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Content

331 Model
βem =

√
3

Same-Sign Leptons Phenomenology

Toward GUT
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Field Content

G ≡ SU(3)c × SU(3)L × U(1)X

Q1 =

(
u
d
D

)
, Q2 =

(
c
s
S

)
, Q1,2 ∈ (3, 3,XQ1,2 )

Q3 =

(
b
t
T

)
, Q3 ∈ (3, 3̄,XQ3 )

L =

(
l
νl
El

)
, l ∈ (1, 3̄,XL), l = e, µ, τ

χ =

(
χA

χB

χ0

)
∈ (1, 3,Xχ), ρ =

(
ρ+

ρ0

ρ−B

)
∈ (1, 3,Xρ), η =

(
η0

η−

η−A

)
∈ (1, 3,Xη)
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Qem in the 331 Model

SU(3) has two diagonal generators

⇓

Qem
3 = Y3 + T3 Qem

3̄ = Y3̄ − T3

Y3 = βemT8 + X1 Y3̄ = −βemT8 + X1
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Anomaly Cancellation: the SU(3)L example

SU(3)L

SU(3)L

SU(3)L

Q1 = +3× 3c

Q2 = +3× 3c

Q3 = −3× 3c

L = −3× 3f

nQf = nLf = 3κ
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βem Parameter: Possible Values in the 331
The β parameter is constrained from the Z ′ mass expression. Has
to satisfy

1− (1 + (βem)2)s2
W > 0

⇓

|βem| <
√
3

βem = n√
3 , 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

βem = 0 gives leptons/bosons with charge ±1/2 and quarks with
charge ±1/6

Hue, Ninh, Mod.Phys.Lett. A31 (2016) no.10, 1650062
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Field Content for Generic βem

particles Q(βem) βem = − 1√
3 βem = 1√

3 βem = −
√

3 βem =
√

3

D,S 1
6 −

√
3βem

2
2
3 − 1

3
5
3 − 4

3
T 1

6 +
√

3βem

2 − 1
3

2
3 − 4

3
5
3

E − 1
2 +

√
3βem

2 −1 0 −2 1
V − 1

2 +
√

3βem

2 −1 0 −2 1
Y 1

2 +
√

3βem

2 0 1 −1 2
HV − 1

2 +
√

3βem

2 −1 0 −2 1
HY

1
2 +

√
3βem

2 0 1 −1 2
HW 1 1 1 1 1

Cao, Liu, Xie, Yan, Zhang, Phys.Rev. D93 (2016) no.7, 075030
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Field Content

Q1 =

(
uL
dL
DL

)
, Q2 =

(
cL
sL
SL

)
, Q1,2 ∈ (3, 3,−1/3)

Q3 =

(
bL
tL
TL

)
, Q3 ∈ (3, 3̄, 2/3)

l =

(
lL
νl
l cR

)
, l ∈ (1, 3̄, 0), l = e, µ, τ

χ =

(
χ++

χ+

χ0

)
∈ (1, 3, 1), ρ =

(
ρ+

ρ0

ρ−

)
∈ (1, 3, 0), η =

(
η0

η−

η−−

)
∈ (1, 3,−1)
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From SU(3)L × U(1)X to U(1)em

SU(3)L × U(1)X

‖
〈χ〉
⇓

SU(2)L × U(1)Y

‖
〈η〉 , 〈ρ〉
⇓

U(1)em

W1, · · · ,W8 , BX

‖
〈χ〉
⇓

W1,W2,W3,BY ,V±,Y ±±,Z ′

‖
〈η〉 , 〈ρ〉
⇓

γ,Z ,Z ′,W±,V±,Y ±±
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Yukawa Interactions: Quark Sector

LYuk.
q,triplet =

(
y1

d Q1ρ
∗dR + y2

d Q2ρ
∗sR + y3

d Q3η b∗R
+ y1

u Q1η
∗u∗R + y2

u Q2η
∗c∗R + y3

u Q3ρ t∗R
+ y1

E Q1 χ
∗D∗R + y2

E Q2 χ
∗S∗R + y3

E Q3 χT ∗R
)

+ h.c.

vχ � vη,ρ
⇓

mD,S,T = O(TeV ) if y i
E ∼ 1
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Yukawa Interactions: Lepton Sector

LYuk
l , triplet = Gρ

ab(l i
aαε

αβ l j
bβ)ρ∗kεijk + h.c.

= Gρ
ab l i

a · l
j
b ρ
∗kεijk + h.c.

a and b are flavour indices
α and β are Weyl indices (l i

a · l
j
b ≡ l i

aαε
αβ l j

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

l i
a · l

j
b ρ
∗kεijk is antisymmetric

⇓
Gρ

ab has to be antisymmetric
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Yukawa Interactions: Lepton Sector

LYuk.
l ,sextet = Gσ

ab l i
a · l

j
bσ
∗
i ,j

with

σ =


σ++

1 σ+
1 /
√
2 σ0/

√
2

σ+
1 /
√
2 σ0

1 σ−2 /
√
2

σ0/
√
2 σ−2 /

√
2 σ−−2

 ∈ (1, 6, 0)

Gσ
ab is symmetric

H±± → l±l± allowed (ρ 6⊃ ρ±±)
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B±± @ the LHC

q

B−−

q̄

hi

B++

q

B−−

q̄

V 0

B++

q

B−−

Q

q̄

B++

arXiv:1806.04536 [hep-ph]
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Signal & Backgrounds at 13 TeV

Benchmark Point

mY±± ' mH±± ∼ 870 GeV

Br(Y±± → l±l±) = Br(H±± → l±l±) = 1
3

SIGNAL

pp → Y ++Y−−(H++H−−)→ (l+l+)(l−l−) l = e, µ

σ(pp → YY → 4l) ' 4.3 fb σ(pp → HH → 4l) ' 0.3 fb

BACKGROUNDS

pp → ZZ → (l+l−)(l+l−)

σ(pp → ZZ → 4l) ' 6.1 fb

arXiv:1806.04536 [hep-ph]

17 / 29

https://arxiv.org/abs/1806.04536


Number of Events (13 TeV and L=300 fb−1)

Defining the significance s to discriminate a signal S from a
background B as

σS = S√
B + σ2

B

,

σB systematic error on B (σB ' 0.1B)

N(YY ) ' 1302, N(HH) ' 120, N(ZZ ) ' 1836

⇓

σYY ' 6.9, σBSM
HH = 0.6, σBYY

HH = 0.9

arXiv:1806.04536 [hep-ph]
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Distributions

Background, Scalar, Vector

arXiv:1806.04536 [hep-ph]
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Trinification

[SU(3)]3 ≡ SU(3)c × SU(3)L × SU(3)R
....maximal subgroup of E6

21 / 29



Trinification: Field Content

H =

 h0
11 h+

12 h+
13

h−21 h0
22 h0

23
h−31 h0

32 h0
33

 ∈ (1, 3̄, 3)

L =

 L1
1 E− e−

E + L2
2 ν

e+ ν̂ L3
3

 ∈ (1, 3̄, 3)

QL =

 uL
dL
DL

 ∈ (3̄, 3, 1)

QR =
(

ūR d̄R D̄R
)
∈ (3, 1, 3̄)

Qem = T3
L + T3

R + 1√
3
T8

L + 1√
3
T8

R

22 / 29



Trinification: Field Content

H =

 h0
11 h+

12 h+
13

h−21 h0
22 h0

23
h−31 h0

32 h0
33

 ∈ (1, 3̄, 3)

L =

 L1
1 E− e−

E + L2
2 ν

e+ ν̂ L3
3

 ∈ (1, 3̄, 3)

QL =

 uL
dL
DL

 ∈ (3̄, 3, 1)

QR =
(
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1 E− e−

E + L2
2 ν

e+ ν̄ L3
3

 ∈ (1, 3̄, 3)

QL =

 uL
dL
DL

 ∈ (3̄, 3, 1)

QR =
(

ūR d̄R D̄R
)
∈ (3, 1, 3̄)

Qem
Di = −1/3

non-Exotic Quarks!
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SU(3)3 → . . .→ GSM → SU(3)c × U(1)em

〈H1〉 = 1√
2

v1 0 0
0 b1 0
0 0 M1

 , 〈H2〉 = 1√
2

v2 0 0
0 b2 b3
0 M M2



SU(3)3 Mi−→ SU(3)c × SU(2)L × SU(2)R × U(1)B−L
M−→ GSM

vi , bj−→ SU(3)c × U(1)em

(
√
2GF )1/2 ∼ vi , bj < M < Mi ∼ mGUT

Hetzel, Stech, Phys.Rev.D91 (2015) 055026
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Not-Exotic...but Heavy!

mDi = 1√
2

M1,2YQi <∼ mGUT

25 / 29



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

SU(3)→ SU(2)a × U(1)b

⇓

3→ 2b + 1−2b

SU(2)a → U(1)a

⇓

2b + 1−2b → 1a,b + 1−a,b + 10,−2b

Thus, when SU(3)R breaks into U(1)a ⊗ U(1)b 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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SU(3)→ SU(2)a × U(1)b

⇓

3→ 2b + 1−2b

SU(2)a → U(1)a

⇓

2b + 1−2b → 1a,b + 1−a,b + 10,−2b

Thus, when SU(3)R breaks into U(1)a ⊗ U(1)b 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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♦ 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
(nQf = nLf = 3κ)

♦ 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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The Scalars for Generic βem

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

χ =

 χA

χB

χ0

 ∈ (1, 3, 1), ρ =

 ρ+

ρ0

ρB

 ∈ (1, 3, 0), η =

 η0

η−

ηA

 ∈ (1, 3,−1)

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

QA = 1
2 +
√
3
2 βem , QB = −1

2 +
√
3
2 βem
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The Scalar Potential: the Triplet Sector

The potential is then given by the expression

V = m1 ρ
∗ρ+ m2 η

∗η + m3 χ
∗χ

+ λ1(ρ∗ρ)2 + λ2(η∗η)2 + λ3(χ∗χ)2

+ λ12ρ
∗ρ η∗η + λ13ρ

∗ρχ∗χ+ λ23η
∗η χ∗χ

+ ζ12ρ
∗η η∗ρ+ ζ13ρ

∗χχ∗ρ+ ζ23η
∗χχ∗η

+
√
2fρηχρ η χ
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Minimization Conditions
The neutral component of each triplet gets vev and is expanded as

ρ0 = 1√
2

vρ + 1√
2

(
Re ρ0 + i Im ρ0

)
η0 = 1√

2
vη + 1√

2

(
Re η0 + i Im η0

)
χ0 = 1√

2
vχ + 1√

2

(
Reχ0 + i Imχ0

)
The minimization conditions of the potential, defined by
∂V
∂Φ |Φ=0 = 0, are given by

m1vρ + λ1v3
ρ + λ12

2 vρv2
η − fρηχvηvχ + λ13

2 vρv2
χ = 0

m2vη + λ2v3
η + λ12

2 v2
ρ vη − fρηχvρvχ + λ23

2 vηv2
χ = 0

m3vχ + λ3v3
χ + λ13

2 v2
ρ vχ − fρηχvρvη + λ23

2 v2
η vχ = 0
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Scalars

The CP-even neutral scalars mix as

hi = RS
ij Hj

where ~H = (Re ρ0, Re η0, Reχ0) and ~h = (h1, h2, h3). Moreover
we have introduced the dimensionless parameter κ defined by
fρηχ = κvχ in order to have a single scale vχ and β = tan−1 vη/vρ,
v =

√
v2
η + v2

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

M2
h =

(
κ tanβv2

χ + 2λ1v2 cos2 β λ12v2 cos β sinβ − κv2
χ vχv(λ13 cos β − κ sinβ)

λ12v2 cos β sinβ − κv2
χ κ cotβv2

χ + 2λ2v2 sin2 β vχv(λ23 sinβ − κ cos β)
vχv(λ13 cos β − κ sinβ) vχv(λ23 sinβ − κ cos β) 2λ3v2

χ + κv2 cos β sinβ

)
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Pseudocalar

After EWSB the CP-odd neutral scalars are defined as

ai = RP
ij Aj

where ~A = (Im ρ0, Im η0, Imχ0) and ~a = (aGZ , aGZ ′
, a1).

The mass matrix for the neutral pseudoscalars is

M2
a =

 κv2
χ tanβ κv2

χ κvχv sinβ
κv2

χ κv2
χ cotβ κvχv cos β

κvχv sinβ κvχv cos β κv2 cos β sinβ


and

m2
a1 = κ(v2

χ cscβ secβ + v2 cos β sinβ)
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Singly-Charged State

For the singly-charged states we define

h−i = RC
ij H−j

where ~H− = ((ρ+)∗, η−) and ~h− = (h−GW
, h−1 ). With this

definition we have

M2
h± =

(
κ tanβv2

χ + 1
2ζ12v2 sin2 β κv2

χ + 1
2ζ12v2 cos β sinβ

κv2
χ + 1

2ζ12v2 cos β sinβ κ cotβv2
χ + 1

2ζ12v2 cos2 β

)

and the mass of the singly-charged Higgs boson is

m2
h±1

= 1
2ζ12v2 + κv2

χ cscβ secβ
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A-Charged State

We now consider the A-charged sector. We define

hA
i = RA

ij HA
j

where ~HA = ((η−A)∗, χA) and ~hA = (hA
GV A

, hA
1 ). We have

M2
h±A =

(
1
2v2
χ(ζ23 + 2κ cotβ) 1

2vχv(2κ cos β + ζ23 sinβ)
1
2vχv(2κ cos β + ζ23 sinβ) 1

2v2 sinβ(2κ cos β + ζ23 sinβ)

)

and
m2

h±A
1

= 1
4 (ζ23 + 2κ cotβ)

(
2v2
χ + v2 − v2 cos 2β

)
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B-Charged State

For the B-charged sector we have

hB
i = RB

ij HB
j

where ~HB = ((ρ−B)∗, χB) and ~hB = (hB
GV B

, hB
1 ). The mass matrix

is

M2
h±B =

(
1
2v2
χ(ζ13 + 2κ tanβ) 1

2vχv(2κ sinβ + ζ13 cos β)
1
2vχv(2κ sinβ + ζ13 cos β) 1

2v2 cos β(2κ sinβ + ζ13 cos β)

)

and

m2
h±B

1
= 1

4 (ζ13 + 2κ tanβ)
(
2v2
χ + v2 − v2 cos 2β

)
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