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ABSTRACT

Feynman rules for self-couplings of the gauge bosons in the general 3-4-1 model based on the
gauge group SUR)c®SUM@) L ®U(1)x will be presented in this work. The results are checked to
be consistent with previous works. The results also confirm important relations between different
triple and quartic gauge couplings assumed previously for constructing general one-loop contri-
butions to physical processes searched by experiments.
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INTRODUCTION

The self-couplings of the gauge bosons always appear
in the non-abelian field theories such as the standard
model (SM) and models beyond the SM (BSM) and
give contributions to many physical processes. In par-
ticular, this coupling kind gives the key contributions
to loop-induced decay of the SM-like Higgs boson h
— 7y observed by experiments. In BSMthe new self-
couplings of gauge bosons may give significant contri-
butions to this decay as well as many other processes
which are being searched for experiments such as h
— Zy',h — ffy?. These cubic and quartic coupling
types in 3-3-1 models were discussed in many previ-
ous works >3, In this work, we will introduce them in
the 3-4-1 models in the general form (G341) reported
in Ref.%. All other particular 3-4-1 models discussed

previously 71!

can be derived from this general form.
Deviations from some of these couplings with the SM
predictions were searched experimentally at LEP 12,
They may be used to constrain the SU(4);, scale if
the future experimental sensitivities are good enough.
Experimental searches are also being paid attention
at LHC!3. They will be also interesting objects for
planned experiments such as CLIC 14 1 HeC, and the
FCC-he!>!6. Our results of gauge-boson couplings
will be used to calculate the one-loop contributions
predicted by the G341 model to various loop-induced
decays relating to experiments such as h — vy, Z,

frfy.
THE MODEL AND PHYSICAL
SPECTRUM

We will base on the model with the electric charge op-
erator defined as follows®:

0 =T +bTy +cTis +X, (1)

where the coefficient in front of T3 equaling to 1, is
chosen to ensure that the SM group is a subgroup of
the model under consideration: SU(2); ® U(l)y C
SU(4); ® U(1)x. The covariant derivative of the elec-
troweak group SU(4);, x U(1)y is:

Dy =0y —ig¥l>  Wau T, — igxX B, Tie, @)

where g, gX and Wy, By’ are gauge couplings and
fields of the gauge groups SU(4);, and U(1)x, respec-
tively. For any quadruplets being the fundamental
representation (rep.) of the SU(4),, group, the explicit
formulas of the Ta = A,/2 is constructed following
Ref. 7

as the expansions of the Pauli matrices, and Tg =
1/2A 16 = zl—zdiag(l, 1, 1, 1). All of thesematrices

v
satisfy the condition that Tr %% = % Conse-

quently, all structure constants of the SU(4) group are
derived as f . = -2iTr ([T,, Tp]Te) with Ty = A,4/2.
The non-zero values of fabc with 1 <a<b<c¢ <15
are:

123 — 1, 147 — _f156 _ f19(12) — _fl(lO)(ll) =12,
246 _ 257 _ f29(ll) = f2(10)(12) _ 12, 0345 = 367
- £910) _ _B(1)(12) = 15 458 =§, £9(14)
#0)(13) Z 15 $O013) _ (5(10)(14) _ 15 (678 _ V3.
©(1)(14) = _©(12)(13) = 1, 7(1D(13) 2 7(12)(14) Z 13,
£89(10) — B(11)(12) _ 27\1/? B(13)(14) = _13 £(10)(15) _

A11)(12)(15) _ (13)(14)(15) — \/g 3)

Other ¢ values are derived from the total antisym-

oo !

metric property:

fabe _ geab _ fbeca _ _gach _ _ghac _ _fcba'

In this work, the left-chiral leptons are chosen as three
quadruplets, namely

T
—ql —q2
Ly = (Vayeayan ~,a7an >L ~ (174»XL)a

a:e’”7r’

(4)
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where -q; and -qp are electric charges of the extra lep-
tons E, and E; The electric chargeoperator in (1) is
written in terms of the electric charges of lepton in Eq.
(4) as follows

b—qu*l  3p—q—1
- 767 )
3 V6 (5)
X, — qt+aq+l1
L_ff-

The right-handed leptons are arranged as SU(4)z, sin-
glets: eqg ~ (1, 1, -1), Egg ~ (1, 1, -q1), and Egg ~
(1, 1, -q2). To cancel gauge anomalies, the three quark
generationsmust be arranged as one anti-quadruplets
and two quadruplets. This property is beyondthe
scope of this work.

To generate the quark and lepton masses, four Higgs
quadruplets are needed in general. The vacuum ex-
pectation values (vev) of the neutral Higgs compo-
nents are:

<¢1>:(o,0,07%)T,<¢2> (0.0.0.%.0)",
<¢3>:(07 ) (¢4) = ( ooo) . (6)

They give the following mass and physical states of the
non-hermitian gauge bosons:

2(,20,2 2( 24 2
2 g (vitu 2 g (u"+o
My = (4 )vmw13: (4 )v
I 2 (240 . _ S(12+7v?)
W23 . E V2)> W14 . 7 V2)7
go(vi+ g (o°+
Mg = ) y Myzg = 7 ) (7)

where W;;;, is defined in the covariant part of the
SU(4),, fundamental rep. as follows

—vi5 Ayi _ 1
Wy =321 5Wp = 3%

(an VAt vy vaw

V2w~ (22) VaWE V2w
fW q13 \/§W2_3q23 (33) \/5%1724
\/EW ‘114 \/EW*qu \f2W31q34 (44)

o B ),
(22) = (- + Wf)
1= (31 %), 0= (-55), 0

and

Wi W[ + lW2
wian _ Wf Wik iWs sy WoiWy
= > n T ©
wEas _ Wy £iWyg wEa _ Wi £iWp
—a T
wEa _ Wiz £iWy
34 \ﬁ .

We note that the electric charges of gauge bosons
given in the formula of Wy are determined from the
electric charge operator Q given in Eq. (1), where
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fifteen gauge bosons are included in an adjoint rep.
of the SU(4)L group. Changing into the basis relat-
ing to fundamental rep. with generator being Aa,
the action of Q on the gauge multiplet is: QW,J =
[QuWy, Wy Qu), where Q4 = Q [T, = A4/2] ; Va =
1, 15. The electric charge qij of a gauge boson W;;
is [QWM} = q;jWiju. As aresult, q;; is determined
in terms of the electric charges of the newleptons as
follows:
q2=1Lq13=9,q4=993=q1-Lqu=q -1,
Q34 =q2 - qi- (10)

In our calculation, we denote simply that W;; = Wq”
andW/ij:W/ijq" with1 <i<j<4.

As the usual previous assumption, the spontaneous
symmetry breaking follows the pattern

SUM@)L ® U()xYs SUG), ® U2 SUQR), ©
Uy == U()g,

which is used for constructing the matching relation
of the gauge couplings and U(1) chargesof the group
SU4)r x U(1)x and those of the SM gauge group
SUQ). x U(1)y, see detailsin Ref.6. We just focus
here necessary results used to determine the triple and
quarticcouplings of all gauge bosons. The following
relation should be in order: V> @ > u, v.The match-
ing with the gauge couplings of the SM gives:

w4 = v%M = 2462GeV2, (11)

and

gt

8+ (b2 +c2)1? (12)

=bT8 + TV + X1,

| =),

where g; and Y are the U(1)y gauge coupling and U(1)
charge in the SM. The secondformula in (12) is consis-
tent with the identification of ¥ from the definition of
the electriccharge operator given in Eq. (1). Further-
more, it can be seen that N = ¢T3 + X and b = BV3
are relations between parameters defined in the gauge
groups SU(4);, x U(1)x and SU(3);, x U(1)y.

From the equality g;/g = sw/cw, where g is identified
with the SU(2)z, gauge couplingand s%, =0.231 from
experiments, we find that

;o8 2v2sw
-, ) 13)
8 \/17(1+b2+c2)s%‘, (
equivalently,
(@1+02—1)*+2(qf +43) <6 (14)


https://crossmark.crossref.org/dialog/?doi=10.32508/stdj.v26i3.4138&domain=pdf&date_stamp=2023-9-30

Science & Technology Development Journal 2023, 26(3):2888-2896

Eq. (14) results in electric charge constraints of the
new exotic leptons E, and E,,, namely

—(I1—Q2—CI1Q2+%(1+4%+CI%) <4 (15
Eq. (15) is equivalent to (g1 + g2 — 1) +2(q] +
¢3) < 6, implying that |1 2| < v/3. The physical-
states of neutral gauge bosons include one massless
photon Ay and three massive bosons Z;, Z,, and
Z3. One of them is identified with the SM predic-
tion, Z; = Z. Denoting M#; isthe squared mass ma-
trix of the neutral gauge bosons in the flavor basis
<W3 M7W8M7W15u73,;/1)> which relates to the physical
basis (Ay, Z1y, Zoy, Z3y) through the mixing angles
defined as follows®

Can = ct P 22
B=Bra BT e

— /8t — bt
8§32 = 2C a0 (32 = 2. 2)2)
V(B2 4+ VBB
ho =
4V 254353 (— 1 +cy3543bt) 02
85§3w27s%2[(71+C43543bt)2w2+9vz} ’

(16)

Combining the formulas in Egs. (5), (14), and (16),
the mixing angles are expressed in terms of new elec-
tric charges as follows:

3—4(gi—qi+1)s},
= """z

@ 1)\/§cw 7
— 1)t
s3p = A 3 -,
K —3q2+1
caz = — W(‘Ilz q2 ) =, (]7)
\/6-8(@—aq1+1)s},
543 =

st [Ba1—1)’+Bq2—1)*—64192+7]—6
8(2—aq1+1)s3,—6 :

Finally, the relations between physical and flavor base
are:

W3u:ApSW+ CWZ]}J

Wey = Aucsacw —s32swZiy
—cas3Zoy + 5325023y,

Wisy =Apcazewssn — cazsaswZiy
+Zp (c30043¢0 — S43Cqr)

+Z3 (—c30¢4380 — S435a) -

(18)

The above discussion is enough to derive all Feynman
rules for self-couplings of gauge bosons in the G341
model.

FEYNMAN RULES FOR
SELF-COUPLINGS OF GAUGE
BOSONS

The self-couplings of gauge bosons are included in
the covariant kinetic term of the nonabelian gauge

bosons:

) 1 45
kin __ nv
L =—1 ZIFWFa 7
a=
Fauv = au Way — avWau

+8 Zéfczl fabCWbchw
a, b,c =1,2,...,15.

(19)

We use the convention that the couplings g has the
plus in Fguuy , consistent with the formulas of Dy
given in Eq. (2)'®1°, The total antisymmetry of fabc
gives a simpler form of theLagrangian parts L3, and

Ly, corresponding to the triple and quartic couplings:

' WE

e § -
a=1

(OHWY — 9VWS') + Lag + Lag,

Lyg = —gf* (JuWe) WHHW<, (20)

2
8 . /L / /
L4g _ : fabcfah ¢/ urﬁﬂr‘fﬂrb Hyye'v

_ _éfabc‘fah’c’ (Wb_Wh'> (WC.Wc,) )

For simplicity, we omit the sum over all repeated in-
dicesa, b, c,a/,b’, ' = 1,2, ..., 15. In our calculation,
other conventions will be noted if needed.
Lagrangian L3, in Eq. (20) is written in the following
form:

Lyg = 8¥ 03815 Lo<cl /2 (OuWS)
(Wh[.l wev — Wc/Jwbv) +
(permutation [a, b, c])]
+8Yuchecras sl (W)
(Wbu Wev — WeH va) +
(permutation [a, b, c])],

21

where permutation [a, b, c] in the second sum stands
for the two remaining terms generatedby the follow-
ing permutations [a, b, ¢c] — [b, ¢, a] = [c, a, b].
Here, b, ¢ # 3, 8, 15 in both sumsabove, because fube
does not contain simultaneously two indices of neu-
tral gauge bosons. This implies that there are no triple
couplings consisting of two real neutral gauge bosons,
which is consistent with the electric charge conversa-
tion and leads to the coupling type VO v sz_ql . The
first term in Eq. (21) consists of all couplings with one
neutral real gaugeboson. In contrast, all couplings
in the second term have three charged gauge bosons.
The conservation of all electric charges given in Eq.
(10) will constrain allowed couplings, namely

W_W]3W2*3 — h.c.= W+W1*3W237 (22)
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Now, we start from the first line in Eq. (21), which is
rewritten precisely as follows:
LGOGi [(3“W%) (Wl,uWZV_WZuWIV)
+ (permutatmn)]
H(@uW0,) (WS W)
+ (permutation))
(0D, (O - W)
+ (permutation))
(3u08,) (V90—
+ (permutation)]
(908, ) (>
+ (permutation)]
+[(&“W:?4V) (WIS/,LWMV _ W14,uW13v)
+ (permutation)).

(23)

+

WlZ[,Lwllv)

where Wl(j) , is the linear combinations of W3 W8 and

W13, namely
0 _

WIZ[J -
W13;L -

=Ausw +cewZiy,
! (Wﬁ + \/§Wf}) = Auqizsw

Zm(172q1353.,)
2cw ?

0 _ 1 8 15
Wi, = = (—W +V2W) )

2
wZiugsa
= Apqaasy — s

+Lmzz,,( 2cwk2ta+k +2k35%,—1)

2ewky
caZay (2ewky+io (+2k3s3,—1))
- 2cwk ’

3 8 15
2{ (\/W + Wi +2v2W, )
_“13/,L+ 34;1

= Auqasw + “7‘“(1 2014

_ caZay (2ewkata —2k; vw+] )
2cwky
caZW(chszrta(qusW 1))
2cwky )

W204I-l 2\/> (\[W3
W34[,L
21p (1 +2q24s%‘,)
ZCW (24)
caZoy (chkzta — 2/(35%‘/ + 1)
- ZCWkl
caZiy (chkz + 1t (2/(35%/ — ]))
- 2CWk1 ’

0
Wl4u

~2v2W)
—wo
- W23p

=Auqaasw —

and

k= \/374(q%7q1 +1)s‘2,V,
ky =2—s3, (3471 =291 (92 +1)
+42(3q2—2) +3),
k3=2q192+1—q1—q2.

(25)

Every gauge boson pair Wﬁ and Wﬁ*l withb € {1, 4,
6,9, 11, 13} given in Eq. (9) relatesto the two physical

2891

states G:—IQ ~ {WE, Wi3, Waz, Wig, Wog, Wiy} by
the same followingformulas:

0 -0
»_ GutGu
H )
2
i {gw -G,2) (26)
whtl — )
u \/Q

Then Eq. (23) is written in the following form:

0t
L5 = 2t§j§4[<3uWi%) x
(WbuW(b+l)v 7W(b+l)quv>

+(permutation)),

(27)

Then, each line in Eq. (23) is written in term of the
physical states as follows:

(9uG0) [Wbpw(b+1)v_w<b+1)uwbv
=i(uGY) (-GTHGV+ -G G,
—(p1G*) (V0G7) + (mG) (VGY).
G [(aqu) wb+Du _ (9 WbH)Wb“}
=iG" [ (duG) G+ + (9uG, ) GTH]
~(12G7) (V0G) + (mG") (V°G)
_Gon {(avab) W b+1y (8 Wb“)WbV]
= —iG" [~ (duG}) G + (duGy ) G']
(1) (G-G") ~ (V") (G'G).

where we have replace the derivatives with the mo-
menta incoming vertex containing therespective field:
G = —ip1yGY, 9uGf = —ipyy Gy and 9, G, =
—ip3uG,. In addition,G? = A, Zy, Zy, Z3 belong
to the linear combinations of neutral gauge bosons.
Then, theLagrangian (23) is written in a standard
form as follows:

0+
L3G G* ZGO,Gi (—1) X gGO,ij X T/,lvoc (P17P27173)

(GO (p) W (p2) W% (p3)]

where the factor —iggo ;; is the vertex factors of the

respective Feynman rule and

Tuve (P1,P2,P3) = guv(P1 — P2) g

(30)
+8va(p2 = P3)y +8ua(P3 —p1)y

The explicit expressions of go ;; is defined in Eq. (29)
are listed in the table I. They are derived from the lin-
ear combinations of neutral gauge bosons given in Eq.
(23), namely;they are exactly the factors in front of the
physical states of Wl(]’ defined in Eq. (24):

Wi, = L0 8c0,1/Gh = 8a.ijZip

(31)
+82, 20y + 823,23y -

We can see that the couplings of gauge boson W with
photon and Z; are consistent with the results from

(28)

(29)
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Table 1: Feynman rules for triple gauge couplings consisting of a neutral gauge boson in thegeneral 3-4-1
model i.e., the coefficients 860.ij of Eq. (29) Here GZ =Ay, Zyy, withk=1,2,3.

TR VAR Y 1404 -
G W[j Wij 18G0 ij
AWTW ™ -ie
ZIWTW— —igew
; 2
. tg(1+2q23sw)
Z1 W3 W33 — oy
; 2
X ig (14242457 )
Z1 Wy W3y T 2ew
* igcaky
LoWisWiy 2ew
; 2
. igcq (ZCszra 72k3xw+1)
ZyW1aWiy 2ewky
. 2 2
o igcq (—2cwk21a+kl +2k3sW—l)
ZoW3s W3y - 2ewky
* gcakita
Z3Wa3Wis ~ oo
; 2
o igeq (ZCsz +ta (2k3xw 71))
Z3Was Wiy 2ewk

R —i860 i

AW;j VV’j —ie X qjj

ZiWisWis — W

Zi Wi Wi, a W

Zi W34 W3y _ %

ZyWys Wy _ %

Z:WaaW3, LT e U AD)
ZzWis Wi . %

Z3WiaWiy "g”a(20wk22tvtvak(12k3s§rl))
Z3W3a W3y igfﬂf(szkz+zt? vgl;jﬂkﬂarl))

SM. In addition, the photon always couples with two
identical charged gauge bosons Wij, confirming the
consequence of Ward Identity shown in Ref.?°. This
form of photon couplings is also consistent with that
assumed in Ref.?! necessary for calculating one-loop
contributions of gauge bosons to lepton flavor violat-
ing (LFV) decays as well as the anomalous magnetic
moments (AMM) of charged leptons.

Now we pay attention to the triple couplings of three
non-hermitian gauge bosons given in the second line
of Eq. (21).
two flavor and physical base of these gauge bosons

Because the relations between the

are generalized simply by Eq. (26), the vertex fac-
tors corresponding to the Feynman rules are (£) § x
Tuva (p1,p2,P3)-

In general, Lagrangian for all triple couplings is always

written in the following form:

L3g = Y.6,.6,,6, (—1) X g123Tuva (P1, P2, P3)

(G} (P1) G (p2) G§ (p3)] -
which the Feynman rule for a coupling
G (p1)GY (p2) G%(p3) is the vertex factor

ig123, where gj23 = go+ for the vertex consisting
of a neutral gauge boson, as given in Table I. For
allnon-zero couplings between three non-hermitian
gauge bosons, the Feynman rules are listed in the
table II.

The quartic couplings is included in the following La-

grangian

(33)

2
L4g — g fabc'fab C (wab ) (WL‘W{' >

Y

(32)

In the physical basis of all G| GY Gg‘Gﬁ , this La-

grangian is written in the following form:

Lag ~ G GYGEGh X Ty ap — 186y, ¥
/ 4Ly,

r vap i ’ (34
web = at) (063) (969) (968

where the last expression in Eq. (34) is the Feynman

rule for calculating vertex factors of quartic couplings.
uv,op’
lations between four physical states, see for example

In general, I'yy qp # T depending on the re-

for 3-3-1 models introduced in ref.*. Here the tensor

structures are:

Uiv.ap = Suv.ap =28uasvp —8uvEap —8Supsva

Applying the same step of calculations shown pre-
cisely in ref.?2, the Feynman rules ofthese couplings

are divided into different classes as follows.

Firstly, all couplings consisting of only charged bosons

Wl‘; WI}’WI’;O‘W;ﬁ - are writtenin the following

2892
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Table 2: Feynman rules for triple non-hermitian gauge couplings in the G341 model i.e., the coefficients g;,3 of

Eq. (32).
G GyG¥ -igi23 GYGyGY -ig13
W Wi Was 2 W= Wi Wi, -%
W+Wl*4W24 % W7W14W2*4 *%
Wi Wiy Wss % WisWiaWs3, —%
Was Wy, Wag =z Wy Waa W3, -%
forms: and
Lig 2 (Wi W) (Wiw
Z (Wi Wi5)” = (WiWig) (WiWi5)]
g i<j=1
00
+ X jktyex [(WijWa) ( Wkl) LG?GQVVH:gGOGg,H [2(GyG3) (WUVV’;)
1 0 0 0 0
5 (Wi W5) Wy W) + (W W) (Waa- W) —(Giwyy) (G W*> - (G3Wy) (G‘Wiﬁ] (40)

+ X jaayer (W W) (WiWie ) -
1
E((‘/Vij'vvij) (Wi W) + (Wij War) (Wp-Wi5))]

1
S Waa Wy W Wi

1
+[- §W+W24W1§V‘/3*4 3

+W1*3 W24W+W3*4 +h.c.]

1 .
+[- 5W+W23W1*4W3*4 + Was Wi W W5y

1

- EW2’3W34W+Wf‘4 +h.c]

1
=3 WisWas WigWas —
+Wi3 W24W2*3 W1*4 +h.c.]

]W Wi W W-
5 W13 W14 Wo3 W24

where W = W, is the SM charged gauge boson and

X = {(12, 13), (12, 14), (13, 14), (13, 23),
(13, 14), (23, 24), (14, 24), (14, 34), (24, 34)}
Y = {(12, 23), (12, 24), (13, 34), (23, 34)}.

The respective Feynman rules for couplings given in
Eq. (36) are listed in table III. It can be seen that
the Lorentz structures have the same form as the SM
coupling W W™ W~ W~. Regarding the quartic cou-
plings consisting of two neutral gauge bosons. Keep-
ing all neutral states as linear combinations Wi(} of
W3 8,15 given in Eq. (24), we have derived that:
—_y4 0
Lt,6: = Ricj=18 [( ) (W Wf> (38)
* Oy/0

(wiw) (wawd)),

which results in the following forms in terms of the

physical states:

= G'Gywaw P 8000, * Suv.p

(36)

where GO7 G(l) #* GY9 = A with k = 1, 2, 3. The second
line in Eq. (39) or (40) shows the Feynman rules de-
rived based on Eq. (34). Using the relations of W9
given in Eq. (24), which is written generally in Eq.

(31), we can derive all formulas of 8696Y.ij> namely

8060 W W — 800 i =

(37) Glzaz ) 2 G\Gyij (41)
— == . 0::860 i
gG(]J,U ngJJ gGMJ Gy,ij

As a result, all Feynman rules for g o ;; of two neu-

tral gauge boson are listed in Table IV, where the
formulas of ggo ;; = =800.ij>8a0.ij are shown explic-
itly in table I. We note here some interesting results.
Firstly, the vertex factors always contain two identical
charged gauge bosons. The couplings consist of pho-
ton and only SM gauge bosons Z1, W * are the same
as the SM forms. The relations between vertex fac-
tors AZW;; W”7 AW W*
those assumed in Ref.3. Therefore, the general one-

and ZkW,]W* have same as

LGOWI,:gGoGo 1(6°G?) (WUWGF) —(G°'W)) (GOWI?;,)] loop contributions to the decays h — Zy, ffy given in

GO}L GOVWaW B

P (39)

lgGOGO.ij x Syv,ocﬁ

2893
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Table 3: Feynman rules for quartic charged gauge couplings with G =W, W;; with i < j = I,4. Here gG1234 and
F/pm, op are respectively the scalar factors and Lorentz structure derived from Eq. (34) for specific couplings
appearing in Eq. (36).

G'GYGEGh i8613 1y, ap
Wi W WisWes i8*Suv. ap
Wi WiWa Wy, (ij,kl) € X %Sua,wf
Wi WiiWu Wi, (ij,kl) € Y %Suﬁ va
WHWEWaaWsy, hec. %Sﬂﬁ, va
WTWWiaWsy, h.c. %Su;x va
WiaWss Wi, Was, h.c. ig”Suv, ap

Table 4: Feynman rules for quartic couplings with two neutral gauge bosons in the G341 modeli.e., the
coefficients 860G} defined in Eq. (40), where Wiy, =W,/; 1 < i < j < 4;andk=1, 2, 3.The case of G =Glis
allowed here.

GGy WG, 1869c4.ij

AAW; W —icqy;

ZZ Wi W —i(825)°
AZ Wi W —ieqij8zk.ij
L2 Wi Wy (k#1) —i(g2kij8214))

The quartic couplings containing one neutral real
bosons are:

1

Lo /8 = 5 {=V3 (WHW ) (WasWisy)

+[(2Wiy +W3) Was] (W W)

- 1[(W103 +H2W) Wi ] (W Was) +hc )
+ﬁ{ [(*W103 + Wy — 2""304> W+] (Wa4Wiy)
+ (Wi + W3y +W3y) Waa] (WHW) +
(*‘ivl% —2W3y +Way) Wiy (WHWay) +hec.}
e (= WiaWsgWiy (W05 +2W4) )

ﬁ{ 13W3a Wiy (Wi3 +2W3y
W Wi3Wiy, (2W5 + W)
+W1*4W]3W34 (W304 — WIO3) +h.c.}
1 0 0 *
[ (W8 — 2wl ) was | (W
\[2{ 23— 2Wsy | Waz | (WpyWas)
+ [ (W — W) Waa] (WasWiy) +
(W +W3y) W] (WasWsa) +hc ),
where Wl(]) is given in Eq. (24). Changing into the
physical states of neutral gauge bosons GY, it can be
written in the following forms:
LGy, ~ (a3 +a4) (G'G2) (G3Ga)
+a3 (G°G3) (G2G4) + a4 (G°Gy) (G2G3)
Ty p G GYGLG,
Livap=-— (a3 +a4)gpvgaﬁ+
a3gualvp t+a48na8vp;

(43)

where the two factors (a3, a4) are derived from the

particular case of (G°, Gy, G3, Gy). For example the
firstline of Eq. (42) gives (GY, Gy, G3,Gy) = (GO, W,
Wi, Wa3) then a3GOWjy € [— (W + 2w ) Wi
and a4G0W2"3 S [(ZWI% + W203) Wf‘3] . The vertex fac-
tor corresponding to the Feynman rule is /T,y op-
Values of (a3, a4) are shown in two tables V and VI
corresponding to the two classes of vertices contain-
ing SM-like and exotic neutral gauge bosons. The an-

(42)alytic formulas of A, B, and C are:

- \/2+ 2(q1a2+a1+a2) =3 (g1 +45+1)] s

- 6-8(q1 —q1+1)s3y

o 325 (44120192391 + 42 +3)
CW\/6—8(CI%_‘]1 +1)S%V

s (241 +2q192 =31 —q2 +3) =2
e\ f6-8(@—a1+1)s}

A

We can see that the couplings relating with photons
are always proportional to the electric charges.

CONCLUSIONS

Feynman rules for all triple and quartic self-couplings
of gauge bosons in the G341 model were presented
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Table 5: Formulas of a3 and a4 defined in Eq. (43) relating to the Feynman rules for quarticgauge couplings
consisting of one neutral real SM-like gauge boson in the G341 model.

G GYGeGE V2a3 V2a,

AW W Was, h.c. (q1—2)e (g1 +1)e

ZY\WTWiEWas, h.c. *g4[3+2(2qclw_2)5‘2” g[3_2(2qclw+l)x‘2”]

AW W, Way, h.c. V2(q2-2)e V2(g2+1)e
—2)s2 — 2

ZiW W Way, hoc. - g7[3+2\(/qﬁwz)s‘v] = 2%1:/1)%]

AW 3 W[, Way, h.c. V2e(q2—2q1) V2e(q1+q2)

ZWisWiyWag, h.c g[71+2\(/2§(i»1‘,;q2)sa/] g[]i(qz-;qm%/]

AW Wy, Wag, h.c. V2e(—2q1+q2+1) V2e(q1+42—2)

ZiWas W5, Was, hc. L Vltara-9H]

Table 6: Formulas of a; and a, defined in Eq. (43) relating to the Feynman rules for quarticgauge couplings
consisting of one neutral real exotic gauge boson in the G341 model.

G GYGIGE , h.c. V2a3 V2ay
. gcay/3—4(—q1+1)s3, gca\/3—4(—q1+1)s%,
ZoWTWiEWos, hc. — e L
. &Sa 374(q%7q1+l)x‘2v 8Sa 3*4(‘]%*QI+1)S‘2)V
ZWHWisWas, hec. e e e
2 g — —
Z2W+W1*4W24, he. _gea2y Qg1 —g2+1)-1] 2§.vaA V2a3
ew\[6-8(a3—a1+1)5% g
o o2 i _
ZW Wi Was, hc. _ gsal2 Caiga—a1—p+1)-1] ZCesaA Vaas
cw/6-8(aF—a1+1)5%, L7
ZyWi3WiyWay, h.c. gcaB —2gsqA 2gcqC —2g5qA
Z3WisW Wy, h.c. —gsqB—2gcqA —2g5qC —2gcqA
ZyWpsWyysWay, h.c. gcaB —2gsqA 2gcqC —2gsqA
Z3Wos W5y Wiy, h.c. —gsoqB—2gcoA —2g5qC —2gcqA

precisely in this work. They will be necessary for cal-  xxx results and to the writing of the manuscript.
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