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331 models
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Electric charge operator

+ dark matter,

“ neutrino mass generation and mixing,
* the strong CP problem, and

* the number of the fermion families.

Interesting features of the 331 models:



Some ditficulties in the 331 models

These models:

* Don’t solve the mass hierarchy problem in the SM.

* Have a scalar sector with a much larger number of scalar fields. At least more
SU(3) triplets are necessary in the simplest versions.

* Have more arbitrary parameters in the model. This provides less
predictability.

* Have more arbitrary energy scale.



A scale-invariant 331 model: matter content

Matter content shared with other 331 models

Charged leptons
l//iL:(Ui’eiaEi)zN(193a_2/3)a eSRN(l’l’_l)’

Quarks
Qur = (da, —uq, Uy)p ~ (3,3°,1/3),

Q3L - (l/t3, d3, D){ ~ (3,3,0),

Scalar triplets d,r~(3,1,-1/3), g ~(3,1,2/3),
p=(pl, p3. p3)" ~(1,3,-2/3),

x =0 03) ~(1,3,1/3).



A scale-invariant 331 model: additional matter

New matter content

New charged leptons
\PiL,R — (gj_, Nli? NZi){,R ~ (1,3, 1/3), Vip ™~ (1, 1,0),

New quarks

Scalar singlet Kag = (A" Uy, Z/{Za){,R ~(3.3.1).
€0 ~ (19 19 O)? K3L,R . (B(_4/3)9 _Dla DZ){,R ~ (393*9 _2/3)3

Gauge symmetry breaking pattern

(X?)ZW/\/5 ( ?)Zv/\/i
SUBR)e ® SUB), @ U(l)y — SUB)e ® SU2), ® U(1)y '— SU®B3)e® U(1),,.



A scale-invariant 331 model: gauge sector

Gauge bosons

Non-hermitian gauge bosons

Wt — Wi F Wy, Vi — Wa F W5,
g V2 o g V2 o
VO(T) _ Weu F 1W5,
H \/5 ’
Masses
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gv g 9
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Some predictions
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Neutral gauge bosons

% u L m
AT <tW3 ' ﬁW8+BM>’

Zh = Nz, (=3mz W5 + \@(Sm%z — W ) Wi + g*w?tBH),
75 = Nz (=3mz W5 + \@(Bm%l — *wH)Wi + g*w*tBH),

Masses
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With  sin? 6y ~0.231.



A scale-invariant 33 1 model: extra symmetries

Extra symmetries:
+ Scale invariance and,

TABLE 1. Field charges under the Zg symmetry.

wvip er Egr vk Qua Qs ugr Uwpg dg Dp Yy Y Kiu Ki Ksp Ksg p xy @
A | 6 0 7 2 3 | 3 4 2 6 4 2 0 3 5 2 | 2

This discrete symmetry allows that fermion mass matrices have a see-saw texture



Why are the extra fermions necessary?

Up-quark mass matrix.

Without them we have that: Onsal Opxap Opxo
1 U u
0 O My = % v B hﬁxz]v |
Me =75 ( . E ) » VoW YpxiW  Voxa¥
y y
. | Down-quark mass matrix.
Charged lepton mass matrix. | (v RS w D0
My = ﬁ Of12] 0 0

\Yigw YW YW

These fermions are massless at all order of the perturbation theory because their masses are
protected by accidental symmetries.

The introduction of the extra fermion fields break these symmetries because of the operators such as

‘P_;{p*eR’ W\PEX*’ Q—LKRpa Q3LK3RID*9



Scalar sector

With the scalar Tree-level scalar potential
S1+IA
pl = ( 1 ﬁ’ l,pg,pg); Vo=40"0)* +4,0'x)* + 4,0 02" x
7T = (ﬁ 2t 2 S3+iA3>- p="014 + AP XX P+ o PP+ Ay AP0
VeV ke +2(0°0) = 12 (0* + 0).

Applying the copositivity criterium, the positivity of the hermitian matrix and the scalar masses we have
A, 20, A, 20, Ay — 2|2, 20, det Ay > 0,

),

P X’

-2 /1/)/1)( < /1/))( <24/4,4 - ;t/)(/l(p o 2|’up|) n A/)(p 3 2\//1/)(/1(/) B 2Miﬂ

o 2\/’1)((’1(p o ZW,)D < ’1)((p < 2\//1)((’1(p o 2|’up‘)



Flat direction

Following the Gildener-Weinberg method, we find, first, the flat direction

Condition for the flat direction

(1) vNVO(N)|N:n =0

P‘Nzn — VNVIY\}VO(N)‘N:n

Aoy = \] G2 = 42,3 = 20,0 (33, = 42,2,)
/1)((/)|M0 — 2 )

P

e, Flat directions

2

_ Ao (App + ) + 24, (A5 = 2(4, — 2|14,])) + 24, (4, — 2|2,[) + /1%(,,
den
_ 2y(Ayp = 2R = 2021)) = App(Apy + Ayp) + 24 (4 = 21, 1) + 43,
den
_ 24 (Ayp = 24y) = Apy(Apy + Ayp) + 24504, ’1/2))(

b

den

Where

den = —44,(A, + 4, — L, = 21]) = 24, (A, + A,y + 4| 4))

— 44, (=Ayy + Ay = 21201) + (A — Ayy)* + 22, + 44,4,

b

b



Scalar sector

CP -even scalars

Charged scalar i i
1 APV R TR N
+ __ + T — AT I 3 ’
H N/ (wp3 + vx7) N, | Ayy = Aoy W vy
1 [ A
2 Aoy 2 ) N Ay = 4oy P
my. = —>(v" +w?),

m; = /Ipvz + (Ay — 2|4, )vé +/1Zw2 — m4,
2 _ 4 2 2 2 2
CP-odd my = A,0° + (A, — 2|4,|) v, + A, w* 4+ m3,

Scalon: NG boson of the scale-invariance symmetry
ms = 8B(¢,)*

o

vS) +wS; +v,S,)].

1
S = [
1}2 4 W2 4 2}2
\/ ! One-loop mass
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One-loop eflective potential

Vicioop(¢m) = Ag7 + Bg} In (Zé) ,
0
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_ E 4 E 4
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One-loop eflective potential

Using

_8V1—loop (¢,,Il)-
0, 1y,

(@,) = poexp |—=— =51,

1 %
_ E 4 E 4
b= 6471'2 <¢r>4 nSmS N 3 Y anV

Working in the approximation - S
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Fermion spectrum: neutrinos

Yukawa Lagrangian of the leptons

L= y?}l/fiu( iR HH wipvir +hiYigp e ir +yi Wi Yo 1

v

| 2lj(pa’/]R+f CDLPleP]R_l_HC (38)
Basis
NL = (v, Vg, N1L. fR)T With
1
Mp=—(h"v yw 0)!
Type-I See-saw texture V2
T v 0 0
0 MD M _ Y 0 0 ¥
MN — » \/i f
Mp M, 0 f¥T 0

and



Fermion spectrum: charged leptons

Pasis
Masses
(e, ET)] oy
L(R) My = —_E
V)
_ S 2
Type-I See-saw texture o M2, - %fq}f‘”
” 1 ( 0 —yw)
E — = e P .
V2 \ hév f Vg 22

MG ==y (fF) TRy (f) 7 he)!
\ - v2

All of the fermion mass matrices have the same type-I see-saw texture




RESIDUAL SYMMETRY AND PHENOMENOLOGICAL IMPLICATIONS

U(1) generator

G = —4T; + 2+/3Ts + N,

TABLE II.  Field charges under the U(1), and U(1); symmetries. The fields not shown above do not carry charges under these
symmetries.

ViL eir Eir Qair Q31 uip Usr dig Dr  Wipg K. r Ksp R P X W;f V;T V2
U(l)y ] 4 -1 2 0 -1 4 3 =2 -3 ] ] ] 2 0 0O O

o () Q) B G EE GO




RESIDUAL SYMMETRY AND PHENOMENOLOGICAL IMPLICATIONS

TABLE IIl.  Field charges under U(1); and its parity subgroup P = (=1)Y'. The fields not displayed here transform trivially under
these symmetries.

ViL eir Eir Qur Qi1 uip U.r dig Dpg \PI'L,R KaL.R K3L.R

NGOG EXE

/ Generators \
G =G-3B, P=(-1)Y



RESIDUAL SYMMETRY AND PHENOMENOLOGICAL IMPLICATIONS

Dark matter candidates
But,

N, and Vo my., (v,) > myo(w)

So, V! is the lightest Z-odd particle.

0.1 pb 0.1 pb

Oy h? = <
N Sazmg( X <0-totvrel> <0-vrel>
<0-Urel>v—>0 — 8S4 m4 y my )
WHEW ~ (0.0024 X (—) < (0.00008,

My




RESIDUAL SYMMETRY AND PHENOMENOLOGICAL IMPLICATIONS

Some signal in colliders

pp — DD — bVOpVT,
— bVTVt = bVVib VT,
— VbV = b VO VOT,
— tV- IVt > tbVOitb VO,



RESIDUAL SYMMETRY AND PHENOMENOLOGICAL IMPLICATIONS

TABLE IV. Mass benchmarks for the particles at the 3-3-1 scale
w = 10 TeV. See the text for details.

H H* Ve Vi Z,, E, U, D

Mass (GeV) 800 3500 3264 3265 3974 3535




Conclusions

* We have proposed the minimal scale invariant 3-3-1 model, based on the
SUB)-x SU3); X U(l)y symmetry and scale invariance with the simplest scalar potential for
this type of models.

« Together with the gauge and scale symmetries, the Z; symmetry makes evident the seesaw
texture in most of the fermion mass matrices provided that v, > > w > > v. This point is useful

to mitigate possible phenomenological issues associated with flavor changing neutral currents
because, in this case, the suppressed mixing between light and heavy fermions are proportional
to v/ Vo W =0 vé.

* Interestingly, once the seesaw mechanism takes place, the heavy masses of the extra fermions,
proportional to v,, suppress the masses of some of the standard ones providing thus an

explanation for the mass hierarchy between the third and first two families.



