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¢ dark matter

¢ neutrino mass
O New < Mpjanck
O ng, =n, =3
O
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Field Content

g = 5U(3)C X SU(3)L X U(l)x
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Field Content
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Field Content
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Q™ in the 331 Model

SU(3) has two diagonal generators

4

ng: Y3+ T3 them: Yg—T3
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Q™ in the 331 Model

SU(3) has two diagonal generators

I
ng: Y3+ T3 them: Yg—T3

Y3 =" Tg + X1 Yz =—-0"Tg+ X1
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Anomaly Cancellation: the SU(3), example

SU@3)L

SU@3)L

SU3)r,
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Anomaly Cancellation: the SU(3), example

SU@3)L

SU@3)L

SU3)r,

nQ, =ng, =3k

Q1 =+3 x 3¢
Q= +3 x 3,
@ =-3x3;
L=-3x3f
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B Parameter: Possible Values in the 331

The /3 parameter is constrained from the Z’ mass expression. Has
to satisfy
1— (14 (8))siy >0

4
‘Bem| < \f3
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https://link.springer.com/article/10.1007%2FJHEP02%282014%29112
https://www.worldscientific.com/doi/abs/10.1142/S0217732316500620

B Parameter: Possible Values in the 331

The /3 parameter is constrained from the Z’ mass expression. Has
to satisfy
1—(1+(B)?)spy >0

4
‘5em‘ < ﬁ

[ = %, n=1,2,3 gives fractional electric charge for various
particle. n =2 imply £5/6 and £+7/6 for the electric charge of

heavy fermions and +1/2 and £3/2 for heavy leptons.
Buras, De Fazio, Girrbach, JHEP 1402 (2014) 112

B°™ = 0 gives leptons/bosons with charge £1/2 and quarks with
charge +1/6

Hue, Ninh, Mod.Phys.Lett. A31 (2016) no.10, 1650062


https://link.springer.com/article/10.1007%2FJHEP02%282014%29112
https://www.worldscientific.com/doi/abs/10.1142/S0217732316500620

Field Content for Generic 5™

particles ‘ Q(B™) % ‘ B = % ‘ B — _\/3 ‘ 3 =3
Ds | -or [ = : =
R T : -4 ;
£ i + -1 0 2 1
v o -1+ “e"‘ -1 0 —2 1
\4 I+ ﬁ 0 1 -1 2
Hy 1y v3om -1 0 —2 1
Hy T 0 1 -1 2
Hyw 1 1 1 1 1

Cao, Liu, Xie, Yan, Zhang, Phys.Rev. D93 (2016) no.7, 075030
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.075030
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Field Content

up CL
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From 5U(3)L X U(l)x to U(l)em
SUB). x U(1)x
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From SU(3). x U(1)x to U(1)em
5U(3)L X U(l)X



From SU(3). x U(1)x to U(1)em
5U(3)L X U(l)X



From 5U(3)L X U(l)x to U(]-)em

SU(3) x U(1)x Wi, - -

7W87

Bx



From 5U(3)L X U(l)x to U(]-)em

5U(3)[_ X U(].)X Wl,-“ ,Wg, BX
I I
{x) {x)
U Y

SU(2)L X U(].)y Wl, WQ, Wg, By, Vi, Yii, 7'



From 5U(3)L X U(l)x to U(]-)em
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Yukawa Interactions: Quark Sector

LY e = (v§ Qupdr + v5 Qop*sr + y3 Qan b
+yl Quntulh + v Qunteh +y3 Qapth
+YE QX D +yE QX*Sk+yE Q3x Th) +h.c.
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Yukawa Interactions: Quark Sector

LY e = (vg Qupdr +yg Qap*sr + y§ Qsn bl
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Yukawa Interactions: Quark Sector

LY e = (v§ Qupdr + v5 Qop*sr + y3 Qan b
+yl Quntulh + v Qunteh +y3 Qapth
+yt QuX*'Di+yE Qx*Sh+yE Qs x Tk) +h.c.

Vy 2> Vipp

[}
mp.s.T = O(TeV) if yf ~ 1
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Yukawa Interactions: Lepton Sector

Yuk i 3 4J k _ijk
"E,Ltlriplet = G§b(/;a6aﬁ/{7/3)p* € +h.c.
= GO I kel yh.c.

a and b are flavour indices ' '
a and 3 are Weyl indices (I} - = 15,71 ;)
i,j,k=1,2,3, are SU(3), indices
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Yukawa Interactions: Lepton Sector

Yuk — GP (]I OBP Ntk ik
oEl,tripleif - Gab(/aa6 /b/g)/) e’ +h.c.
_ P i Y ek ik

= GO I -l pT e +nh.c.

a and b are flavour indices ' '
a and 3 are Weyl indices (I} - = 15,71 ;)

acx

i,j,k=1,2,3, are SU(3), indices

Il I{; p*<elk is antisymmetric
4

G’ has to be antisymmetric
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Yukawa Interactions: Lepton Sector

Yuk. _ pogqi P ox
e[j)l,sextet_ ab/a'lbUiJ

with

of © o /V2 V2
g = 0‘1+/\/§ 0'(1) Ug/\/ﬁ 6(17670)
®/NV2 oy /N2 oy

G, is symmetric
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Yukawa Interactions: Lepton Sector
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B** @ the LHC
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https://arxiv.org/abs/1806.04536

Signal & Backgrounds at 13 TeV

Benchmark Point

My++ ~ myz+ ~ 870 GeV

1
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arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536

Number of Events (13 TeV and -£L=300 fb™!)

Defining the significance s to discriminate a signal S from a

background B as
S

\/B—i—UzB’

o systematic error on B (o0 ~ 0.1B)

os =

N(YY) =~ 1302, N(HH) =~ 120, N(ZZ) ~ 1836
I
oyy ~6.9, oM = 0.6, opyy = 0.9

arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536
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T T T
| 1 1
750 1000 1250 1500

P12 (GeV)

T
1
500

(FLdN

1000 1500 2000

pr1 (GeV)

500

20
10
5
2
1

()N (*up)N

19/29

arXiv:1806.04536 [hep-ph]
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https://arxiv.org/abs/1806.04536
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Trinification

[SU3)]® = SU(3)c x SU(3), x SU(3)r

....maximal subgroup of Eg
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Trinification: Field Content

0 pt pt
hll h12 h13
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Trinification: Field Content

0 pt pt
hll h12 h13

22/29



Trinification: Field Content

hy hip iy _
H=| hy h, h3s | €(1,3,3)
hy hS hs
LI E- e
L=| E* 13 v | €(1,3,3)
et » L3

QL — dL € (3) 37 1)
D,
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B =-1/3

non-Exotic Quarks!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055026

SUB)Y — ... = Gsy — SUBB)e x U(1)em
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055026

5U(3)3 — ... — QSM — 5U(3)C X U(]-)em
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Hetzel, Stech, Phys.Rev.D91 (2015) 055026

24 /29


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.055026

Not-Exotic...but Heavy!

1
mp, = —=M1>Yq, < meut

V2
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G331 C [SU(3)]*: Spontaneous Symmetry Breaking Chain

SU(3) = SU(2), x U(1)s
U
3—=2p+1_9p
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014009

G331 C [SU(3)]*: Spontaneous Symmetry Breaking Chain

SU(3) = SU(2), x U(1)s
U
3—=2p+1_9p

SU(2), — U(1),
N3
2p+10p = 1ap+1_5p+10_2p
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014009

(331 C [SU(3)]®: Spontaneous Symmetry Breaking Chain

SU(3) — SU(2), x U(1)s
U
3—=2p+1 9

5U(2)a — U(l)a
(8
2p+10p = 1ap+1_5p+10_2p

Thus, when SU(3)g breaks into U(1), ® U(1), the following
branching rule applies:

3r — (a)(b) + (—a)(b) + (0)(—2b)
Rodriguez, Benavides, Ponce, Rojas, Phys.Rev. D95 (2017) no.1, 014009
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014009

Conclusions
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O SM issues: dark matter, neutrino masses ... — needs to be
improved

¢ models with larger gauge symmetry have rich phenomenology

{ 331 model(s) explain the observed number of fermion families
(ngr = nL, = 3K)

¢ minimal version of 331 has the almost unique feature of
doubly-charged gauge boson

¢ models with larger gauge group appear in GUT theories
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/eI

The Scalars for Generic |

The scalars of the 331 model, responsible for the electroweak
symmetry breaking, come in 3 triplets of SU(3), (plus an
additional sextet).

XA p+ ,,70
X = XB € (1a3a 1)7 P = pO € (1735 0)3 n= 77_ € (1337 71)
XO pB nA

Beside neutral and singly-charged states, we have states with
charge

A_l ﬁem B__E éem
Q*2+2ﬁ o @ 2+2B



The Scalar Potential: the Triplet Sector

The potential is then given by the expression

Vi =mip*p+man™n+ mzx*x
+M1(p"p)” + Xa(n*n)? + As(xX)?
+ A2p"pn™ n + A3p" p XX + A2z X x
+ Cr2p™ 0 o+ Ci3p" X X P + C3n X X
+ \/ifpnxp nx



Minimization Conditions
The neutral component of each triplet gets vev and is expanded as

1
”Ozf f(
nO:T W(Ren +1Im77>

0 _

X \f \f(Rex —|—1Imx>

The minimization conditions of the potential, defined by
%’cb:o = 0, are given by

Rep° +1Imp)

A A
myv, + )\1V3 + %vpvg — fomy Vg Vy + %vpvi =0
3 )\12 2 )\23 2
m2v77—|—)\2v77 —|—7vpv77 fpnxvpvx+7vnvx =0
A13 o A2z 5
m3vx+)\3v —|—7v Vy — fpnxvpvn+7vnvx—0



Scalars

The CP-even neutral scalars mix as
_mS
h; = (R,-j H;

where H = (Re p°, Ren®, Rex°) and h = (hy, hy, h3). Moreover
we have introduced the dimensionless parameter k defined by
fonx = KV, in order to have a single scale v, and 3 = tan~! vn/vp,

_ /2 2
vV = vn—i—vp.

The explicit expression of the mass matrices of the neutral scalars
is given by

mﬁ = A12v2 cos Bsin B — nv)zc ncotﬁv)% +2X0v2sin? B vy v(Aogsin B — k cos B)

Ktan ﬁvf< +2X1v2cos?2 B Appv2cosBsinf — mvf< vy v(A13 cos B — Ksin B)
vyv(Aiz3cos B — ksin8) vy v(Agzsin 8 — kcos B) 2>\3v)2< + kv2cos fBsin B



Pseudocalar

After EWSB the CP-odd neutral scalars are defined as
aj = (RIIJDAJ

where A = (Im p°, Im 7%, Tm x°) and 3 = (ag,, ac, a).
The mass matrix for the neutral pseudoscalars is

kvZtan 3 K2 KVyvsin 3
2 _ 2 2
ms = KVy Kvy, cot 3 KVyV cos 3

Kvyvsin B Kvy,Vvcos 3 kv cos Bsin

and

m§1 = /ﬁ;(Vi csc Bsec B + v2 cos fsin )

6



Singly-Charged State

For the singly-charged states we define

- 5 Cyy—
h7 = RGH;

where H= = ((p7)*, ™) and h~ = (hg,,» b1 ). With this
definition we have

m2. — Ktan ﬁvf% + %C12v2 sin 8 /wi + %C12v2 cos Bsin 8
hE = /<av§ + 3¢12v2 cos Bsin Bk cot Bvi + 2¢1ov? cos? B

and the mass of the singly-charged Higgs boson is

1

2 2 2
mhf = §§12v + Kvy csc fsec 3



A-Charged State

We now consider the A-charged sector. We define
A pALA
hi' = Rij H;

where HA = ((72)*, x*) and h* = (hA , h{). We have

m2. ., — 2 X(C23 + 2k cot 3) %VXV(ZL; cos 8 + (23sin 3)
AT\ awv(2mcos B+ Gassin B) - v2sin B(2n cos 3+ Gazsin )
and

1
mii{:A =2 (C23 + 2Kk cot B) (2v§ +v2 — v2cos 25)



B-Charged State

For the B-charged sector we have

hP = RZHP
where HB = ((p=B)*, xB) and hB = (hE L6 hB). The mass matrix
is
m2. — é 2(C13 + 2k tan 3) % v(2k sin B + (13 cos )
hB (2/<;smﬁ + (13c0s3) Svic
and

1
2 (C13 + 2k tan B) <2v§ +v2 — v2cos 25)

2
mhliB =

os 5(2k sin 8 + (13 cos f5)

)
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