write the proton lifetime

as

as\(My\* . _,

e ﬁ’(aust) €17
where 75 = Mia;'mp® with Ms as the unification scale
in the context of the MSSM, M; =~ 2.1 X 10'® GeV; as is
the respective coupling constant at that unification scale
with a3! = 24; mp is the proton mass; and @y is the
coupling constant at M in this model with aj' = 38;
finally, £ is a factor depending on the effective operator.
Although the d = 8 operator is suppressed by 1/M},, after
the spontaneous symmetry breaking, it induces a four
fermion interaction proportional to £ = v}v,/M?%. Since
lv,v,| < (246 GeV)? we have that |£] < 7.7 X 10723 and
since My/Ms=13X1073, as/ay = 38/24 =1.6, in
Eq. (12) there is a factor = 8 X 10°? with respect to 5.
The d = 10 operator is suppressed by M;2A™* and it

12)
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induces four fermion interactions like Mj2(vy4/A)*O"
where A is a mass scale connecting the field ¢ with the
four fermion effective operators O, A may be M, (or
the PQ scale) or the Planck scale. In this case there
is a factor |£| 72 = (A/v4)® in Eq. (12). The enhancement
on the proton lifetime depends on the scales A and v.
Assuming vy = 10'? GeV and A = Mpypp = 10" GeV,
we have an enhancement factor of 5 X 10* with respect
to 7. If, instead of Mpj,,x We use A =My but vy =
10° GeV we still obtain an enhancement factor 1.7 X
10% in the proton lifetime. Finally, if vy = 10'2 GeV
and A = My the proton lifetime is raised by a factor of 2
with respect to 7. A similar analysis follows for the d =
11 effective operators. Hence, this model survives the
proton decay problem since with the natural values of
the parameters we have that the proton has a lifetime
which is compatible with the no observation of its decays
at the present experimental level Moreover, notice that
the d = 5 effective operator Mj;' LL®,®,, is allowed by
the Z,3; symmetry but forbidden by Z;. However the d =
10 operator M;' A" LL®,®, ¢ gives a Majorana mass
to the neutrinos with an upper limit of 2 €V, obtained
when A = v, and (®,) = 246 GeV.

Summarizing, we have obtained a multi-Higgs exten-
sion of the standard model with Z,; ® Z; symmetries that
imply an automatic PQ, B and L symmetries at the tree
level. The axion is stabilized against semiclassical gravi-
tational effects by those symmetries and they also stabi-
lize the nucleon allowing, at the same time, the
unification of the three gauge coupling constants at an
energy near the PQ scale. Last but not least, the correct
value of the weak mixing angle at the Z peak is obtained.
Although we can always implement a larger Z, by adding
more matter multiplets, concerning the unification of the
coupling constants, a larger number of multiplets or
higher dimensional representation of SU(2) affect the
running of the couplings. Only a limited set of represen-
tations is allowed in this respect. We should mention that a
unification scale near the PQ scale is also obtained in an
[SU(3)]* model [12] but this model has no PQ symmetry
in its minimal version. The present model cannot be
supersymmetric at low energy (of the order of TeVs), since
the fermion superpartners of the Higgs scalars would
upset the unification of the gauge couplings; however it
is possible to have supersymmetry if pugysy = My. It
would be interesting to search what sort of non-SUSY
GUT embeds this model.

A.G.D. was supported by FAPESP under the process
01/13607-3, and V.P. was supported partially by CNPq
under the process 306087/88-0. A. D.G. also thanks J. K.
Mizukoshi for helping with the figures.
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Dynamical breakdown of symmetry in a (2+1)-dimensional model containing
the Chern-Simons field
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We study the vacuum stability of a model of massless scalar and fermionic fields minimally coupled to a
Chern-Simons field. The classical Lagrangian involves only dimensionless parameters, and the model can be
thought of as a (2+1)-dimensional analogue of the Coleman-Weinberg model. By calculating the effective
potential, we show that dynamical symmetry breakdown occurs in the two-loop approximation. The vacuum
becomes asymmetric and mass generation for the boson and fermion fields takes place. Renormalization group

arguments are used to clarify some aspects of the solution.

DOI: 10.1103/PhysRevD.69.065011

I. INTRODUCTION

Quantum field theories involving the Chern-Simons (CS)
field in 2+1 dimensions present many peculiar and surpris-
ing aspects. Fractional spins, exotic statistics, and the exis-
tence of massive gauge fields are well known examples in
this direction. Applications of these models are, for example,
the planar Aharonov-Bohm effect, the fractional quantum
Hall effect, and surface effects in liquid helium [1].

Physicists working on these theories have a special con-
cemn about their phase structure and phase transitions. These
properties are investigated through calculation of the renor-
malization group functions and the effective potential. So
renormalization and its intermediate step, regularization, are
central issues to these studies. As the Lagrangian density of
the CS field involves the Levi-Civita tensor, these models are
not easily extendable outside 2+1 dimensions, making the
dimensional regularization scheme [2] a very cumbersome
procedure. In fact, in addition to the extension out of 2+1
dimensions, dimensional regularization for these models re-
quires the introduction of an extra regularization term in the
Lagrangian. Of course, a safe escape would be to avoid the
use of regularizations at all, as in the Bogoliubov-Parasiuk-
Hepp-Zimmermann (BPHZ) renormalization program [3],
but this is also a complex procedure due to the zero-mass
fields involved [4,5]. For these reasons a simple regulariza-
tion method called dimensional reduction has been largely
employed [6—8] to deal with CS models. It consists in a
simplification of dimensional regularization in which all ten-
sor contractions appearing in Feynman graphs are first real-
ized in 2+1 dimensions and only the resulting scalar inte-
grals are extended to D=3— € dimensions. But, as stressed
by several authors [9], this method may lead to ambiguities,
jeopardizing the invariance of the theory under gauge trans-
formations. Nevertheless, given its great simplicity it may be
worth using dimensional reduction in practical calculations,
after validating its consistency through the explicit verifica-
tion of the Ward identities related to the gauge symmetry.

*Email address: alexdias@fma.if.usp.br
*Email address: mgomes@fma.if.usp.br
*Email address: ajsilva@fma.if.usp.br

0556-2821/2004/69(6)/065011(10)/$22.50
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PACS number(s): 11.10.Kk, 11.10.Gh, 11.30.Qc

In this paper, we calculate the effective potential for the
theory of a massless complex scalar field with a sextuple
self-interaction and minimally coupled with a CS field. Dy-
namical symmetry breakdown and mass generation are ex-
plicitly verified not in one loop as in the Coleman-Weinberg
(CW) [11] model, but in the two-loop approximation. The
Feynman integrals are regularized by dimensional reduction.
The verification that this regularization procedure preserves
the Ward identities, was carried out in previous works [7,10].

The model is then extended by including a massless fer-
mion minimally interacting with the CS field, and coupled to
the scalar field through a “Yukawa™ term [12]. Up to two
loops, the new graphs that appear in this extended model
involve products of two Levi-Civita tensors at most. As dis-
cussed in [9], possible differences between the expressions
calculated using dimensional reduction and dimensional
regularization appear only in the product of three and more
Levi-Civita tensors. Therefore, up to the order we are dealing
with, no breakdown of the Ward identities takes place. Here
again symmetry breakdown occurs due to two-loop radiative
corrections. Curiously, for a certain relation between the
Yukawa and the scalar gauge couplings the effective poten-
tial is insensitive to the fermion gauge coupling. We also
analyze some renormalization group aspects of the extended
model by determining the modifications in the anomalous
dimension of the scalar field and the beta function associated
with the sextuple self-interaction.

The organization of the paper is as follows. In Sec. II the
effective potential for the scalar/CS model is calculated and
the symmetry breakdown is discussed. In Sec. II this study
is extended to the scalar/fermion/CS model. In Sec. IV a
renormalization group analysis of the model is performed. In
the Conclusions a comparison with the literature is carried
out. Three Appendixes present the main integrals necessary
in the work and the calculation of the wave function renor-
malization for the ¢ field.

II. THE BOSONIC MODEL

In this section we consider the model of a massless com-
plex scalar field with a sextuple self-interaction and mini-
mally interacting with a CS field, whose Lagrangian density
is

©2004 The American Physical Society
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! e t Voot
L= 5 €4, ARI"AP+ (D ) (D)~ g(eTe), (1)

where v is a positive constant and D#=¢*—jeA#. The met-
ric used is g#”=(1,—1,—1) and the fully antisymmetric
Levi-Civita tensor €, 18 normalized as €p,= 1. It is worth
stressing that all the parameters in this Lagrangian are di-
mensionless, which makes it a (2+ 1)-dimensional analogue
of the well known CW model in 3+1 dimensions. If instead
of the CS a Maxwell dynamics for A, were used, a dimen-
sional parameter would be introduced in the Lagrangian and
this analogy would be lost.

It is convenient to decompose the complex scalar field as
(p=((p1+i(p2)/\/-2-, where ¢, and ¢, are real fields, so that
the Lagrangian (1) becomes

2

1 . e
L= 5(3#‘Pi)2+eE'JA,L‘Pj3""Pi+ _2—A,LA;L‘Pi‘Pi

v 1
— 25 (P10’ + 5 €L ARSAP, )]

where €'?=—€?'=1 and the summation convention is im-
plied, with i and j running over 1 and 2. We shall work in a
’t Hooft gauge, which has the advantage of eliminating non-
diagonal terms in the free propagators. The gauge fixing term
is taken as

1 .
Lor=~— 2(5"A,L—§e€”¢;uj)2, ©)

and the corresponding Faddeev-Popov Lagrangian is given
by

Lpp=—c'(*+ Ee*el pu))c, 4)

where u; is a constant to be chosen later. To calculate the
effective potential we follow the functional method [13]. The

first step is to consider the action i((p,-,x;qb,-)

= fd*xL(¢;,x;®;), obtained by shifting the scalar fields by
a constant, ¢;— ¢;+ ¢;, in the original Lagrangian (2) and
subtracting the terms that are either independent or linear in
the fields, i.e.,

@i, x:0)=1(@:i+ b1, x)—1($:,0)
f d’ o 0 f d’ o 0
x5¢;(¢i’ ) @i X5X(¢i, )X
(5)
where ¢ is the constant expectation value of ¢ and y repre-
sents the fields A,,c,and ch.

By choosing 4= ¢, bilinear terms in A, and ¢; are elimi-
nated from the resulting f,, which becomes
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2 1 ny 1 NS t 2
=§A# €uvpOptmag +E<9 A+ (—d*~m;é)c

1
+ 5 @il 8)(= 0" —mi—my€) + (maf—4m?) $: 31

v
—eAt€;90,0;+ e’ b AT — e Ep- pcte— '6‘(¢' ¢)?

2

_32.2_6__22_124_1'.,22
4¢¢<p<p+2A 16¢<p 4(¢<P)<p
_r. o a_ Y 6

8¢ L8 (6)

where m3=v$*18, my=e2¢?, $;=¢;/\$%, and ¢- ¢, ¢,
and ¢? stand, respectively, for ¢;¢;, ¢;0;, and @;p;. For
later use we will also define m2=5m?2.

The effective potential is given by

Ve v 6__iJ’ d’k In AT
_@tﬁ 5 (27)3 {det[iA 5(k, &)1}

+i(0|Texpi f d*cL;,,]0). @)

The first term in Eq. (7) is the tree approximation as can be
read from Eq. (2). The second term is the one-loop correction
and the { A;;(k, ¢,;) is the coefficient matrix of the quadratic
terms of £. The third term is the sum of the vacuum dia-
grams with, two and more loops calculated from £; it sum-
marizes the infinity sum of all higher order loop diagrams
with any number of external scalar lines ¢=¢, obtained
from the original Lagrangian (2) [11].

The one-loop effective potential is obtained using the in-
verse propagators from Eq. (6), which are

iA; (k)= 8;(k* = m2 = Em3) + §id( —4m?+ Ems),

8)
NN !
i p,p(k)__lep.pvk +m3g;w—gky.ku, 9)
I8 hosi(K) =K"= €m3 (10)

for the scalar, gauge, and ghost fields, respectively. As we
said in the Introduction, we employ the dimensional reduc-
tion method in which the integrals are promoted to D=3
— € and a mass scale u is introduced to keep the dimensions
of the relevant quantities unchanged (fd>k— u*fd>~ k).
Thus, using Eqgs. (8)—(10), we obtain that the one-loop con-
tribution is

1
B(D)— . [ ,,3 32 3
Vv 12’r‘_[ml(1+5 )+m3]

32
1 ( 1 +5

_]2—7_‘_ ]6\/-2- +e6)¢6. (11)
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DYNAMICAL BREAKDOWN OF SYMMETRY IN A (2+1)-...

Here and in what follows we are retaining only the contribu-
tions that do not vanish as e tends to zero. We have also
chosen to work in the Landau limit (§— 0) where the ghosts
decouple and do not contribute to the potential.

As a consequence of the dimensional reduction regular-
ization in 2+1 dimensions, in one loop, no infinity appears.
Up to one loop, the effective potential is given by V(¢)
= v/48¢°%+ VEMD($)+ C/48¢°, where C is a convenient fi-
nite counterterm. It does not have any nontrivial ¢#0 mini-
mum, and dynamical breakdown of symmetry does not oc-
cur. The symmetry breakdown in the CW model in 3+1
dimensions is made possible by the radiative induction of a
term of the form ¢*1n ¢. In the analogous calculation in
2+1 dimensions, the dimension of the phase space precludes
the introduction of a similar term (actually ¢ In ¢). The only
effect of the one-loop calculation is the change in the coef-
ficient of the ¢ term of the classical potential, and so sym-
metry breakdown does not happen. Thus, to pursue a pos-
sible symmetry breakdown we will study the two-loop
approximation.

The propagators (in the Landau limit) for the A# and ¢
fields obtained from the shifted Lagrangian are

m3 k#kv
m%(g" 2 )

€,,k"
A, (k)y=——L22——
ol K—m k-

i~ b MJ) (13)

The interaction vertices are given by (we consider only
those vertices that contribute to the two-loop calculation)

i

Quadrilinear A A,¢;¢; vertex« Eezc?,-jg#,,, (14)
Quadrilinear ¢;¢;@rp; vertex
vg?(1
H_IT(Eaif+2&i&f) 6,‘[, (15)

Trilinear ¢;@p; vertex<—»—z—¢3<2>( J,‘+ :2; z?)k),

(16)

Trilinear A, A, vertex—ie’ddig,, ., (17)
» e

Trilinear @;p;A, vertex« — Ee,'j(p+q)#. (18)

The two-loop contributions to the effective potential are
drawn in Fig. 1. The corresponding analytic expressions are
listed in Appendix B. In the dimensional reduction approach
the Lorentz indices are contracted in three dimensions, and
only after all the tensor simplifications are done are the re-
sulting scalar integrals promoted to D=3 — e dimensions.
The calculations, tedious but straightforward, are carried out
by using the formulas presented in the Appendixes. Vféz) and
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C
o

[

FIG. 1. Diagrams contributing to the two-loop approximation
for the effective potential. Continuous and wavy lines represent,
respectively, the ¢ and A, field propagators.

V32 which correspond to the diagrams in Figs. 1(a) and
1(b), respectively, are convergent, since they are given by
products of nonoverlapping one-loop integrals. The other
three diagrams have divergences proportional to ¢, in ac-
cordance with the renormalizability of the model. Summariz-
ing, the results are

v 3 11
VB(Z)——¢2 —mlz+3m1m2+ —2—m22 R

72?13 (19)

e2

ViD= = (mymy>+mym;?), (20

1 50
VB(Z)_—"Z_V (21(ml,m2,m1)+ I(mz,mz,mz))¢6,

(21)
VB(2)=lem 1 ——(mm3+mym;)
2 3 3.2 1m3 T myms
+2(m}+m3)(my,m, ,m3)
= —[K(my,my,m3)+K(m;,my,m3)
ms
—K(mz,m;,0)—K(m,,m;,0)] (22)

and
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VED =gt g2 > mamy—2J(my,m3,my)+J(0, my, my)=6mi(ms,m3,my)+3m3I(0 )
le 242 3m; ms,ms,m; » My, M3 msiims,ms,m; m3iY, m3, m;
1
_E[K(m3,m3,m2)—K(m3vO,mZ)_K(O,m:&, m2)+K(01 0, mZ)] . (23)
3

After using the results of Appendix A, where the functions /, J, and K are defined, and for convenience introducing 7,

=1/e— y+ In47+1, we have

Vi =——12(29+345) ¢°,
1
B(2) _ 6. u(1+ /5) 6
e \v ,
1o 2 \/5772 ( ¢

1 \/Z
8(2)_ 2 16 _
% 3" & [6 In(2++5)+56 ln( 2

fo,z)—zs—z [ &e —\/—e6+(3e ——ve4+—v

1 1 1 \/Z
32,2 _ 2 2 -
+ viet— v In(1++5) g ln( 3

42

and

1 Sv
VB - _ 27—2¢6[—2086\/?+ 10v In
T
5v) 5 52
2%+ \/?)—4“"”‘2—5‘"

i) )

Sv
2 1/
2e“+ 3

—48¢% In

Collecting all these two-loop contributions we obtain

VD =X, (e, v,€) 65+ Z,(e, v) &° ln(i) , (29
N

with X, (e, v, €) standing for the sum of all coefficients of °
in Eqs. (24)—(28) and

z LN YRR 30
,,(e,v)—gw2 e—gev 12V (30)

From Egs. (7), (11), and (29) we can write the regularized
effective potential up to two loops (with a counterterm C
included) as

VB =Z,¢%In(pe¥> %/ p), G1)

+50In3+25In5|+

+27%? [+

e*+12¢3+20 In

Sv
24 /=
2e 3

(24)

(25)

2
2¢6[ ln( ‘Z ) %Idiv]’ (26)

[5v 1\/3
+ +.__ _ —5,32,2
ln(\/r e? ve* zV3v e

2
l ln(%) - %Idivl( - %Ve4+ es) 27

Sv Sv
2 1/ 8_ 2 1/ 4
e+ 8)e 5 In} e+ S)ev

2

5 [5v 52 52 \/Z

2 2 2_ 2 - 2 -

V+241ne+ S)V 2611 In(5) 25Vln( 3
(28)

where Y, (e,v) is the constant
v 1+545 e®
- pr_

Yy(e,v,e€) B s o —+X,(e,v 4_=)+48

(32)

The parameters x and C can be eliminated by imposing the
condition

Vren

where v is an arbitrary non-null parameter. The resulting
potential is
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VB =27,¢° 1n§3 - l) (34)

6

and ¢=v is a local minimum (vacuum) of this effective
potential, if the generated squared mass of the scalar field

2y/B
2 4 Vren

ren

m =6Z,v* (35)
¢ d¢2 b

d=v

is positive, which means Z,>0. We will choose Z, through
the condition

a’ve asve
= 15r=——, (36)
d¢ d=v d¢
which implies
548 137 11 7
= — = 8 ____ 4 .2
v 3 b 10772( e 8ev+12v)
11 7
~1.39(4e8— ?e4v+ E"Z)' (37

The solution of this equation for both » and e? in the pertur-
bative regime (v and e?<1) is given by

274
V"~'_238+ O(e'?), (38)
S5

and in the leading approximation the effective potential and
the generated squared mass result as

e® ¢ 1
ern(¢)=2_7r2¢6( lﬂ;—g), (39)
dzvfeﬂ 3
m¢=—2 =—2e8v4>0.
d¢ o= 7
(40)

The ratio of this mass to the induced squared mass of A wo
that is, m3~m3($=v)=e*v?, gives mﬁ/mi—"«- 3ed/n .

Summarizing, the CW mechanism is operative due to the
two-loop radiative corrections, that is, in this approximation
a nontrivial vacuum is induced and masses for the boson and
CS fields are generated. Similarly to what happens in four
dimensions, no symmetry breakdown occurs in the model of
a single scalar field in self-interaction. Indeed, by making e
=0 in Eq. (37) we get v=12072/959~1.23 and thus out of
the perturbative regime of validity of the calculations.

The two-loop effective potential for the scalar/CS model
was previously calculated in [14], using dimensional regular-
ization. As shown by the authors, in that regularization
scheme, the extension out of 2+ 1 dimensions is not enough
to regularize the model; it also becomes necessary to intro-
duce in the Lagrangian an extra regularization term, a
Maxwell-like term —(a/4)F*”F,,, depending on the pa-
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rameter a. No trouble is found when making the regulators e
and a go to zero after the renormalization in the calculation
of the effective potential. This is not true in the calculation of
the renormalization group parameters (see the discussion in
Sec. IV).

II1. ADDING FERMIONS TO THE MODEL

Many interesting phenomena in planar physics, which
have the CS model as an effective theory, also involve fer-
mionic particles. Since the advent of the CS field theory [15]
a vast literature (see [16] and the references therein) on the
subject has appeared, but the effect of fermions on the effec-
tive potential for a model like (2) does not seem to have been
studied. In this section we will extend the model (2), by
including a Dirac fermionic field interacting with all the
other fields. This is done by adding to Eq. (2) the following
Lagrangian density:

- a -
Loirac=i¥y (9~ igA )Y~z ioipyp,  (41)

where i is a two-component massless Dirac field that repre-
sents a particle and its antiparticle with the same spin pro-
jection. The y* matrices were chosen as (9°,v!,%%)
= (0'3,i o! ,ia'z), where o are the Pauli matrices. In addition
to the minimal interaction with the CS field, the fermion
(charge g) also couples to the scalar field through a
“Yukawa’ term with the coupling constant a. Like the pa-
rameters of the purely bosonic model, these new coupling
constants « and g are also dimensionless.

After shifting the scalar field ¢— ¢+ ¢ as in Sec. II we
get

EDirac=i!7’7#a#¢+q!7l7#A#¢
ad?_ a - =
- - E<Pi‘Pi'/"/’_a¢' oYy (42)

The fermion propagator is S(p)=i/(y"p,—m,) with m,
=a¢?*/2, and the interaction vertices are given by

Trilinear A, ¢ vertex—iqy,, 43)
Trilinear ¢,y vertex—> —iadd;, (44)

- a
Quadrilinear @;@;Jyy vertex— —i > ;- 45)

The one-loop contribution to the effective potential is

a’k 1 o’
F(')z' g —_ = 3=— 6
v lf (2m)? Indet(y*p,—ms) 6 4 487r¢ ’

(46)

and the new two-loop contributions are represented by the
diagrams in Fig. 2. The results are (see Appendix B)

[44
Vi =- m(m?xml +mimy), 47)
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b
a @
FIG. 2. Additional diagrams contributing to the two-loop ap-

proximation to the effective potential when fermions are present.
Double lines represent the fermion field propagator.

o2
V;l(,z)= ¢27 - mm4m2+1(m4 sy, my)
+4m§1(m4,m2,m4)), (48)
and

3 2 2
my+ (m3my—mym3)(my,m3,my)

V§§2)=2‘12[ - 1672

ms
+ —J(m4,m3 ,m4)

2

1
- _[K(m4yo,m4)_K(m47m3’m4)]]' (49)
ms

With the aid of the formulas in the Appendixes we have

ViP=- < ¢6(J \/‘ ) (50)

2 [5v 20v [5v

Foy___©& 6 _ +
V 128772¢ [4a 8 8 In| 3

Sv
—a’+4a’In| a+ \/?)]
&%) 1 5v
6 Rl P | R I
3272 ]n(# 21‘“" g “ !
(51)
and
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F(2)_
2 oga2?

—8e*a In(a+e?)+4e2a® In(a+e?)—4aet]

2¢5[—2a>+4eb In(a+e?)+e%a?

AN |
[m("’5 )— Eldiv](e6—2e4a+e2a2).

(52)

3277

Thus the fermion sector contributes to the effective poten-
tial with

(53)

¢
Vi=X:¢°+Z;¢4°1 (— :
AN T

where X is the sum of the coefficients of the terms &% in the
previous expressions and Z; is the sum of the coefficients of

the terms ¢° 1n(¢/\/_ ), Wthh results in

1 S5v
ZAqg,a,v)= (——az—a4+ e®—2q%*a+qg%e? 2)
Aq Ton? q q q-e

8
(54)

The complete effective potential is the sum of Egs. (31)
and (53) and is given by

¢eY/Z
Vig=Z¢°In ik (55)
where Y=Y,+ X, and
z—z+z~1 4e® ! +7 +5 2
=Ly f_871- e 3 e 14 V 161’0
1 4 1 2,202 2
—Ea +§q e“(e“—a)”|. (56)

After using the vanishing of the first derivative of V(¢) in
¢=v, it can be written as

¢\ 1
Vren(¢)=Z¢6[ lﬂ(;) - 8‘] (57)

As in the pure bosonic model, the positivity of the induced
squared mass requires that Z>0, and as there we choose to
fix it through the condition (36), which leads to an equation
similar to (37) for Z. In the perturbative regime (that is,
v, e, q, and a<€1), this equation implies that the second,
third, and fourth terms on the right hand side of Eq. (56) are
infinitesimals of higher order and can be dropped, leaving
the equation

548 137 1 1,

2,20,2_ \2_ 2
4e+2qe(e a) ke (58)

py=—/7=

5 1072
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Dynamical symmetry breakdown and mass generation occur
if the condition 4ed+Ig2e%(e?’—a)*>31a* is satisfied,
which is true for a continuum of values of the coupling con-
stants, their magnitudes chosen as v~e®,q%,a*<1. Some
particular cases are worthy of mention. (1) Choosing a
=2, we still have the solution v~ (137/107%)(%e®), but the
result becomes independent of the charge of the fermion
field. (2) Dropping the Yukawa interaction (by making o«
=0), we get Vz(137/10772)(4e8+q2e6/2), showing that
the fermion indirect interaction with the scalar field (medi-
ated by its interaction with the CS field) reinforces the sym-
metry breakdown. (3) For e=¢=0, that is, for the model of
a boson in self-interaction and interacting with a fermion
field through a Yukawa term, we see from Eq. (58) that no
symmetry breakdown is possible; this result is in agreement
with the conclusions of [12] in which (in addition to other
possibilities) a similar model with a Dirac two-component
fermionic field and a real scalar field was considered. (4)
Symmetry breakdown does not occur if we take only e=0
leaving the scalar field indirectly interacting with the CS
through its coupling with the fermion field.

IV. RENORMALIZATION GROUP ANALYSIS

In this section some renormalization group aspects of the
previous solution for the effective potential will be dis-
cussed. The regularized effective potential satisfies the renor-
malization group equation

(9+ ¢9+ ¢9+ ¢9+ d
,u'a'u ﬂv&v ﬂeae ﬂqaq ﬂaaa

d
_‘y¢p¢£J Vreg(ﬂ'767v7e’q7a7¢)=07 (59)

where
_dv _de _ dq _ da
Bv_,u'av Be—,u'dluv ﬂq—'ud,u,’ ﬂa_ﬂa7
(60)
and
u dZ,
=2 61
YGP 2Z¢ d# ( )

are, respectively, the coupling constant beta functions and the
scalar field anomalous dimension, and Z, is the wave func-
tion renormalization constant of the scalar field.

As mentioned before, dimensional reduction in 2+1 di-
mensions automatically removes the divergences of the one-
loop graphs. Thus nontrivial renormalization group param-
eters are obtained only when the two-loop approximation is
considered. By applying the operator inside the brackets of
Eq. (59) to the regularized expression (55), we get the fol-
lowing result:

z B2 6w
“3t s T mve | ¢0 (62)
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SO e~
L

d

FIG. 3. Divergent diagrams contributing to the two-loop ap-
proximation to the two-point function of the scalar field.

where the superscript (2) indicates the loop order of the
corresponding function. Thus

BP=24Z+6vyD, (63)
with Z given by Eq. (56).

To obtain 'yfpz) we have to calculate Z,, up to two loops.
This can be done by considering the model in its symmetric
phase where all fields are massless. The Feynman diagrams
which give nontrivial contributions to Z,, are given in Fig. 3.
Three of them were computed in Ref. [7] and the results are
quoted in Appendix C where the calculation of the remaining
ones is also summarized. From Eq. (C5) we get

1

4872

(2)—

Ye (64)

[7e*+2(q%%~a?)].
By replacing this expression in Eq. (63) we finally have

1[7 2117
ﬂ(,,z)=—2[4—v2+e4(—5v+ 12¢%) + %(?v—&zz)
w

2,2
q-e
+ - [(a—e?)?— V]J. (65)
For the bosonic model (g=0=a) this yields
7
(2) 4
=— el 66
Ve 4872 (66)
7 20 48
(2)_ 2T ety = 8
B 4—772(1/ T ve't e ), (67)

confirming the results obtained in [5] by using soft BPHZ [4]
and also in [7] by using dimensional reduction. These results
are also in qualitative agreement with those of [8] but, unlike
what happens with the effective potential, disagree with
those of [14] (which in our notation are y,=0 and B,
=7/47?v?) where dimensional regularization with minimal
subtraction was used. However, as discussed in [14], dimen-
sional regularization with minimal subtraction is not pertur-
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batively consistent for the pure CS model (some of the 8
functions diverge when the regulating Maxwell term is re-
moved). On general grounds, the authors of [14] argue that
¥, and B, should explicitly depend on e?, a characteristic
present in our results but not in the ones obtained by the use
of dimensional regularization with a minimal subtraction
scheme.

An interesting property of the 8, function given in Eq.
(67) is the fact that it does not vanish for »=0. From the
knowledge that e does not change with the renormalization
scale (in [7] we showed that ,Bf_,z)= 0) we conclude that y,, is
a constant and so ¢(u) = (uo/u)**d(uy) and the equation
udvldu= B, can immediately be integrated, resulting in

2v—ce* (2vy—ce*)e*b+tan[ae® In(u/ pg)]

e’b | 1-[(2vg—ce®)e*bltan[ae® In(u/po)]|
(68)

where a=+59/(27%)~039, b=459/7~4.39, and ¢
=20/7~2.86.

The effective potential is invariant under renormalization
group transformations, i.e., V(@,v,e,u)=V(dy,vy,e, o).
Therefore, as the above solution for v is regular at v,=0
(B,#0 for v=0), then by conveniently choosing u, we get
V(d,v,e,u)=V(dy,0,e,10). This means that the effective
potential in the presence of the sextuple self-interaction can
be obtained from the simpler model in which the boson in-
teracts only with the CS field.

From the above expressions for V and ¢ we also have

Ye dV

d 4y (69)
d¢0(¢0,1’0,e,#0),

d¢

so that starting at ¢pp=v and vy~ (274/5m%)e*, which im-
plies that dV/d ¢=0 for a certain value of w,, one can go to
the values of v specified by Eq. (68) and ¢(u)
=(po/pm)’ev which due to Eq. (69) also corresponds to
dV/d ¢=0. This shows that the condition (38) for dynamical
symmetry breakdown can be relaxed; the only restriction to
get a symmetry breakdown is, in fact, that all the coupling
constants be small.

A similar analysis for the complete model, i.e., with the
inclusion of the fermion fields, would require a lot more
calculations (B,, B,, etc.) and we do not pursue it here.
However, some observations are in order. (1) Differently
from the other couplings, the Yukawa coupling increases the
anomalous dimension of ¢ [see Eq. (64)]. (2) As for the
bosonic model, 3, does not vanish for »=0, and as above
the effective potential can be obtained from the simpler
model with »=0. (3) As in the purely bosonic model, it is
also expected that the constraint (58) on » can be relaxed, the
only restriction being that v<¢1 (as it must for the other
coupling constants).

yn

(¢v v,e,u)= (_/;(;)

V. CONCLUSIONS

In this paper we calculated the effective potential, up to
two loops, for a (2+1)-dimensional model composed of an
interacting massless scalar field, a massless fermion field in-
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teracting with the scalar field through a Yukawa term, and a
CS gauge field, minimally coupled to the scalar and fermi-
onic fields. Like the CW model in 3+1 dimensions, it in-
volves only massless parameters and is classically invariant
under scale transformations, which makes it a possible can-
didate for dynamical symmetry breakdown. As we verified,
dynamical symmetry breakdown actually takes place, but un-
like the original model of CW, in which this effect is already
manifest in one-loop corrections, here it only shows up start-
ing at two loops. For particular values of the couplings, our
effective potential coincides with those found in the litera-
ture: by discarding the fermion contribution, it agrees with
the previous calculations of [14] for the same model without
fermions; if instead we drop the contributions involving the
CS field, it agrees with the results of [12] for a model with-
out the gauge field.

We also calculated the renormalization group functions
B, and vy, for the extended model. For the pure bosonic
(sub)model they agree with our previous calculation using
other regularization/renormalization techniques, but disagree
with the results of [14]. It would be interesting to compute
the other renormalization group functions of the extended
model.
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APPENDIX A: USEFUL INTEGRALS

At two loops the following integrals [14] appear (d”p
=pud*"“p):
1(my,m3,m3)

B J' dPpdPq 1
2m)? (p+q)*~mi)(g>—m})(p?~m3)

1

1672

m1+m2+m3
n b
M

1 {1
= ——9y+Ind4m+1
32772(5 Y

(A1)
K(ml’m2’m3)
=J’ d’pd®q (p-q)*
2w ((p+4q)*—m})g*—m3)(p?—m3)

1
- 2
= [mi(mmy+myms—myms)

~my(3m3+3m3+mimy+mom?)
2,2
+(my+m3)mym;]

2

Lo 2 2
+4(m1 my—m3)°I(my,my,m3), (A2)
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and

J(my,my,m3)
=f d®pd®q 2(p-q)
(2m)? ((p+q)*~m3)g*—m3)(p?—m3)

=(m}~m3—m3)I(my,ma,ms)

1

1672 (A3)
T

m,m3].

[maym3z—mymy—

APPENDIX B: TWO-LOOP DIAGRAMS

The analytic expressions for the two-loop vacuum dia-
grams contributing to the effective potential shown in Figs. 1
and 2 are

5; d®pd®q
B(Z) ¢2 J +2($ (} )5“". (2,".)20
X{A;(P)Ax(g)+A;(p)Ak(q)+Au(p)A(9)},
(B1)
e? dPpdPq ,
ViR == 8guy f W%(pw (a), (B2)
L2 45
VB = — 3¢ &; (5Jk+ = &k)

2 dPpd®
S bat) [ L

X (2m)
X{A (@[ Ajm(P)An(P+ @)+ A (P)A (P +q)]

+A;(@[Aj(P)A k(P + )+ A (P)A(P+q)]
+A: (LA () Ak(p+ )+ Aj(P)A (P + )1},

(B3)
dPpdP y
ViQ= 4f (i)zg(2q+p)"(2q+p)”6”e"’Am(p)
X[A(@Aju(p+q)—A(@)A;(pt+q)], (B4
d®p
er(2)=—ie4¢2f - )2D<2><2>gwgap
XA "(p+q)A;i(p)A*(q), (BS)
dPpd®q
Vat=— f 2m)® 7 AS(P)A D], (B6)
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2
ViD= 2?) &&f )ZD [ S(P)S(p+9)Ai ()],
(B7)
2 dPpd®
V=i [ o A PS(r+ ) 7, @)

(B8)

APPENDIX C: WAVE FUNCTION RENORMALIZATION
OF THE ¢ FIELD UP TO TWO LOOPS

As known in three dimensions the use of dimensional
reduction removes the divergences of one-loop graphs.
Therefore the ¢ field renormalization constant receives non-
trivial contributions only starting at two loops.

In two loops the nonvanishing contributions to Z, come
from the graphs depicted in Fig. 3. The first three graphs
Figs. 3(a)-3(c) were calculated in [7] and here we just quote
the result

@ 7e* 1
Zw(a) ©= 4872 € (cn

For the remaining graphs, a direct calculation furnishes the
following.

Graph in Fig. 3(d)

de kpka'pvpaﬂ.yﬁ(k)
2mP  (*)(p+k)?

= —i4eze“""e"5"f

2,22
e 1

=—q ql; — +finite terms,
247~ €

(C2)

where 7,5, given by the upper loop in Fig. 3(d), is the
fermion contribution to the polarization tensor

q
Tupk)=— E(gﬂﬁkz_k#kﬂ)m’ (€3)

and

Graph in Fig. 3(e)

, [ 4°kd’q
-2 s @S+ g +01AW

g2 d®kd®q q*+q-(k+p)
ta 2 2D 232 + 2
(2m)" qg*k“(p+k+q)

2.2 1
- + finite terms.

C!

967r

(&)

Thus up to two loops the total wave function renormal-
ization of the ¢ field is

Z,=1+— 7e4+22 o)} 5
v 2472\ 2 S P (©5)

065011-9



DIAS, GOMES, AND da SILVA

[1] The Quantum Hall Effect, Graduate Texts in Contemporary
Physics, edited by R.E. Prange and S.M. Girvin (Springer-
Verlag, Berlin, 1990).

[2] G. *t Hooft and M. Veltman, Nucl. Phys. B4, 189 (1972); G.
’t Hooft, ibid. B61, 465 (1973).

[3] W. Zimmermann, in Lectures on Elementary Particles and
Quantum Field Theory, 1970 Brandeis Summer Institute in
Theoretical Physics, edited by S. Deser, M. Grisaru, and H.
Pendleton (MIT Press, Cambridge, 1970); J.H. Lowenstein, in
Renormalization Theory, Proceedings of the International
School Ettore Majorana, edited by G. Velo and A.S. Wightman
(Reidel, Dordrecht, 1976).

[4] M. Gomes and B. Schroer, Phys. Rev. D 10, 3525 (1974); J.H.
Lowenstein, Commun. Math. Phys. 47, 53 (1976); J.H. Lo-
wenstein and P.K. Mitter, Ann. Phys. (N.Y.) 105, 138 (1977).

[5] L.C. de Albuquerque, M. Gomes, and A.J. da Silva, Phys. Rev.
D 62, 085005 (2000).

[6] G.W. Semenoff, P. Sodano, and Y.S. Wu, Phys. Rev. Lett. 62,
715 (1989); W. Chen, G.W. Semenoff, and Y.S. Wu, Mod.
Phys. Lett. A 5, (1990); W. Chen, Phys. Lett. B 251, 415
(1990); W. Chen, G.W. Semenoff, and Y.S. Wu, Phys. Rev. D

PHYSICAL REVIEW D 69, 065011 (2004)

46, 5521 (1992).

[7] V.S. Alves, M. Gomes, S.L.V. Pinheiro, and A.J. da Silva,
Phys. Rev. D 61, 065003 (2000).

[8] L.V. Avdeev, G.V. Grigoryev, and D.I. Kazakov, Nucl. Phys.
B382, 561 (1992).

[9] C.P. Martin, Phys. Lett. B 241, 513 (1990); G. Giavarini, C.P.
Martin, and F. Ruiz Ruiz, Nucl. Phys. B381, 222 (1992); M.
Chaichian and W.F. Chen, Phys. Lett. B 457, 118 (1999).

[10] Alex G. Dias, M.Sc. thesis, Instituto de Fisica da Universidade
de Sao Paulo, 2002.

[11] S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

[12] D.G.C. McKeon and K. Nguyen, Phys. Rev. D 60, 085009
(1999); F.A. Dilkes, D.G.C. McKeon, and K. Nguyen, ibid. 57,
1159 (1998).

[13] R. Jackiw, Phys. Rev. D 9, 1686 (1974).

[14] P-N. Tan, B. Tekin, and Y. Hosotani, Nucl. Phys. B502, 483
(1997); Phys. Lett. B 388, 611 (1996).

[15] J. Schonfeld, Nucl. Phys. B185, 157 (1991); S. Deser, R.
Jackiw, and S. Templeton, Ann. Phys. (N.Y.) 140, 372 (1982).

[16] G.V. Dunne, in Topological Aspects of Low-Dimensional Sys-
tems, Les Houches Lectures 1998, hep-th/9902115.

065011-10



