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We present a detailed analysis of a class of extensions to the SM Gauge chiral symmetry SU (3)c x
SU(3); x U(1), (331 model), where the neutrino electroweak interaction with matter via charged
and neutral current is modified through new gauge bosons of the model. We found the connections
between the nonstandard contributions on 331 model with nonstandard interactions. Through
limits of such interactions in cross-section experiments, we constrained the parameters of the
model, obtaining that the new energy scale of this theory should obey V' > 1.3 TeV and the new
bosons of the model must have masses greater than 610 GeV.

1. Introduction

Although the standard model (SM) is a good phenomenological theory, describing very well
all experimental results, it leaves several unanswered questions that suggest that the SM
might be an effective model at low energies, originating from a more fundamental theory.
Some of the unexplained aspects in the SM are the existence of three families and lepton
flavour violation observed in solar [1-5], atmospheric [6-11], and reactor [12-17] neutrino
experiments. These results demonstrate that new physics is required, being interpreted as a
sign of physics beyond the SM.

In principle neutrinos new interactions not described by Standard Model can arise in
extensions of the SM. We assume that the new physics which induces the nonstandard neu-
trino interactions (NSIs) [18-29] arises in some models enlarging the symmetry group where
the SM is embedded. Models with larger symmetries that may allow us to understand the
origin of the families have been proposed [30-34]. In some models, it is also possible to under-
stand the number of families from the cancellation of chiral anomalies, necessary to preserve
the renormalizability of the theory [35-37]. This is the case of the SU(3)- ® SU(3); ® U(1)x
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or 331 models, which are an immediate extension of the SM [38-46]. There are a great variety
of such models, which have generated new expectations and possibilities of solving several
problems of the SM.

Our goal is to investigate how NSI with matter can be induced by new physics gener-
ated by 331 models. Through the constraints from neutrino elastic scattering experiments on
this NSI parameters, we can constrain some values expected for 331 model parameters. We
find that the constraints on vacuum expectation values of the model, as well as for the mass
of the new bosons, are in full agreement with the limits found in the literature, which makes
this class of models a viable theory for a higher energy level.

The paper is organized as follows. In Section 2 we briefly review NSI and present
how new interactions can contribute to new matter effects, in addition to the SM electroweak
ones. In Section 3 we introduce a specific 331 model and we give the fermion gauge-boson
couplings. In Section 4 we calculate the interactions involving neutrinos and how these
interactions can be interpreted as new terms beyond SM. Finally, in Section 5 we summarize
our main results.

2. Nonstandard Neutrino Interactions

One convenient way to describe neutrino new interactions with matter in the electro-weak
(EW) broken phase are the so-called nonstandard neutrino interactions (NSIs), which is
a very widespread and convenient way of parameterizing the effects of new physics in
neutrino oscillations [18-29]. NSIs with first generation of leptons and quarks for four-
fermion operators are contained in the following Lagrangian density [18-22, 24, 25, 28]:

238 = 2v2Gr Y el [ Fr P | [Bar Lvg), (2.1)
7P

where Gr is the Fermi constant, f = u,d,e, and P = L, R with 2L = (1 -°), 2R = (1 +¢°),
i ; encode the deviation from standard interactions between neutrinos of
flavor & with component P-handed of fermions f, resulting in a neutrinos of flavor . Then,
the neutrino oscillations in the presence of nonstandard matter effects can be described by an

effective Hamiltonian, parameterized as

and the coefficients ¢
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where a = \fZGpnf, E is the neutrino energy and e,5 = 3, £.p 5£ [I;nf /n, with n, and ny the
electrons and fermions f density in the medium, respectively. These parameters £, can be
found in solar [22, 47], atmospheric [20, 48], accelerator [18, 19, 22, 49], and cross-section
[18, 19, 21, 50, 51] neutrino data experiment.
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We focus on cross-section neutrino experiment, where at low energies the standard
differential cross-section for v,e — v,e scattering processes has the well-know form:

dox  2Grme |, 42, a2 T\* , .mT
ar -~z [(81) +(87) <1_E_v> 818 E2 ], (2.3)

where m, is the electron mass, E, is the incident neutrino energy, and T, is the electron recoil
energy. The quantities ¢ and g7 are related to the SM neutral current couplings of the electron
gl =-1/2+ sin?0y, and 8k = sin’6yy, with sin?6y, = 0,23119. For v  heutrinos, which take
part only in neutral current interactions, we have g{‘ = g/ and @ = 8% while for electron
neutrinos, which take part in both charge current (CC) and neutral current (NC) interactions,
g; =1+g{, & = gg- In the presence of nonuniversal standard interaction, the cross-section
can be written in the same form of (2.3) but with g7, replaced by the effective nonstandard
couplings g = g% + 2k and 35 = g5 + £2X, leading to the following differential scattering
cross-section [19, 21, 50, 51]

Z‘;‘" = ZG;me {(gi' rect) + (g8 +SZ§)2<1 - IZ—)Z

(gt eth) (s v est) e .

3. 331 Model

The success of the standard model (SM) implies that any new theory should contain the
symmetry SU(3)- ® SU(2); ® U(1)y (Gzp1) in a low energy limit. Then, it is natural that one
possible modification of SM involves extensions of the representation content in matter and
Higgs sector, leading to extension of symmetry group Gs» to groups SU(N¢)c ® SU(m); ®
U(1)yx with SU(NC)C @ SU(m); @ U(1)x D Gap1.

In early 90’s, Pisano and Pleitez [38, 39] and Frampton [40] suggested an extension of
the symmetry group SU(2); ® U(1)y of electroweak sector to a group SU(3); ® U(1)y, that
is, with N¢ = m = 3. The 331 models present some interesting features; for instance, they
associate the number of families to internal consistence of the theory, preserving asymptotic
freedom.

In these models, the SM doublets are part of triplets. In quark sector three new quarks
are included to build the triplets, while in lepton sector we can use the right-handed neutrino
to such role [38, 40]. Another option is to invoke three new heavy leptons, charged or not,
depending on the choice of charge operator [41, 42]. In SM the electric charge operator is
constructed as a combination of diagonal generators of SU(2) ® U(1)y. Then, it is natural
to assume that this operator in SU(3); ® U(1)x is defined in the same way. The most
general charge operator in SU (3); ® U (1) is a linear superposition of diagonal generators of
symmetry groups, given by

2
Q= aT3L + 7§bT8L + XI3, (31)
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where the group generator is defined as Ti;, = Air, /2 with A;;, i =1,...,8, being the Gell-Mann
matrices for SU(3), where the normalization chosen is Tr(Air A1) = 26;; and I3 = diag(1,1,1)
is the identity matrix, and a and b are two parameters to be determined. Then the charge
operator in (3.1) acts on the representations 3 and 3* of SU(3); having the following form:

b a b 2b
Q3] = —+§+X, _E+§+X’ 3 +X], (3.2)
N . a b a b 2b
Q[3]_d1ag[—§—§+X, +§—§+X, +—3 + X|, (3.3)

where we have two free parameters to obtain the charge of fermions, a and b (X can be
determined by anomalies cancellation). However, a = 1 is necessary to obtain doublets of
isospins SU (2) ®U (1) correctly incorporated in the model SU (3); ® U (1) [41, 42, 45]. Then
we can vary b to create different models in 331 context, being a signature that differentiates
such models. For b = -3/2, we have the original 331 model [38, 39].

To have local gauge invariance, we have the following covariant derivative: D, = 0, —
i(§/2)AaW,; —igxXBy, and a total of 17 mediator bosons: one field B, associated with U(1)x,
eight fields associated with SU (3)., and another eight fields associated with SU(3);, written
in the following form:

w3 b Lps V2w, V2K

\f H
a - 1 Q
W, =W, = V2W, Wi+ 7W§ V2K |, (3.4)
\/QK;Ql \/7K‘;Q2 __WB

N
where

1 . 1 . 1 .
Wi = \_@(Ww FiWap), K;Q = \_@(W‘lﬂ FiWsp), K/TQZ = E(Wéﬂ FiWz,). (3.5)

Therefore, charge operator in (3.2) applied over (3.4) leads to Q; = 1/2 + b and @
(-1/2) + b. Then the mediator bosons will have integer electric charge only if b =
+1/2,£3/2,£5/2,...,+# 2n+1)/2,n=0,1,2,3,.... A detailed analysis shows that if a and b
are associated with the fundamental representation 3, then —a and b will be associated with
antisymmetric representation 3*.

3.1. The Representation Content

There are many representations for the matter content [46], for instance, b = 3/2 [38]. But we
note that if we accommodate the doublets of SU(2); in the superior components of triplets
and antitriplets of SU(3);, and if we forbid exotic charges for the new fermions, we obtain
from (3.2) the constrain b = £1/2 (assuming a = 1). Since a negative value of b can be
associated to the antitriplet, we obtain that b = 1/2 is a necessary and sufficient condition to
exclude exotic electric charges in fermion and boson sector [41].
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The fields left- and right-handed components transform under SU(3); as triplets and
singlets, respectively. Therefore the theory is chiral and can present anomalies of Alder-Bell-
Jackiw [52, 53]. In a non-abelian theory, in the fermionic representation R, the divergent
anomaly is given by

e o 3 T [{TE(R), THR) | TE(R) - { TE(R), TR(R) | TR(R)], (3.6)
R

where T%(R) are the matrix representations for each group generator acting on the basis R
with helicity left or right. Therefore, to eliminate the pure anomaly [SU(3);]’, we should
have that A% o Sz Tr[{Tg(R’),Tf(R’)}TE(R’)] = 0. We use the fact that SU(3); has two
fundamental representations, 3 and 3%, then its generators should be associated to T and
T, respectively, that is,

3 Tr[{Tg(zaf),Tf(Rf) }TE(RI)] -3 Tr[{Tg(R), TP (R) }TE(R)]
R R
(3.7)
_ Z TI‘I:{TE*(R*), TLb* (R*) }TE* (R*)] ,
R*

but we know that the matrix representations for each group generator satisfies that T (R*) =
—T}(R) [54]. So, we can see that for the anomalies to be canceled, the number of fields that
transform as triplets (first term in equation above) and antitriplets under SU (3); has to be the
same; that is, two triplets quark families x 3 (color) = one antitriplet quark family x 3 (color)
+ 3 antitriplet lepton families. This implies that two families of quarks should transform
differently than the third family, as will be discussed in next paragraph.

Usually the third quark family is chosen to transform in a different way than the first
two families. But we will assume that the first family transform differently, to address the fact
that m, < my, m,, < mg while m. > m, and m; > my. To state this in a clearer way, we
recall that in SM the SU (2); doublets are (Vg,é)T, (u, d)T, (c, s)T, (t, b)T, with € = e, u, 7. We
can see that the first component of leptons doublets and first quark family is lighter than the
second component. But for the second and third quark families, the opposite occurs. Then we
use this idea to justify that first quark family transform as leptons.

3.2. Minimal 331 Model on Scalar Sector

Among the different possibilities of 331 models, we will present a detailed study on a minimal
model on scalar sector without exotic electric charges for quarks and with three new leptons
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without charged [41] (b = 1/2), where the fermions present the following transformation
structure under SU(3)-® SU(3); @ U(1)x:

_ T . 1
(IféL = <g ;s Ve, N2>L ~ <1/3 1_5)/
ver ~ (1,1,0),
g;? ~ (1/ 1/ _1)/
Neg ~ (1,1,0),

1
QlL = (d/ u, ul){ ~ (3/3*/ 5)/

2
Uir ~ <3/ 1/ §>/ (38)

1
diR ~ <3/11_§)/

2
ulR ~ <3/1/ §>/

QaL = (ua/ da/ Da){ ~ (3/3/ 0)/
1
DuR ~ <3/11_§>/

wherei =1,2,3, ¢ =e,u, 7, a =2,3. We note that the leptons multiplets ¢, consist of three
fields € = {e, pu, 7}, the corresponding neutrinos v, = {v¢,v,, v}, and new neutral leptons
Ny = {N{,N;), N7}. We can also see that the multiplet associated with the first quark family
Qi1 consists of down and up quarks and a new quark with the same electric charge of quark
up (named U, ), while the multiplet associated with second (third) family Q,;, consists of SM
quarks of second (third) family and a new quark with the same electric charge of down quark
(named D, (Dj3)). The numbers on parenthesis refer to the transformation properties under
SU3)c, SU(3);, and U(1)y, respectively. With this choice, the anomalies are cancelled in a
nontrivial way [55], and asymptotic freedom is guaranteed [56-59].

3.2.1. Scalar Sector and the Yukawa Couplings

The scalar fields have to be coupled to fermions by the Yukawa terms, invariants under
SU3).®SU3);, ® U(1)x. In lepton sector, these couplings can be written as

1
Gorlr ~ (1,3, 5) ®(1,1,-1) = (1,3,—%),
—

p*

1 1
7] ~(1,3,z)e(1,1,0) = -
qI[LvZR ( /3/ 3) ®( 7 /0) <1/3/ 3>/ (39)
—

1

_ 1 1
@, Nog ~ (1,3,§> ®(1,1,0) = (1,3,§>,
——
X
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and writing only three terms in quarks sector, for example,

_ o1 2 1 1
QlLuiR - <3 131_5) ® (3/ 1/ g) - <1/3/ 5) D <8/3/ 5)/
———

——
X Color Higgs
— 1 1 2
dr=(3%3,-=)®(3,1,-=)=(1,3,-= )&...,
Qun=(33.-3) o (31-3) = (13-5) (3.10)
——
P
— 1 L1
Q. dir = (3%,3%,0)® <3,1,—§> = (1,3 ,—5) @)
[ ——
"

As usual in these class of models, we impose colorless Higgs (i.e., selecting only the multiplets
that transform as singlets under SU(3)). We note that we need only three Higgs multiplets,
P, x,and 7, to couple the different fermionic fields and generate mass through spontaneous
symmetry breaking. In (3.9) and (3.10) we note that quantum numbers of triplets y and 7 are
the same, which leads us to consider models with two or three Higgs triplets. We will adopt
the first option, two Higgs triplets, due to the simpler scalar sector in comparison with the
scenario with three triplets [41-44].

3.3. Model with Two Higgs Triplets

For the models with two Higgs triplets, we obtain (note that in this model we assumed @; =
X.1me® =p)

@ = (p1,90%98) ~ (13,73,

(3.11)
@ = (995.45) ~ (15°3).

Assuming the following choice to the Higgs triplets vacuum expectation value (VEV) [41]
(D1)y = (0,8, V)T and (Dy), = (32,0, O)T, we associate V with the mass of the new fermions,
which lead us to assume V > 84, ,. We expand the scalar VEVs in the following way:

HY) +iAf HY +iA] HY +iAl
0 $1 1 '0 $1 $1 0 ¢ 2

_ve T e S Tk STk (312)
$ VG $r =t V2 $2 =0 V2

The real (imaginary) part Hg, (Ag,) is usually called CP-even (CP-odd) scalar field. The most
general potential can be written as

2 2
V (@, @,) = 120D, + j20ND, + Ay (@{@Q + Ao ((D;(I)z>

(3.13)
+ 45 (0fy ) (@@, ) + Ay (@@, ) (0fdy ).



8 Advances in High Energy Physics

Demanding that in the displaced potential V (®, ®,) the linear terms on the field should be
absent, we have, in tree-level approximation, the following constraints:

W+ 20 <19f + V2> + 1302 =0,
(3.14)
12+ 15 (8 + V) +20,82 = 0.

The analysis of such equations shows that they are related to a minimum in scalar potential
with the value Viyin = —954; — (87 + V2)[(8F + V?)A; + 83)3]. Then, replacing (3.12) and
(3.14) in (3.13), we can calculate the mass matrix in (Hj , ng, H:ig ) basis through the relation
Ml?]. = 2(0?V (D, D) /aH%iaHg,j), obtaining

204V A3,V 2048V
M% =2 L%V 2L,%2 LS ). (3.15)

2LV A3d, 204 19%

Since (3.15) has vanishing determinant, we have one Goldstone boson G; and two massive
neutral scalar fields H; and H, with masses (note that if )% =411, we obtain two Goldstone
bosons, G; and H», and a massive scalar field H; with mass M%h =4[ (8] + V?) + 1, 05],

where A1, > 0; then imposing Mfil > (0 leads to Ay > 0 and A, > 0)

M, = 200 (83 + V) + 20,87
(3.16)

220 [ (83 + V2) + ,82]7 + 02(02 + V2) (U2 - 41y 1),

where real values for \’s produce positive mass to neutral scalar fields only if A; > 0 and
40\ > A2, which implies that A, > 0. A detailed analysis shows that when V (®;, ®;) in
(3.13) is expanded around the most general vacuum, given by (3.12) and using constrains
in (3.14), we do not obtain pseudoscalar fields Ag)i. This allows us do identify three more
Goldstone bosons, G, = A%l, G; = Agpz, and G; = A;gl. For the mass spectrum in charged
scalar sector on (¢7, ¢, ¢,") basis, the mass matrix will be given by

¥ % KV
M?=20,( 3% & V), (3.17)
V. %V V2

with two eigenvalues equal to zero, equivalent to four Goldstone bosons G%, G and two
physical charged scalar fields with large masses given by A4(8? + 93 + V2), which leads to the
constrain A4 > 0.

This analysis shows that, after symmetry breaking, the original twelve degrees of
freedom in scalar sector leads to eight Goldstone bosons (four electrically neutral and four
electrically charged), four physical scalar fields, two neutral (one of which being the SM
Higgs scalar), and two charged. Eight Goldstone bosons should be absorbed by eight gauge
fields as we will see in next section.
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3.3.1. Gauge Sector with Two Higgs Triplets

The gauge bosons interaction with matter in electroweak sector appears with the covariant
derivative for a matter field ¢ as

i . i
Dy =8, - > SWikar —igxX,By = 0y — > g, (3.18)

where A;, a = 1, ...,8 are Gell-Mann matrices of SU(3); algebra and X, is the charge of
abelian factor U(1)y of the multiplet ¢ in which D, acts. The matrix /j, contains the gauge
bosons with electric charges g, defined by the generic charge operator in (3.1). For b = 1/2
the matrix ,/Ilz will have the following form:

W,
W, + % +2tX,B, VW V2K,
W,
M = VW, ~Wiy + % +2tX,B, V2K . (319)
- 0 —2Wsy
V2K, V2K, 5t 2tX,B,

where t = g,/g and nonphysical gauge bosons on nondiagonal entries, Wy and K7, are
defined in (3.5) with Q; =1, and

—0 1

1
0 _ W, iW. —
Kﬂ_ﬁ( ! 7”), Kﬂ_ﬁ

(Wep +iW3,). (3.20)

Then for the 331 model we are considering (b = 1/2), we have two neutral gauge bosons, Kg

and Eﬁ, and four charged gauge bosons, W;; and K;. The three physical neutral eigenstates
will be a linear combination of W3,, Wg,, and B,. After breaking the symmetry with (®;),
i = 1,2, and using covariant derivative D, = 9, — (i/2) g_/ﬂﬂ for the triplets @;, we obtain the
following masses for the charged physical fields:

M2, = % P02, M= % (% + 8 +1?), (3.21)
and the following physical eigenstates:
! 1 ! 1
Wi = (-0uKE+VWE), K= ————(VKE + W) (3.22)
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The neutral sector in approximation (8;/V)" = 0 for n > 2 leads to the following masses for
the neutral physical fields:

M2

photon

:O,
Mz, = 38 (v2+ 82),

M2 2182192 M
272%° 2\ 392+ g2 )’ (3.23)

02 (3g% +4g2)°

18(3g%+g2)

My, = %g2(vz+ﬁ§).

M2, = §<v2 + 13%) <3g2 + gﬁ) +

We can see from (3.21) and (3.23) that we have one nonmassive boson, which we associate
with the photon, and four massive neutral fields, where the mass of one of them is
proportional to 8, while the other three have masses proportional to V' (new energy scale).
Therefore we can associate the field Z with SM Z,, and the fields Z, K?, and K;g with three
new neutral bosons. We note that (3.23) contains two same of the eigenvalues; thus, the
K} and K’]g components have the same mass, and this conclusion contradicts the previous
analysis in [41], but this is in agreement with [43, 44]. We also have four massive charged
fields, where two of them have masses proportional to d;. Thus we can associate the fields
Wl'f to the SM fields W/f, while the fields K;f are new bosons. The eigenstates B,, W3,, Wg,,

and K%, can be related to the physical eigenstates A,, K ,I(e)w Zg, and Z;? by

Ay
B, Kg,
Wi, -1
=M . 3.24
Wau z (3.24)
o
K, 20

Assuming (8;/V)" ~ 0 for n > 2, we obtain

1 1 1
/—?SW 0 ?TI%VCW+'61 __TW+,62\

N V3
Sw 71 CW+ﬁ3 ﬁ4
MT=| g B 1 1 : (3.25)
—  TwSw+fs —=Tw+
7 Wy 7 wSw + Ps 7 Tw Be
LS V3%
\ 0 I G ST/
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where, again, t = g,/ g and

V3gx S
8 +28x
pr = - 8 2 s p =_ﬁﬁ§T3 C2
LT Ty wewr 2T Tapyriwew
PR W SRR CICE TR b (3.26)
3T v w 4 412 why,
5y = 6C%, 07 — (3 -45%) 02 _ (6C3y 8% +53,03)
4/3V2C5, ' 4tV2CE, ’
203
‘B7__W'

We note that all f; are of order O((d;/ V)?). So, assuming §; ~ O(107!) TeV, for a new energy
scale of order V ~ 10 TeV, all the f;’s are negligible.

3.3.2. Charged and Neutral Currents
The interaction between gauge bosons and fermions in flavor basis is given by the following
Lagrangian density:

-, ) —. . ig .
Ls = Riy" (8, +igxBuXr)R + Liy* <aﬂ +ig:B, X1 + ?AaW#>L, (3.27)

where R represents any right-handed singlet and L any left-handed triplet. We can write
Ls = Lo, + Lo, + Lg,, and in lepton sector, we obtain

Ligp = L5+ L5+ L1, (3.28)
where
£330 = Riy*0,R + Liy*0,L, (3.29)
cC g 7 8 7
L5 = —Eﬁw"mwﬁ - E(zLyﬂz\rgLK; + hec, (3.30)

236 = & ey e + Bary ver + NO YN}, | B, + g.Cry"exB,

8 7 — N 8 —
B [ZLY”ZL +Very"ver - ZngLY”NgL]Wsy - EWL}’”NE}LKO/‘ (3.31)
— _ - —0
- %[&y”& - VELY”VZL] W3ﬂ - %NSLY#VgLK#.
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In quark sector we have that for the first family triplet X = 1/3, and for the singlets d, u, and
U;, we have X = -1/3, 2/3 and 2/3, respectively. Then we have

= élRiYﬂa Qir + élLiYMa QuL,
3.32
\gdeY”uLW+ - %dLy”lllLK* + h.c, ( )

,ﬁglc = gx <dRY#dR ZMRY”MR 2U1Ry”U1R>B + guLy”uLW3,,

CC _
= Q-

— 0
- g_ (dLY”dL +uryfur + UlLY”Uu)Bﬂ - gdLY“dLV\Gu - %ulLY#uLKﬂ (3.33)

2\/ <dLY”dL + uLy”uL = 2U1LYMU1L>W8‘,‘ - %uLy”LIuKO

For second and third families we know that X = 0 for the triplets and X = 2/3, -1/3
and —1/3, for the singlets w3, d»3, D»3, respectively, where u, = ¢, uz3 =t, dy = s,dz = b.
Then we obtain for a = 2,3

‘ES: = QuRiY”aﬂQaR + @aLiY'ua,uQaL/
250 =~ L arytd, Wi - 3wy DKy + he,

V2 V2
8x [ 4— s D~
L0 == [—2uaRyf‘uaR +darytdar + DaRy"DaR] B, (3.34)
8
% # W, — 2=
2\[ uaLY UgL +daLY daL 4DaLY DaL] 8u \fdaLY DaLK

8 8
- E [uaLY‘uuuL - daLY'udaL] W3/4 - EDaLY#daLK‘u-

4. Neutrinos Interactions with Matter in 331 Model

It is well known that neutrino oscillation phenomenon in a material medium, as the sun,
earth, or in a supernova, can be quite different from the oscillation that occurs in vacuum,
since the interactions in the medium modify the dispersion relations of the particles traveling
through it [60]. From the macroscopic point of view, the modifications of neutrino dispersion
relations can be represented in terms of a refractive index or an effective potential. And
according to [60, 61], the effective potential can be calculated from the amplitudes of coherent
elastic scattering in relativistic limit.

In the present 331 model, the coherent scattering will be induced by neutral currents,
NC, mediated by bosons z0, Zﬂ, and K'Igﬂ and by charged currents, CC, mediated by bosons

Wl'f and K;f. Following [61], we calculate in next sections the neutrino effective potentials in
coherent scattering.
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4.1. Charged Currents

The first term of (3.30) shows that the interaction of charged leptons with neutrinos occurs
only through the gauge bosons W;; then, by (3.22) we obtain that the interaction through
charged bosons is given by

\% — ) O
§ Lyt v W, - §%1

V24/82 + V2 V24/82 + V2

The amplitude for the neutrino elastic scattering with charged leptons in tree level through
CC is given by (note from (4.1) that only left-handed leptons interact with neutrinos, as in
SM)

g 5 _ - )
_EKLY#VELW; =- ZLYMVgLK;. (4.1)

2

\% — —ig, _
r= [ ——2— ) Ay (p) 7 ver(ps) "L (ps)
V24/82 + V2 (p2—p1)" - My,
. (4.2)
4 — g _
| ) )y e () —————Fer ()" L (p)-
V24/02 + V2 (p2-p1)" - Mg

For low energies M%,, M%, > (p, - p1)?, the effective Lagrangian is given by

RO & V2 SN [E (e v 43
S Te el Gvoehibvo | CXGIACAG] ILZICOIAUTCOI A

where we used the Fierz transformation [62] to go from (4.2) to (4.3). Replacing (3.21) in
(4.3), we obtain

" 1 2 1 = (1=y) \ (=
i (). .

where we used ( )y to denote the term that appears from the new charged boson. We can
see that for a new energy scale V > 8, the term that comes from the new boson does not
contribute to the process, as expected, since the new charged boson K;f has a mass of the
order of the new energy scale of the theory (see (3.21)).

Now, since usual matter has only leptons from first family, we will restrain our
calculations to the neutrino interactions with first family standard model particles. The term
( ) in (4.4) can be calculated following [61], where we have the correspondence (ey*yse) ~
spin, (eyle) ~ velocity, and (ey%) ~ n., where n, is the electronic density. Assuming
nonpolarized medium and vanishing average velocity, we obtain that (4.4) can be written
as

cC 1 19% 19% —4 v 0

K’
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The modifications on electronic neutrino dispersion relations can be represented by the
following effective potential:

Véczine—ﬁ—%ne+ R ne+o<V*4>. (4.6)
202°° 2v282 2vE )

Disregarding the term ()g. since we are assuming V > ©8;, and remembering that in
Section 3.3.1 we associated boson W’ with SM boson W, we can easily associate

1 o?

V2GF % — - ——.
"7 202 2veel

(4.7)

We note that (4.7) gives limits for the VEV of one of the Higgs triplets. Under assumption
81, 8 < V, we can write Gr = (1/2v282)(1 - 82/V?), from which we can see that the
maximum value of 87 is achieved when we consider (8?/V?) — 0, in which replacing Gr =
1.16637(1) x 10~ Gev~2 leads to

®> < 174.105GeV. (4.8)
4.2, Neutral Current

The Lagrangian for neutrino elastic scattering with fermions f = e, u, d through NC is given
by

— —iguL _
~ 2N = F(po)r" (8he + 8Lk ) £ (P2) mvﬂ (p3)Y* gvver (ps)
2~ F1 - 2!

— —igu) _

+Fpr* (el + 8L) F (p2) r_p ) M )'i Vi (P3)7" gvzver (pa) (4.9)
2—F1) — z

= —iguL _

+F(p)v* (gl + &Lr) f (P2) r—p) M )'§ IV (P3)Y" gviever (p2)-
2~ F1 - K

2, M2, M?% > (p, — p1)” with p; = ps = p and (4.9), and
following the same procedure of Section 4.1, we obtain

For low energies, we have that M?2

sz’ sz Gvk’ 1 _
‘aefoC == Z <g£P M2 + ggp MZ + g]j(c’P M2 >§anELYoveL' (410)
P=L,R z' z K
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4.2.1. Leptons Sector

From (3.31) and (3.24), we obtain that for the known neutral leptons

%WLY”WLB# =Very"ver [—%SWA# + (gT2 Cw + < 8x )Zﬂ

3
g?>x<¢§TW 5)2)]

& Cw + :
%WLY”WLWg =Vory"ver [%SWA - g—KO —g( w+pa) Z0+ g—‘&lZI?], (4.12)

(4.11)

2V 2 B2

g g% o . [(8Sw 8P
RG] "WLY#WL[?SWA X% Rﬂ+<6CW 23 )%

2§<1Tw ﬂé) ]

23 (4.13)

By (4.11), (4.12), and (4.13), we obtain that vertex interactions with neutrinos can be written
as

voLy!"ver A, « 0, (4.14)
ngyﬂveLK’gH o -8761 =Gk, (4.15)
WLy”szg o4 %gCI‘,\} +1m =Gyz, (4.16)
VoY verZ) o (386_—\/25“)Tw +12=Gyz, (4.17)

where

~4¢tC2, 87 + g (1-25%,)03
8tV2C;,

m=

7

(4.18)
gt(1-4C)07  (-gf +2g°Cj, +8g°Cyy, +6ng§v)1&2
2V3V2Cy Sy 24+/312V2C3, Sy

=
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We note from (4.14) that neutrinos do not interact electrically, as expected. For charged
leptons, from (3.31) and (3.24), we obtain

%Zy#eLBM s _—gSWA + <§T5vcw + %m)zg

= (Lnp)z],

8 v -8 gt 8(Cw+ps) o _8Ps,
—EeLy#eLw;‘ =0y 0| = SwAu+ S S Ky, #zo - TZ
8 G wp Wk _ T —g &k ) g Siv gﬁs i1

2f<1TW ﬂ6> ]

9xOrY"€RB,, = Ry R [ - gSwA, + (ngch + gx[ﬁ)ZH

1 /0
_gx<\_f3TW - ﬂz)Z‘u] ,
and therefore

OyteA, «~gSw, (4.20)
QytOKY, 0 0=l = gh, (4.21)
— 1
eLY”eLZ‘B (o4 §g<—1 + T@)CW +13 = gsz,
CRY"rZ;) o Ty Cow + 115 = g, (4.22)

ZY‘ugLZ‘:? (04 )TW + 7’l4 = gﬁrLr

TRy erZ) o —%Tw + 16 = &%) (4.23)

where

(-1+2C%,) 803

N3 =

8tV2C;,
(£ (1+2C3)" - 12888, C2, - 6.t )
114 - 5 7
VG S (a2
8x
115 == 23 [%V/
4tv2cs,
\fgxlsz 3
16 =

4t2V2c2 wr
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and, again, t = g,/g. We note that by (4.20) we can make the association gSw = |e|. Then for
f =e, (415)-(4.17) and (4.21)—(4.23) lead to

1 sz’ sz Gvk’
L 2= | & + 8 + i | MeVeLYOV
eff-e 2Py 2 zP 3 2 K'P 5 12 eVeLYoVer
P:L,Rz M, Mz Mk’

~- i(3 ~2t )2+&<1—T2>
1a4p2g2y2 8 98 Ty BT AW
1/ 1 07
2 = - —1)(1-2c3
2<219§ 2V219§>< W>]L

Ty (2tg<-33) T, 1
WATOXY TS/ W - 1 2 =
+[ 24tng2 4V2 * 2195 2V282 SW . NeVerLYoVer-

Since intermediate neutral bosons in (4.9) do not distinguish between different lepton flavors,
the interaction through NC with electron is described by the following effective potential:

(4.25)

e _yH _vyr _vy¥
VNC - VNC - VNC - VNC’

426
-V VEE o
where
T T2
oL _ w _ 2 w T2
s [144t2g§V2 (3g - 21g:)" + gz (1-T)

1/ 1 07 5

+3 <2_19§ - V%%) (1 - 2CW) N, (4.27)

VOR Ty (2tgx -3g) Ty 1 o 2
NC — . <5 s T a0 SW ner
24tg. V2 4V \ 283 2V283

and index ¢ refers to neutrino flavor. We note that the potential through CC comes from
interactions of electron neutrinos with left-handed electrons, while the effective potential
through NC comes from left- and right-handed electrons.

Considering both NC and CC, we can write the effective potential felt by neutrinos as
Ve =V L VER where

ZL 1 19% ¢L
V8 = — - —= )6eene + VG,
20 2V28] (4.28)
—v¢
VR = VER.

Comparing with SM expression for such potential:

1
Vi = —fch<§ - ZS%‘,)ne, Ve = V2Grn,, (4.29)
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we can find that

T, T2,
L _ y/eL 2
vt =v +[144t2g2‘,2(g 21gx)" +8V2<1 T )]”

2tg, -3g) Ty
VZR — VZR W( _w .
Ne T T omg v avE|"

(4.30)

where we adopt in what follow, the convention that V' denotes SM-like part of the model;
thus, the new terms beyond SM [ ] can be associated with the parameters ¢€’s in NSI [63]. So,
in the approximation (8;/V)" = 0, for n > 2, we obtain

(1-25;3,)8;
525 VZ—C'4’ (431)
. SH(1+25)8
W2 (4.32)
4v2Cy,

We note that on limit V. — oo, we recover SM. The NSIs are a subleading interaction, as

expected. By (4.31) and (4.32), we obtain €5} =~ —252, €55 - (83/V?)T;,.

4.2.2. Quarks Sector

For the quarks of the first family, the Lagrangian density in (3.33) describes the interactions
with gauge bosons W3,, Wg,, and B,; then, by (3.24) and (3.25) we obtain the following
interactions for up quarks:

X — — [ x /1
—%uL}f”uLBﬂ = uLy"uL %SWA‘u - %(;TI%VCW +ﬂ1>Z

(0 -r)7]

(L Cw +
%u_LYﬂuLW;=u_LY#UL gSwA g ! 0 +MZO gﬂ4 ”]I

2V 2
-8 — . [-8 8t
muw”mwg’; = uLy"uL SWA Y 0 (4.33)

w5 ()]

—%MRYHMRB‘M = uRy"uR [—SwA# - § ( T2 CW +ﬂ1>ZO

2 (nn)a)
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The couplings quark-quark-boson for the first family are given by

2
uryfur A, « ggSw, (4.34)
2
URY*urA, « ggSW, (4.35)
_ ) 4
uLy"uLKIgﬂ x —% =g

u_R}f"uRKlg# x0= gl':,R,

. 1
urylurZj, o gg(3 ~T3)Cw + &1 =gY,

_ 2 (4.36)
uR}f”uRZE o —gngvCW +8=g"%

_ : 1
MLY”uLZ,B e /3t (3g +2tgx)Tw = g%y,

2
3V3

ury urZ,) o« —=g:Tw + §a = ghp,

where

b= 8 (—12C5, 07 + (1+2C5,)83)
24tV2Cy,
(o = 128CH (124G )7 + (91 - 2C}, - 8Cy) +6g:5,)8]
24+/312V2C;, Sy
_85w%
6 C;, V2
_ &Sy
2/312V2C5,

7

7

(4.37)
&

G4

We note that (4.34) and (4.35) reflect the fact that quarks interact electrically through photons
with coupling constant Qfsin 6y, as in SM. The effective Lagrangian at low energies for
neutrino interaction with quarks up through neutral currents are given by (4.10) with f = u:

1 Gyy G Go \
‘ENC X ~ _—_ <gulpi + gupﬂ + g;:rpL>an€LYOV€L
quark,u ™9 P:ZL;R ML T M M},
1 4 TI%V 4
= _{ [24\/2 (3+7) + 144142 (0-4¢)
NN (1_%Sz>_ o
202 2v2e2 J\2 37VW/) avael|,

Ty Tw(Bg-2tg) 2/ 1 &
w W x 1 5 _
3l su 5w )8 ,
+[6v2 T B6tgv2 3\ 287 aveer )TW| [reverove

where n,, is the up quarks average density.

(4.38)
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SM predictions, using result of (4.7), can be written as

2
Ve = Viie + V¢ = <L2 - 1921 2> ( ; -s2 ) (4.39)
202 2V202 3

where

1 87 1 2
VuL — R _ 2 "
NC <219§ V2192><2 3SW>n

4.40
e 2(1 # \g Y
Vic =3l == - =—= )Siwnu-
NET U3\ 202 2vedl
By comparison, we obtain
1 T, 07
ul . yyul 4 W fg_ga4)_ _ "1
ViL = VL + [24V2 (3+Th) + Tapiga (O 4*) YRTE 6%]%
. . (4.41)
VIR ~ yuR 4 Tw + Ty (38 ~2tgx) .
NC ™ INC T V2 36tg, V2 “
Then we can say that £}, = iy + £4x, where
¥ 5
gl ~ _ L 2 _qq2
fe0 =72 T pavach (9-85h)
82 S (4.42)
5?5 =~ 2 W
6V2Cy,
Again, we obtain universal NSI, as for the electrons. We note that 5‘55 = —(13% /2V?) +

(383/8V2Cy,) — 2¢47 and in the limit V' — oo we recover SM.
For down quarks by (3.33) and (3.24), we obtain that

8x—— >4 g 8x 1
_?dLY”dLBy = dL}"udL _ESWA# - ? <?T5\/CW +ﬂ1>22

()}

8+ M gSW gﬁl 0 8(Cw + ps) o 8Ps o
—p Ayt AWy = duytdy | =S5 A+ S K, - TR

- — " [-gSw g<1 >0
—=dry"di Wy =dytd A S Z
W rytdr LY S ut 2B\ BIWW Ps

gt

v K zf(lTW ﬁ6> ]
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= — S x /1
%dRY#dRBy = dLY”dL [ - gTWA‘u + % <?T5\/CW + ﬁ]>Z2

+% <—\%Tw + [52> Z/?] .
(4.43)

d_Ly"dLAH x —%gsw,
d_Ry"dRAﬂ o —%gSW,

d_LY#dLK,Ig‘u x0= gltj’L’
dry"drKg, « 0= gig,

— 1 4.44
duytdiZy o —g(3+T)Cw +65= 87, .
dry*drZ) o %T&VCW vo=gh
1
6+/3t

_ , 1
uRy"urZ,) « 358w 6 = Shr

dry*dLZ) o (3g +2tg)Tw + Lo = g%,

where
g% 2
(5= —=2—(3-2S},),
24V2Cy, < )
- (-1+3C}, +6Cj,, —8C%))
243v2C, 83,
, (4.45)
85w
12v2C3,’
4/312V2C5,

& =

Then by (4.10) for f = d, we obtain the following effective Lagrangian for NC:

NC - d GVZ’ d sz d Gvk’ —
‘ﬁquark, a~ " <gz’V M2 +&v M2 + gk'VW NnaveLYovVeL
z! z k'

__[[Gsh-ash) | o4t
~ w
24V2c§\, 144t4V2
(4.46)

1 V2 >< 1 1 ]
+H — - —-=+ —S€v>
<219§ 2V2§2 23 .

S 11
| omvzci T3l oe T 2 | Yaworvover,
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and the effective potential felt by neutrinos when crossing a medium composed by a density

ny of down quarks is foc = VI(I% + Vf}g' where

382, - 28, 9 — 44t 2
VAL ~ [( w w) +( )T4 +< 1 1 ><_1+15%V>:|nd, (4.47)

24v2ch, 1448V W T\ 282 2v2e2 J\ 23

s? 1/1 &
VR | W oo — -t \s2 |u, 4.48
NC [ 24V2C?,‘v 3 <219% 2V219% w |t ( )

Then we can easily see that in SM the NC effective potential for neutrinos in a d-quark
medium, using result of (4.7), will be given by

1 82 1 2
V§C=V£é+V£§z—<—— 1 ><———S€\,>nd,
202 2v29? J\2 3
1 2 1 1
var - ( — - 1 (--+-s2 >n ,
Ne (2@3 2V213§> 2737w
1/ 1 2
dR 1 2
= — - —1_ . 4.
Ve =3 <219§ 2V26§>Swnd (4.50)

Then from (4.47)—(4.50), we obtain

(4.49)

352 - 254 9 — 444
Vf]é:Vﬁé+|:< w W)+( ) 4] 4

24V2CH 1aapvz W "

52
W= V- st
24v2CY,

(4.51)

drs

and neglecting terms of order (8;/V)", for n > 2, we obtain that sge = s% + 5?5, where

192
dL 2 _ 2
“ = SavacT (3 25W), (4.52)
2 g2
gk - Swb (4.53)
12Vv2Cy,

Then we obtain €45 = (83/8V? Cj,) + €45. Note that again in limit V. — oo we recover the
SM.

5. Results

In last sections we saw that in 331 model we chose, all NSI parameters are universal and
diagonal and will not affect oscillation experiments. However, measurements of cross-section
will be sensitive to such parameters, through modifications on gf* [51]. We will now compare
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Table 1: Values for NSI in 331 model and experimental limits taken of the strongest constraints on these
parameters are given in [18, 19, 21, 22].

331 Model Exp. 90% C.L.
-0.14 < L < 0.09
(1-282)02 B2
L. w/ 2 2 L
5;2 = W 0.114 W -0.033 < S;i” < 0.055
-0.6 < ek <04
-0.03 < e < 0.18
2 2
gR = 282 gl ﬁﬂ -0 143<&> -0.040 < R < 0.053
e wee T 2t w : V2 : pp S P

~04<eR<06
-1<el <03

132 132 132 _ 19.2
el v+ ——2(9-85%) o.5o< : 1) leL| < 0.003

T2V2 T 24v2Ch, V2
levl] < 1.4
0.4 <R <0.7
9§ S? 2
urR . P2 Pw 2 uR
Epp = mg 0065<W> -0.008 < Eﬂ# < 0.003
lerr| <3
-03<edl <03
dL 8 2 % dL
ey = W(S -25,) 0.179<W> |eg:| < 0.003
" ledk| < 1.1
0.6 <R <05
dR Sy % dR
ey = —m _0'033<W> —0.008 < &y, < 0.015
letsl <6

our results with those obtained in cross-section measurements. We will assume sinZQW =
0.23149(13).

In Table 1 we can see that constrains in 525 lead to V2 > 4.719%., while the constrains in
gy lead to V2 > 21.783, and the constrains in £}, (|efs| < 0.003) lead to V* > 6083. If 8 has its
maximum value of 174.105 GeV, then V' 2 1.3 TeV. We note also that by |e,'j{;| < 0.003 we obtain
|85 -0%| < 0.006 V?; then, for V ~ 1.3 TeV and 8, = 174 GeV, we obtain 142 GeV< & < 201 GeV.
We therefore cannot predict any hierarchy to the VEV’s 3; and 8. Based on those results, we
obtain the following inferior limits for the new gauge bosons masses:

MK[ = MZ’ > 610G6V,
My > 613GeV, (5.1)
Mg, > 740 GeV.

6. Conclusion

We presented in this work a procedure to show that models with extended gauge symmetries
SUB)c x SU(B); x U(1)x can lead to neutrino nonstandard interactions, respecting the
Standard Model Gauge symmetry SU(3)- x SU(2); x U(1)y, without spoiling the available
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experimental data and reproducing the known phenomenology at low energies. We also have
shown that with an assumption about a mass hierarchy for the Higgs triplets VEV’s we could
qualitatively address the mass hierarchy problem in standard model. Finally we obtained
limits for the triplets VEV’s based on limits for NSI in cross-section experiments.

We believe that the class of model presented here is an interesting theoretical
possibility to look for new physics beyond SM. We restrained our work to a simple scenario,
but flavor-changing interactions can be naturally introduced in the model, leading to new
constraints on NSL
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