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1. Motivation

> There exists a simple extension of the SM gauge group to SU(3)c®SU(3),®U(1)x, the
so called 3-3-1 models. There are three main versions: the minimal model, the version
with right-handed (RH) neutrinos and the version with neutral fermions.
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1. Motivation

> There exists a simple extension of the SM gauge group to SU(3)c®SU(3),®U(1)x, the
so called 3-3-1 models. There are three main versions: the minimal model, the version
with right-handed (RH) neutrinos and the version with neutral fermions.

> In 331 model, the lepton number is considered as global symmetry.

> In 3311 model, the lepton number is considered as local symmetry.
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Lepton number

> In the SM, the lepton number operator commutes with the generators of the unitary
group SU(2)y.
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Lepton number

> In the SM, the lepton number operator commutes with the generators of the unitary
group SU(2)y.

> In the 3-3-1 model the lepton number of 3 components in a triplet are different, so the
lepton number operator does not commute with the generators of the unitary group
SU3) .
For example 1,1 = (Vor, €ar, (Nur))! has the lepton number (1,1,0) then the com-
mutations L, Ty, L, Ts], L, Tg], |L, T%| # 0, where Ty, Ts, Ty, T7 are the generators
of SU(3). containing new gauge bosons X,Y .
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Lepton number

> In the SM, the lepton number operator commutes with the generators of the unitary
group SU(2)y.

> In the 3-3-1 model the lepton number of 3 components in a triplet are different, so the
lepton number operator does not commute with the generators of the unitary group
SU3) .
For example Vg1, = (Var, €ar, (Nar)6)! has the lepton number (1,1,0) then the com-
mutations L, Ty, |L,Ts|, L, Ts|, | L, T%| # 0, where Ty, T5, Ty, T7 are the generators

of SU(3);, containing new gauge bosons X,Y .

> In the 3-3-1 model, one constructed lepton number operator as the combination of 13, T,
and charged £. One considered U(1), as global group.
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Lepton number

> In the SM, the lepton number operator commutes with the generators of the unitary
group SU(2)y.

> In the 3-3-1 model the lepton number of 3 components in a triplet are different, so the
lepton number operator does not commute with the generators of the unitary group

SU(3);.

> In the 3-3-1 model, one constructed lepton number operator as the combination of 15, T,
and charged £. One considered U(1), as global group.

> Since T3, Ty are gauged charges of the SU(3),, symmetry, L, £ should be gauged or local
generators.
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The 3-3-1-1 model is based on the gauge symmetry
SUB)e@SUB),@U(1)x @ U(1)y.

T, =N(1=1,2,3,...,8) and X, N are SU(3)., U(1)x and U(1)y charges, respectively.
A; are Gell-Mann matrices.
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The 3-3-1-1 model is based on the gauge symmetry
SUB)e®@SUB),@U(1)x @U(1)y.

T, =N(1=1,2,3,...,8) and X, N are SU(3)., U(1)x and U(1)y charges, respectively.
A; are Gell-Mann matrices.
The new charge X is connected with the electric charge operator () through a relation

1
Q =al5+ pls+ X1, 04:1,5:—\/?;,

The relation between L and L is obtained

2
L:Oé,Tg_l_ﬁ/Tg‘l_E[, O/:O,ﬂ/:\/g.
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Why N=B—- L7
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Why N=B—- L7
> It N = L, the leptonic anomalies are not canceled.

[SUB)cl'U L)z, [SUB) LU L), [UM)xPU (L), UL)x[U D)), [U(1) 2] # 0.
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Why N=B—- L7
> It N = L, the leptonic anomalies are not canceled.
[SUB)U) 2, [SUB) U 2, [UM)x]PU (1), UML) x [U(1) ] [U(1) ] # 0.

> Define B = BI, N = B — L, the anomalies associated with U(1)y and with the usual
3 — 3 — 1 asymmetry obviously vanish.
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2. Particle content

The fermion content of the 3-3-1-1 model which is anomaly free is given as

VoL

waL = Cal ~ (1737_1/37 _2/?))7

(NaR)C
vop ~ (1,1,0,—1), e~ (1,1,—1,—1),
dar u3L
—Uor | ~(3,3%,0,0), Qsr=1|dsz |~ (3,3,1/3,2/3),
Dar Ur
Uar ~ (3,1,2/3,1/3), dug~ (3,1,—1/3,1/3),
Urp ~ (3,1,2/3,4/3), Dag~ (3,1,—1/3,-2/3),

&

9

=~
|

where the quantum numbers located in the parentheses are defined upon the gauge sym-
metries (SU(3)¢, SU(3)r, U(1)x, U(1)n), respectively. The family indices are a = 1,2, 3
and o =1, 2.

The N,p are the neutral leptons and U, D, are the exotic quarks.


thuy
Underline


The 3-3-1-1 Model Slide 8/22

To break the gauge symmetry and generate the masses in a correct way, the 3-3-1-1 model
needs the following scalar multiplets :

p=|p|~(1,3,2/31/3),

n = 772— ~ (1737_1/37 1/3>7

X = | x5 | ~(1,3,—1/3,-2/3),

¢ ~ (1,1,0,2),

with the VEVs conserving () and P respectively given by

(o) = j§<o, 0,007, () = j§<u, 0,07, {x) = j§<o, )7, (8) = i
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To break the gauge symmetry and generate the masses in a correct way, the 3-3-1-1 model
needs the following scalar multiplets :

p=|p|~(1,3,2/31/3),

n = 772— ~ (1737_1/37 1/3>7

X = XQ_ ~ (1737_1/37 _2/3)7
0

X3

¢ ~ (1,1,0,2),

with the VEVs conserving () and P respectively given by

(o) = j§<o, 0,007, () = j§<u, 0,07, {x) = j§<o, 0,0)7, (¢) = A

The gauge group SU(3), @ U(1)x ® U(1)y is broken:
SUB), U x@U(l)y > U(l)g@U(1)p-1.

S
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The L, B, N charge of model multiplets

Multiplet
L

daR UR DaR P Ui
1] 1 1=
1
3

3

VaR | €aR Q3L
101 ] -1
0] 0
—1] -1

o |
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B
N=B-—L| -

oIng

WikwiH OQ
=W/ O
CO | L0 [

wli— O

wli— O

oIy

The lepton number of model particles

L Particle
0 NaRauaa_daaerapgan(l)??b_axg
1 VaLaeaaUa DOMIO3_777§*7X(1)7X2_

The R parity of model particles

P = (—1)B-E)+2s Particle
+1 vV, VRr,€,U, d,ﬂ1”02777177727X37¢
-1 NR7U7D7p377737X17X2
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The 3-3-1-1 Model

The Lagrangian of the 3-3-1-1 model is given by
L = )3 Fin'D,F + > (D"S)(D,S)

fermion multiplets scalar multiplets

1 1 1 1
= GG = LA AT — BB — G, CH

4
_V<p7 15 X Qb) + ['Yukawaa
with the covariant derivative
D, =0, +1g1:G;, +1gTi A, +1gx X B, +ignNC,
and the field strength tensors
Gi,ul/ — auGil/ — aVGi,LL — gsfijijqul/a
Aiuu — 8;1,Aiy — 8VAz',u — gfijij,uAkm
B, = 0,B,—-9,B,, C, =0,C,—09,0C,.
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The Yukawa interactions and scalar potential are obtained as

Lyikawa = hptbarpesr + hoyarnvir + hyvogvord + h QsixUg + hisQarx Dar
+haQsrnuar + oQsrpdar + heQarn dor + hioQarp™uar + H.c,

Vip,m x,d) = pip'p+ p3x"x + win'n + M(p'p)? + A 2(X"X)? + As(n'n)?
+Aa(ptp) (X x) + As(p'p) (n'n) + Xe(x"x) (')

+A7(p ) (Xp) + As(p'm) (') + Xo(xn) (n'x) + (fem”pnmpnxp + H.c.)
HEO D+ Nd' D) + Aio(6'0) (p'p) + Aii(dTe)(n'n) + Ai2(dT) (xTx).
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3. Scalar sector

We expand the neutral scalars around their VEVs such as

ot J5(u+ S +iAy)
p = }(U+S2+ZA2> N = 2y X =
,03 \/_(SB ZA%)
1 :
¢ N \/§<A —|_ S4 + /LA4>.

(8] +iAY)

S

X2

(w—|—53+

iAs)
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3. Scalar sector

We expand the neutral scalars around their VEVs such as

ot J5(u+ S +iAy) 75(S1 +iAY)
p = }(v+52+2142) = y X = X2 ;
p3 75(95 +145) J5(w + G5+ i43)

b ~ \}E(M Sy +iAy)

We assume that f,w are the same order and A > w > wu,v. The physical fields with

respective masses can be written as:
For charged scalars,

H; = VX9 TWp3 Uty FUpy

o s = e
my, = ( A7 — \/fzw) (v* +w?), my, = (%)\8 - \/J;‘Jw}) (u? + v?).

G- = WX9 —UP3 G- __umy —vpy
Y A ’v2—|—w2 ) W — 2+U *
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The pseudoscalar A4 is massless.
w A+ v Ay + w A f u?v? + viw? + v’w?

A= . m4 =
Vu 2+ v 24+ w2 A V2 UVW

—uA; 4+ vAy —w_l(u_lAl + ’U_lA2> + <U_2 + U_2>A3

Gz = Vuz 40?2 Gz = Ju 22+ v 2 +w?)(u?4+v2)

)

. * * 1
GX _wxa utjs H — uxi + wns 2 < )\9 f?} ><u2 4+ CUQ).

- ) y Mg =3 -
Vu? + w? VUu? 4 w? H 2 V2uw
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For neutral scalars,

. USl + USQ 9 U4(4)\)\1 — )‘%O) — u4()\%1 — 4)\)\3) — 2u27)2()\10)\11 — 2)\)\5>
VU2’ = 4(u? + v\
+ : (o + ! +m / 2)
m mi— -
40/2(u? + v2)N(AZy — 42\ ! 'w *w?’
_ 2 2
H, — vS] + uSsH m%h:_f(u + v%)w

Vu? +v? Vouv
Iy — A2,)u?
I, — 2 ( 12

Sy, mi, = 2A\%,

=
2

mo — \/5(’(}2()\1())\12 — 2)\)\4) + u2(>\11)\12 T 2>\)\6)>27
mi = SuvA(v(=ApAia + 22\) + u? (= A A2 + 20N)),
my = 8vV2u v\,

H is identified as SM Higgs boson.
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4. Gauge sector

The gauge mass Lagrangian is given as

W 1 2 W
Eauemass: 07077 AaTa_* B, — - C 207077T
gaug ( \/§><9 I 39X [t 39N u) ( \/§>
U 1 1 U
. 0,00(gAL T, — ~gxB, + —gnC.)* (—=,0,0)"
+(\/§7 ) )(g [ SQX ,u"_ SgN ,LL) <\/§ )
1 v 7

v 2
0, —=, 0)(gA. T, + =gx B, + —gnC.,)* (0, —=, 0
+(7\/§7 )(g o - gx M—l_ gN M)( \/Q )

3 3
+2(gnCLA)
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4. Gauge sector

The gauge mass Lagrangian is given as

W 1 2 W
Eauemass: 07077 AaTa_* B, — - C 207077T
gaug ( \/§><9 I 39X [t 39N u) ( \/§>
U 1 1 U
. 0,00(gAL T, — ~gxB, + —gnC.)* (—=,0,0)"
+<\/§7 ) )(g [ 3gX ,u"_SgN u) <\/§ )
v 2 1 v
0, —. 0)(gA,, T, + ~gx B, + —gnC.,)2(0, —. )"
+< 7\/§7 )(g I +39X M+39N ,U) ( 7\/57 )
+2(gnCLA)

A, F1A Ag, F 1A
+ _ p 24 _ “ibp T
WILL - \/i 7Y//[/:F — \/i .
1 1
Mz, = 4g2(u2 +0?), M = 492(1}2 + w?).
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Set 11 = gx /g, ta = gn /9.
There is a mixing among As,, Ag,, By, C), components. The mass mixing matrix of
As,, Ag,, B, C), contains one exact eigenvalues with the corresponding eigenstates as fol-

lows

V3 ]
M?=0,A :(tA — LA B).
7 = 0= g (e T g e B
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In the limit A > w
Zliv ~ Oy, mZZN ~ 4g*tIN7,

Z/i = cosﬁZM—sian;, ZEL:SiH£ZM+COS£Z/{L,

2 2 2 2
5 g ( 5 5 UT+4vtHw
my ~ ~— + w
Z! 8 ( 3 — 4s?y,
_ NC%VUZL + vt — copviw? + cpwt + u(—cowv? + (=1 + 25y Jw?)
(3 — 4sfy) |
2 2 2 2
5 g ( 5 5 UT+4vtHw
My = ~— + w
z? 8 ( 3 — 4sty,
N Mc%vu‘l + vt — o v®w? + cfpwt + u(—cowv? + (—1 + 2sfy)w?)
(3 — 4sty) 7
where

nae Bl = )

((—1 + 2sfy)u? — copv? + 2¢fyw?)’

foo T (38 VS
BT BraB4aE T Bta

Ag,,

t
—B,,.
T Bra
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If we assume w > u, v, then tan 26 — 0. We get
g*(u* + v?)
4cty
Copru? + v? + ey w?
(3 = Asty)ciy

The gauge boson Z }L is identified as Z,, in the SM.

1 2

Y

2 / 2
ZIu Y ZM’ m222
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5. Fermion sector

The Dirac masses are written in the form — fym rJr + H.c. From the Lyykawa, We obtain
1 1

U D
my = \/ih‘ W, [mD]ogﬁ — \/ihogﬁw7
1 1
Joo= oty Iyl = ——=h,
[m ]aa \/51 ozav [m ]3@ \/51 au
[md]aa — _\/ihia,% [md]?)a — —ﬂhg?},

1 by 1

[me]ab — \/thb’l}, [my]ab = \/5

v
hopu.
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5. Fermion sector

The Dirac masses are written in the form — fym rJr + H.c. From the Lyykawa, We obtain

my = —\ghUw, [mp]aﬁ = —\%hgﬁw,
My = ghtav. s, = = bl
iy = —hlav, Iy, = ——hio,
[Mel g, = _\}thbvv [mVD]ab = _%hgb%
The right handed neutrinos get Majorana masses in the form —%D&my vr + H.c., where

[my]ab — _\/ﬁh%/\-
The observed neutrinos (~ vy) naturally get small masses via a type I seesaw mechanism,

(hy>2 u2

v A

it = —m(mi) ()T ~
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The masses of N can be generated via an effective operator invariant under the 3-3-1-1
symmetry

)\ab N

10 o (xx)" + Hee,
9
W
[mNR]ab — _>\abM-

Assume that M ~ w then my, ~ w
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6. Summary

> After spontaneous symmetry breaking, there are

e 9 goldstone bosons Ay, Gz, G, Gx, G%, G, G,

e 9 massive gauge bosons ZV, Z1, 72, X" X% Y+ W+ and one massless v,

e 4 neutral Higgs bosons H, Hy, Hy, H3, one massive pseudoscalar A, complex Higgs
H', H™ 4 charged scalars Hi", HZ

> Hy, Z%, vp have mass in order O(A).
All other new particles, A, Hy, Hy, Hy, H, H', H™, ZZ>X2>X2*> Yf, U, D,, Ng, have
mass in order O(w).

> In this model, L(Gx, H*, H; ,Gy, X, Y ™) = 1 while the remaining Higgs and gauge
bosons have zero lepton number.

> The Majorana masses of the right handed neutrinos violate L with £2 units — The
decay of Majorana RH neutrino can generate the lepton asymmetry:.

> P(Ngr, X,Y,U, D, Hy, H') = —1 and all other particles have P = 4+1. The lightest and

neutral particle among odd parity particles can be a dark matter candidate.
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Thank you





