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Abstract We present the features of the fully flipped 3-3-
1-1 model and show that this model leads to dark matter can-
didates naturally. We study two dark matter scenarios corre-
sponding to the triplet fermion and singlet scalar candidates,
and we determine the viable parameter regimes constrained
from the observed relic density and direct detection experi-
ments.

1 Introduction

The extension of the Standard Model (SM) gauge symme-
try based upon the higher weak-isospin symmetry SU (3) is
best known for solving the number of observed fermion gen-
erations, generally called 3-3-1 model when including color
and electric charges [1-4]. In order to cancel the [SU (3) Ak
anomaly [5-8], the traditional arrangement is that one of
three quark generations transforms under SU (3) 7, differently
from remaining two quark generations, whereas all lepton
generations transform identically under this group. However,
recently Fonseca and Hirsch have made an interesting pro-
posal where one of three lepton generations to transform dif-
ferently from remaining two lepton generations, while all
quark generations are identical under SU (3); [9]. In this
way, the 3-3-1 matter content is flipped (i.e. reversed), called
the flipped 3-3-1 model. The key for flipping is that the
[SUB) LT anomaly induced by a fermion sextet equals that
induced by seven fermion triplets, where note that the color
number is not counted. Furthermore, the authors have shown
that the flipped 3-3-1 model only realizes a unique and mini-
mal setup of fermion content (see also [ 10]). This flip converts
the flavor matters in quark sector to the lepton sector as well
as leads to the anomalies in interaction of neutrinos with mat-
ter [10]. The lepton flavor violating decays of charged leptons
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and the SM-like Higgs boson in this model were investigated,
all of which were well below experimental bounds [9-11].

It is noteworthy that the electric charge Q and the baryon-
minus-lepton charge B — L neither commute nor close alge-
braically with SU(3); [10]. To close the symmetries on
which we can base our theory, the isospin symmetry SU (3)
must be enlarged (i.e. flipped) to SUB), QU () x @ U (1) n
by symmetry principles, called 3-3-1-1 when including the
color group [12,13]. Here the new abelian charges X and N
are related to Q and B — L through the Cartan generators of
SU (3) L, respectively. Hence, the fully flipping in gauge sec-
tor yields a complete gauge symmetry and it may of course
contain the above flipped fermion content. In this work, we
discuss a model that is based on this complete gauge sym-
metry with the flipped fermion content, called fully flipped
3-3-1-1 model. We show that the model supplies the novel
schemes of single-component dark matter (DM).

The rest of this paper is organized as follows. In Sect. 2, we
provide the features of the model. The mass spectra for the
scalar and gauge boson sectors are considered in Sect. 3. In
Sect. 4 we compute relevant interactions. Sect. 5 is devoted
to the DM observables. Finally, we conclude this work in
Sect. 6.

2 The fully flipped 3-3-1-1 model

As stated, the 3-3-1-1 gauge symmetry is given by
SUB)c®SUB)L®UMx Uy, ey

where SU (3) ¢ is the ordinary color group. The new charges
X and N respectively determine Q and B — L as related to
the diagonal generators of the SU (3), group to be [10]

1 2
O0=T+—=Ts+X, B-—L=—Tg+N. (2)

V3 V3
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The flipped fermion content under the gauge symmetry
SUB)c®SUB)L®U()x ® U(1)y is arranged, such as

gt %250 \/LEV]
yio=| 58 & e | ~0.6,-1/3,-2/3), 3)
\%w %561 E,
VoL = (Vo e Eo)] ~ (1,3,-2/3,—4/3), 4)
Qar = (da —ua Ua)] ~ (3,3%,1/3,2/3), )
ver ~ (1,1,0,—-1), e,p~(1,1,—1,—1),
E,g ~ (1,1,—1,-=-2), (6)
ugr ~ (3,1,2/3,1/3), dyr ~ 3,1,—-1/3,1/3),
Usr ~ (3,1,2/3,4/3). (7)

Here « = 2,3 and a = 1, 2, 3 are generation indices, the
component fields &’s compose a real triplet of SU (2)r, and
the fields E, U have the same electric charge as e, u, respec-
tively. The above fermion content is free from all the anoma-
lies, including the gravitational anomaly.

To break the gauge symmetry and generate appropriate
masses for the particles, the scalar content is introduced as

n=)ny n)T ~1,3,-2/3,-1/3), (8)
p=(o; P pDT ~ (1,3,1/3, —1/3), )
x =060 )T ~(1,3,1/3,2/3), (10)
1 1
ST 58 550
S=| 55 $h 5% | ~1,6,2/34/3, (D
Ls-i- Ls() SO
2713 3723 P33
¢~ (1,1,0,2), (12)

which have the corresponding vacuum expectation values
(VEVs) to be

1 (Y 1 (Y 1 (0
=— o], = , =—10],
(m 7 5 (0) 7 (1; (x) 7 v
(13)
L (000 |
SY=—10k0], = A, 14
(S) 7 OI(;A (@) 7 (14)

where we assume ¥k < u, v < w, A < A. Notice that the
other neutral scalars are Wp-odd, hence possessing vanished
VEV due to the Wp conservation, as shown below.

@ Springer

The gauge symmetry is broken via three steps,

SUB)c®SUB)L®UMx @ U ()N
1A
SUB)c®SUB)L QUM x @ Wp
L w, A
SUB)c®SUQ) L ®@UMy ® Wp
L v,

SUB)c U)o ® Wp

Here W), is a residual gauge symmetry of U(1)y which
is continuously broken along with SU (3), defining a final
residual symmetry Wp = (—1)*®-D) with B — L =
(2/+/3)Tg + N [12,13]. When including the spin symme-
try (—1)%*, we have

WP — (_1)3(B—L)+25‘. (15)

This symmetry divides the model particles into two classes,
as displayed in Table 1, where the new fermions and some
other particles are odd under Wp, while all the remaining par-
ticles, including the SM ones, are even under this symmetry.
Since Wp is conserved, the odd particles are only coupled in
pairs in interactions and the lightest odd particle is stabilized
and thus can be a DM candidate if it is electrically neutral
and colorless.
The total Lagrangian consists of

L= Lkinetic + EYukawa - V. (16)

The first term composes kinetic terms and gauge interactions,

Liinesic = Y iFy" Dy F + ) (D*®) (D, ®)
F (0]

1 1 1 1
— ZG,«MG;” - ZA,-,wfxl‘.‘“ - ZBWBM“ - ZCWCW,

7)

where F and @ run over all the fermion and scalar multiplets,
respectively. Additionally, the covariant derivative and the
field strength tensors are determined by

D,=0,+igtiGi, +igTiA;, +igxXB, +ignNCy,

(18)
Gipw = 0,Giv — 0Giy — &5 [ijk G juGiv, (19)
Aipy = 0 Aiv — Ay — 8fijkAjuAky, (20)
B,y =0,By — 0By, Cuy=09,C,—0,Cpy, 21
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Table 1 The residual gauge symmetry Wp separates the model particles into two classes: even particles according to Wp = 1 and odd particles

according to Wp = —1

Particle v e u d w 12 z,2.,7" N2 P12 X3 S11,12,22 S33 é
B—L —1 —1 1/3 1/3 0 0 0 0 0 0 2 0 2
Wp 1 1 1 1 1 1 1 1 1 1 1 1
Particle £t g0 £~ E~ u?s3 x+ Yo ny 03 X x S5 A
B—-L 0 0 0 -2 4/3 1 1 —1 -1 1 1 1 1
Wp —1 —1 —1 —1 —1 —1 —1 —1 —1 —1 —1 —1 —1
where we denote (g5, g, gx,gn). (t,T;, X,N), and the necessary conditions for the scalar potential bounded

(Gi, Ai, B, C) to be the coupling constants, the generators,

and the gauge bosons corresponding to the 3-3-1-1 sub-

groups, respectively, and f;j; are SU (3) structure constants.
The second term of (16) contains Yukawa interactions,

Lyukawa = hey¥arpear +hE bar x Ear
+hE 1L SEar + Wi v S
+ h%, Qarp*upr + hey Qarn*dpr
+ h,ll]anLX*UbR

+ hY UL nver + hE D pvpre + Hoc., (22)

which were previously presented in [10]. There, all the
fermion masses were properly produced, so we do not refer
to them hereafter.

The last term of (16) is the scalar potential, taking the form

V=Vmn,p, xS+ V(p, mix), (23)

where

V(n, e, x,S)
=uin' n+uio’ o+ uix x + uiTe(sTS)
+am '+ 200" 0% + A3(x T x0)?
+ MTr2(STS) + AsTr(STS)?
+ 26 ) (07 p) + " n + o P) (X" x)
+ (on"n + 2100 0 + A1 xTX)Tr(STS)
+ 220 ) (0" + 23T G + 2a(x o) (0T x0)
+ 25T + 216" (STH) + 1i7(0 9 (ST p)
+ asnp(Sx™) + fix"STx + fanpx +Hel,  (24)
V (¢, mix)
= 1207 + 119 P)> + [haon'n + 2210 0 + 220 x T x
+ 23T (ST P) + (hoap” STpp +Hee),  (25)

where the parameters p’s and fj > have mass dimension,
while the couplings A’s are dimensionless. Furthermore,

from below and producing the gauge symmetry breaking are
M%,2,3,4,5 <0,A123.19 > 0,and A4 + A5 > 0.

3 Scalar and gauge sectors

Because of the condition A > w, V, the field ¢ can be inte-
grated out from the low-energy effective potential of 1, p, x,
and S. As a result, the scalar potential below A has a form
similar to V(n, p, x, S) where its couplings become effec-
tive due to the modification of heavy particles. Indeed, let us
expand ¢ = \/LE(A + Hc +iGc), where He and G ¢ are the
new Higgs and Goldstone bosons associate to U (1) y, respec-
tively. The masses of the new Higgs H¢ and the new gauge
C are proportional to A, m g, >~ /2h19A and m¢ =~ 2gy A,
which are decoupled from the low energy particle spectra.
Hence, we will neglect the U (1) 5 sector.

Now, we consider the scalar potential (24). To obtain the
potential minimum and physical scalar spectrum, we expand
the neutral scalar fields around the VEVs as

S+ +iA) oo
ny (S5 +iAY
(26)
X1
x=| HG+iAY |
JLE(w+Sg+iA3)
1 1
f1+1+ 1 TESE 1 “/_ESIJ%
S = J_ESE 7§(S4+iA4) 5 (81 +iA)) )
5Sh 38 HiAD J5(A+ S5 +iAs)
27

where the fields pg, Xg, and Sg3 are odd under Wp, can-
not develop VEVs, as mentioned. Additionally, since k con-
strained by the p-parameter is tiny, its contribution would be
neglected.
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Expanding all the terms of the potential (24) up to the
second-order contributions of physical scalar fields, the
scalar potential isresultedas V (n, p, x, S) = Vmin+ Viinear+
Vinass + Vinteraction, Where the first term is the potential min-
imum independent of fields,

1
Vinin = Z[Z(M%uz + 1307 + p3w? + uiA?)

+ a4 At 4wt + O + 2s) A
+ A6u2v2 + )qwzu2 + )»ngv2
+ (A9u2 + )»101)2 + )»11w2)A2 + A15w2A2

+ 2Awuv + 232 fiw?Al, (28)

where A = /2 J2> + A18A. The second term Vijipear contains
all the linear terms in fields, should be vanished due to the

gauge invariance, leading to

[2(uf + Au®) + Av? + Aqw? + Ao A Ju + Awv =0,

[2(u] + AaA% 4+ s A?) + rou? + hiov? + (11 + A1s)w?]A
+Qw =0, (32)

where = v/2 fjw+Aguv. These minimization conditions
yield the VEVs u, v, w, A as desirable.

The mass part Viags consists of the quadratic terms in
fields, grouped into Vipass = anass + Vn’?ass + Vrff;‘g‘;ged +
Vr}?;ss + Vré;ss. Here the charged term includes charged
scalars, while the remaining terms describe C P-even and
C P-odd scalar fields, and notice that the primed fields are
decoupled from the normal fields due to the Wp conservation.
That said, after integrating ¢ out, the scalar potential (24)
gives a mass spectrum of the scalar sector including 22 mas-

- . . 0 0,0x 40 +4
s1veH1ggsﬁelds,summarlzedasH1’2’3’4, H ,.,41’2,H11 s

H 1i2, H li H’liz, and H l/oio*, where H 10 is identified as the SM-
like Higgs boson with the mass in the weak scale, while the
others are new Higgs bosons with the masses at w, A scales.

itionally, there are oldstone bosons, determined as
(29)  Additionally, th 8 Goldstone b determined
[2(/1% + 22v%) + Agu’ + Agw? + AoA v + Awu = 0, Gz, Gy, Gﬁ,, G%, and G(I),’O*, correspondingly eaten by 8
(30)  massive gauge bosons.

The mentioned Higgs and Goldstone bosons are related
2(u3 + 23w?) 4+ Aqu® + gv? 4+ (A1 + Ais)A?
[ (M3_+ 3w + A"+ AgvT + (A + Ais) ATJw to those in the gauge basis, such as

+ Auv + 22 fiwA =0, 31)

S1Y _ (Cay S H, S3\ _( Car San H;
$2 Sa; —Coay H )’ Ss Say Cay 4 )’
S"‘l culv ll)2+4A2 w2+ A2
Ay Cor Jorirant ~V TZg0r SarSe o2 SaiCe Gz
Ar —s St Cory U _ w2+4A2c s w2+4A2c c Gy
As =~ LN Ry v w22 Conve w22 tonte Al s
A‘S 0 —Sa3 CeiCaz — SeySa3SaiCa; CeiSazSai Cay + Se|Cay A
0 —Ca; —Ce;Saz — Se;Ca3Sa;Ca;  CeyCazSayCay — SeySas

+ +

17%E | Cu  Sa G,l
- b

)01 —Sa; Cay H1

+ —E< C S, +
0 Sroe | ‘e @ G

) o s Swter Lo L .S
)= u prpppr T fwte fute L]
S Cay Cep H/:I:

13 —Cay m + SauSes  —SasCer 2

Xg Say CaySe; T+ %Ceg —CayCes G(l)/

0 ~ [ v 0
AT Tmae Ce SatyCads || HU

0 /0
523 Cay —SaSes SayCes H,

$H=H?, st=HE stF=HEE (33)
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where we define sy, = sina, ¢y, = cosay, tana| = ty, = m%& ~ 12 (h1sA +2V2f)A, 43)
v/u, and 2 2c4

41+ A15)A + V2 filwA

T 40w + As)A3 — AsA + V2 f)w?
w w

foy = —\  loy = ——,
o3 2[\ o4 \/EA
2[h8(w? 4+ 2A%) — 242 fr Al Auvv/u? + v?

t2 — = )
T V21 W + 4Auv — AwA W + v2)]Vu? + 4A2
) 2V2[(2113 — Aig)wAu + (Agw? — 242 frA)v]Au
2¢0 = = )
T VwI £ 2A{[(2h13 + Ms)w? + 2015 + A1e) A21Au — 2AwAv + 2V2 fi(w? 4+ 2A2%)u}
. —2v/2[(M15 4+ A7) Av — Agwu + 2v/2 fru] Avv/w? + 2A2 34
2e3 = = .
C T WI@his 4 115w Av 4 2(h15 + A7) A — 2AwAu 4 232 fi (w? + 242)]
The masses of the mentioned Higgs fields (the masses of 2 1 5
the mentioned Goldstone bosons vanish, thus unlisted) are mH:’ 2 [AMw +ArAT - _(ffz + MSA)w]
given by (44)
2 2 o 4 Av* + Aguv?)
mH]_u2+v2 1u 2V 6U V"),
1
my, ~ —2—<ﬁfz + AsA)w, (35)
oy
mi, o~ <A3 __ >w2+(k4+k5)A2
34 2V2A
F \/[(Ml + M)A + V2 fiPw? + |:()»4 + As5)A2 — ()»3 + L) sz, (36)
2V2A
2 ! [(2,\ AT+ a2 A |
my. = —>+— 5 1sw? = Ap7
Taa My = =55 GasA +2V2fi)A. (45)
+(W2 fiw + daguv)w] (37) o
2 22 >
mjy, ~-— 2 f1A, miy, =~ ——(\/_fz + AigA)w, For the gauge boson sector, recall that the U (1) y gauge
c; Qa1 . L .
boson is heavy, which is integrated out as ¢ is. Hence,
G8)  the spectrum of the remaining gauge bosons is identical to
m?{ﬂ _ [(2A5A +ausw? — Agu)A those .o.btamed in [10]. That sal.d, we have two new non-
1 2A Hermitian gauge bosons X, Y with the masses at the w, A
+(«/§f1 w + Msuv)w] , (39)  scales, besides the W boson of the SM, as follows
1
2 _ L 2 2 2 2
mHliz ="1A [(4)\51\ + 2X 15w AleU A17V9)A L L )
W//- = \/—(AIM:FZA%/.),
F2(V2 fiw +Alguv)w], (40) 12
] X5y = —= (A4 FiAsy),
s = — (w0 = (V2o + hasmow] @y g
1 2(11 1
0,0x% .
1 Y = —(Aeu FiA7), (46)
m?_l/j: ~5 [)»13w2 +a6A2 — (V210 + klsA)wtal] , " V2 g
! 2
42) m%v ~ gz(u2 +v?),
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2
m2 = gz(uz +w? 4242,

g2
Z(vz + w? 4+ 2A%).

Using the result in (46), we get the charged current inter-
actions of W, X, and Y to be

2
my ~ (47) C — + — + 0% 0
Ly =0 Wi+ X+ 07"y, + He., (53)
: : 2 2 ~ 2
The mass of W implies u +.v ~ (246 GeV)~. For the where the currents are given by
neutral gauge sector, the physical fields are related to the
gauge fields as (A3, Ag, B,)" =U(A, Z, Z))", with
Sw CWCyp CWSgp
L —Lswiwe, — /1 =125, —Aswiws, +./1 - 1i2c
U= Ve J3Swlwce 3twSe  — FSWIWSe 3lwCe (48)
1 —%szw %(sw—,/3—4s%‘,c¢) —%(c(p+,/3—4s%,s¢)
where sy = +/3tx/,/3 + 4%, tx = gx/g, and _ 1 _
. Iy = ——=8Fary" ear, + lary"dar), (54)
V2
_ 1 _ - -
V33— G u? — vierw It = ——=g (V201 .y Erp + Vary" Ear — Uary"dar
fy = " 2 1 42 (49) V2
Cw W VaEF 1 20,1
+ V2, vy oL + &y err), (55)
T . 0 1 _ _
defines the Z-Z 'm1x1r?g angle, ¢. Here A is the massléss Jy*ﬂ — ——g(ﬁelLVMElL + eqr " Eqr
photon field, while Z is the SM neutral weak boson with V2
mass mz >~ my/cw. Z' is the new neutral gauge boson, + Uary"uar +Ey"vir + \/ESL_VM‘?IL)- (56)

obtaining a mass at w, A scale, such as

2

m%, ~ §
Vi 2
3—ty

(w? + 4A2). (50)

The lower bound of w, A is given by the rho parameter
constraint to be ~/w? + 4A2 ~ 5—7 TeV dependent on u, v
relation, as well as the LHC search for Z’ through dilep-
ton products makes a constraint on Z’ mass, myz > 2.25-
2.8 TeV, which translates to

Vw2 +4A2 =my/(3 —13)/g > 4.5-6TeV,

in agreement to the tho parameter [10]. We made a study
deduced from the LEPII bound for the process ete™ —
wt ™ via Z’ exchange [14] which reveals mz > 2.7 TeV,
implying a similar bound for w, A.

(S

4 Relevant interactions
4.1 Fermion and gauge boson interactions

The gauge interactions of fermions arise from,

Lp=Y iFy"D,F. (52)
F

@ Springer

Using the result in (48), we get the neutral current inter-
actions for the neutral gauge bosons,

LY =—eQ(f) fy" fA,
— S et () — 8K (wslf 2
cw

+ Fygt () — 85 (HwsIfZ,). (57)
where e = gsw and f refers to every fermion of the model,
except for the right-handed neutrinos. The vector and axial-
vector couplings of Z are collected in Table 2 as put in
Appendix A. Notice that all the interactions between Z boson
and ordinary fermions are consistently recovered in the limit
o — 0.

The couplings of Z’ with fermions can be obtained from
those for Z, by replacing

87 4 (f) = 85 A (F)(cy = 5pu 59 — —Cp), (58)

which need not necessarily to be determined, but pointed out
in the Table 2 caption.

Notice that vg’s have only gauge interaction with the
U (1) N gauge boson and are obviously integrated out as C
is, since they possess a large mass proportional to A via the
coupling vgrvge [10].
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Fig. 1 Relevant contributions H] H, H] Jig) H; o,
to the scalar DM pair S P kol Heieieieieiieiee e LN .
annihilation into SM particles A L7 ; b ’
=< M Hi,z YHi,z
AT T ! b N
"y H, o H, " i
Hi Hl H{ Hl Hi H1
————— D R RS SEEEEN - ~. -
N * . Hisza -~ .
Y Yy < PE =<
,,,,, <---- - = —————- - - - ~ // \\
Hy H, HY H, Hp H,
H W+(2) H! t H, t
g A H, A 7
&7 ’ &7 ’ & ’
HY W=(2) HY te HY* te
4.2 Scalar and gauge boson interactions Therefore, in the following we study the DM phenomenology
associated with the candidates, singlet scalar H 1’0 and triplet
The gauge interactions of the scalar fields arise from fermion £°. The presence of the triplet candidate, a result of
the fully flipped, would make dark matter phenomena of the
Lo = Z( DFd)T( D, ®). (59)  model completely different from the other theories of this

P

Substituting the physical fields from (33), (46), and (48) to
this Lagrangian, we get the interactions between a gauge
boson and two scalars, two gauge bosons and a scalar, and
two gauge bosons and two scalars in the model, given in
Tables 3, 4, 5, 6,7, 8,9, 10, 11 and 12, which are gathered
in Appendix A. At the leading order, we have verified that
all the interactions between the SM-like Higgs boson and the
gauge bosons are consistently recovered. However, only the
interactions relevant to the following diagrams are needed,
yielding the cross-sections as given.

5 Search for DM

In this model, the two scalars Hl/?z, the fermion EO, and
the gauge boson Y, which all have masses at w, A scale,
are Wp-odd particles and electrically neutral and colorless.
Hence, they may be responsible for the DM candidate. As
indicated in [12] and updated in [15], the relic density con-
tribution of the gauge boson Y is small compared to the
observed dark matter density, so we do not interpret the vec-
tor field as DM. Additionally, if the scalar HZ/O that transforms
as a SU(2) doublet has a correct relic density to be DM,
it should be ruled out by the direct detection experiments
due to a large scattering cross-section induced by Z [16,17].

type, such as the ordinary 3-3-1 [18,19], 3-3-1-1 [20-22],
3-2-3-1 [23], and flipped trinification [24].

5.1 DM as a singlet scalar

We now consider the DM scenario where Hl’0 is the light-
est particle among all of the Wp-odd particles. The DM pair
annihilation into the SM particles, via the most relevant chan-
nels, is described in Fig. 1.

Corresponding to each process, the thermal average anni-
hilation cross-section times the relative velocity is approxi-
mately given by

(OV) by By = #mz, [2)»2%%1 + heca,
Hl
N 20V2 f2Cu Cas — w;a4(o.5;14ca4 + higca;)?
My + M hy
gzsglm%"]]/ miz;
2(mill, + m%) m%

AeUSy; — 2A2VCy,

2
— mHz

=3[ @ —eved, —@ha—housy, |~
4mH],

_ [(Mcgl + Ags2 ) Weay — (hoc2, + A1052,) Asas

+501 Cay (M8 ACey — A18WSe, + ﬁfzcaz)]
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y (A + A1g)weg, — (Ao + A17) Asg,

2 2
4mHl, —my,

2
+(mH3 <> MH, Cay <> Saps Say <> _C(xz)} s (60)
(0] (2x0% + Aeu?)?
ov 'H! — - = s
H{H{—>W*+W 87T(u2 + v2)2m2 ,
1
(% + Aeu?)?
oV 77 = , 61
(CR S T6m (2 1 vz)zmiﬂ (61)
(ov) 3’”;2
ov TH st = T 5 55
HiHy—1t nm%{,(uz + v2)2
1
2.2 4
24002 4 Aeu2)2 2Xx2 — Xe) my,u
(2A2v7 + Au”) i ’ ©2)

16m%11, (4m§11, — mi,z)2
where the annihilation channels into the SM-like Higgs
bosons (H1) involving the H{, H; propagators as well as the
last annihilation channel exchanged by Z’ are infinitesimal,
as neglected, because of the small coupling or non-relativistic
dark matter momentum suppression. Indeed, although the
channels exchanged by Hj , are the same, the HyH|H{*
coupling as proportional to u, v is radically smaller than the
Hi H{ H}* coupling as proportional to w, f>. So the channels
exchanged by H| are suppressed as compared to those by
H;, for which only the H; contribution appears in Eq. (60).
Note that the H> H{ H{* coupling is also proportional to u, v.
Hence, for the same reason, the s-channel contributions of
H; > to the process Hl’ Hl’ — H; H; are much smaller than
those by H3 4. The SM Higgs (H) contribution is straight-
forwardly prevented, while the H> one may become signifi-
cant, as kept, due to a resonance in the relic density when
the DM mass is close to its mass. The amplitude of the
Z'-exchanged diagram is proportional to the DM momen-
tum p = mgv at the Z'H{H{* vertex, hence strongly-
suppressed by |v| ~ 1073. Additionally, the DM stability
requires m H| <Mx =my <mgz, where the last two com-
parisons are derived from Eqs. (47) and (50) for w, A > u, v.
The Z’ amplitude is also suppressed by 1/ mzz, through its
propagation. With the two suppressions, this contribution is
manifestly omitted in comparison to the dominant channels.
Note that Z does not couple to H{ H{* in the effective limit,
(u, v)?/(w, A)* < 1, hence it does not contribute to such
channel too. Furthermore, at the effective limit, the SU (2),
singlets, H3 4, do not couple to top quarks. They do not con-
tribute to the annihilation channel to 7€, unlike the H  in the
above diagram. This H> correction has a size similar to the H;
contribution in the H{ H — H H; process, as mentioned.
On the other hand, since H> 3 4 donot coupleto WW and ZZ,

! There may exist an extremely narrow resonance in the relic density
by Z' mass close to the DM stable limit, i.e. my = %mz/ ~ my,y,but
it is unreasonable and skipped in this work.

@ Springer

as seen in Appendix A, they do not contribute to the processes
H{H{ — WW(ZZ). There might exist 7- and/or u-channel
diagrams associate to the processes H{H, — WW(ZZ),
as exchanged by X, Y, but they are all discarded due to the
(u,v)?/ m%( y suppression in comparison to the H contribu-
tion. Also, such corrections are significantly smaller than the
Y-exchanged diagrams to Hj Hj, which result in Eq. (60).
Finally, the relic density of the H] is Qleh2 ~ 0.1pb/(ov),
where

(ov) =0V i pj— 1y 1y + V) > wrw-

oV w2z OV H e (63)

To study the direct detection for the H| via the spin-
independent (SI) scattering on nuclei, we write the effec-
tive Lagrangian describing DM—nucleon interaction in the
limit of zero-momentum transfer through the exchange of
the Higgs boson Hj as follows

2ﬁm
eff __ “N“q 2 PN
Hi—quark = (27 2y %]1 (2Av° + Aeu”)H{H{qq. (64)

The SI cross-section for the scattering of H{ on a target
nucleus is given by [25]

2m 2

H'N m

JISJI,N = 5 —Lcy) . (65)
1 m nmy
H Hy

where N = p, n andel/N =mpgmy/(my +my) = my
is the DM-nucleon reduced mass. The nucleus factor, Cy, is

42

_ 2 2
= —27(142 I 21 ov” + deu”)

Cn
x 3AfL + Y NZfL A+ (A=D1, (66)
q=u,d,s

where Z and A correspond to the nucleus charge and the total
number of nucleons in the nucleus, respectively, and [26]

FE ~0.020 0.014),  fL ~0.026 (0.036),  (67)
P~ 0018 0.118), fho=1— Y fh. (68
q=u.,d,s

For numerical computation in this subsection and the next
one for DM fermion, we take the following values of known
parameters as [27]

u=v2174 GeV, S%V20.231, a~1/128,
g =~dma/sw, m; =173.1GeV, mpy, >~ 1253 GeV,
A=131, Z=54, my >~1GeV. (69)
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Fig. 2 The relic density of the scalar candidate as a function of the DM mass according to the several choices of w, A, where the DM unstable

region (light red) is the band on the right side of each panel

Since the superheavy U (1) y sector is decoupled, the inter-
mediate new physics regime set by the 3-3-1 breaking scales
w, A is the most relevant to dark matter phenomena. As seen,
the scalar dark matter observables are governed by the dark
matter mass m p; and the new Higgs portals, given through
the new Higgs masses and couplings, that connect the dark
sector to the normal sector. Additionally, the masses of all
such dark matter and new Higgs particles are proportional
to the scalar couplings and the scales w, A. Hence, we will
investigate two alternative benchmark choices of parame-
ters, either fixing w, A while changing necessary couplings
or varying w, A while fixing relevant couplings, which might
lead to distinct new physics results.

5.1.1 Fixing w, A while varying necessary couplings

When the new physics scales w, A are fixed, the dark matter
observables depend on the dimensionless (A’s) and mass-
dimension (f’s) scalar couplings. Among these couplings,
we choose the two typical parameters, f> and A,, to be varied,
while the remainders are fixed as

Ao =—0.2, As14,17,18 = —0.01,

fi=—w. (70)

A3,4,7,8,9,10,11,12,13,15,16 = 0.5,
Note that A is related to A, via the SM Higgs mass. Although
Az can be changed, we will choose only three values of it that
characterize its viable range, simultaneously making the DM
phenomenology suitable, as supplied in the following figures.

In Fig. 2, we depict the relic density as a function of DM
mass which all vary upon the variation of f> and simultane-
ously show the DM unstable regime (light red, when H is
not the lightest Wp-odd field) according to the several selec-
tions of the new physics scales w and A. These selections
are consistent with the constraints from the p-parameter, the
LHC dilepton, as well as the charged lepton flavor violat-

ing processes and nonstandard neutrino interactions, as stud-
ied in [10]. Additionally, throughout this paper the choice
A ~ w would characterize the strength of the SU (3) ;, break-
ing down to SU (2) 1, as assumed from the model setup. The
viable DM mass regime is given below the correct abundance
Qh? < 0.12 and before the DM unstable regime. We see that
each density curve contains three resonances, corresponding
tomp =mp,/2,my =mp;/2 and my: = mp, /2, where
the relic density is largely decreased. The variation of A,
slightly separates the relic density and this is also valid for
the whole viable range of A, ~ 0-0.7, since A1 > 0. When
w, A are large as in the right panel, the DM mass upper bound
is increased but appearing an excluded intermediate region
according to 2h% > 0.12.

With the benchmark choices in Eq. (70), the DM mass
variation in Fig. 2 is exclusively obtained by varying f>, as
mentioned. But, such variation of f> also leads to the changes
of the masses of other fields, which are described in Fig. 3.
Here we do not explicitly label the lines of the same field
type for simplicity. Note also that the X, Y gauge bosons are
almost degenerated in mass. Obviously, all the new scalar
fields in the model except the dark matter obtain mass values
safely above O(1) TeV. There is a range of f, where H| is
the lightest Wp-odd field, set by the X, Y mass, as imposed
to Fig. 2. Note that in the unstable region of Fig. 2, the DM
scalar proceeds to decaying into X, Y bosons through chan-
nels, Hl’ — YH,,YZ, XW, derived by the corresponding
vertices in Appendix A, which would be kinematically sup-
pressed. Last, the dark fermions &, E, U have masses pro-
portional to the relevant Yukawa couplings in Eq. (22) which
can easily be chosen, such that these fermions are heavier
than the scalar DM. So we need not refer to this case here.

The ST DM-nucleon cross-section (65) depends only on
the DM mass m H] and the scalar coupling A, where the
remaining parameters u, v, A¢ were fixed as mentioned. The
choice, change, or variation of all the relevant parameters

@ Springer
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Fig. 3 The masses of the new scalar fields and the odd gauge bosons as functions of the parameter f, according to the several choices of w, A,
where the dark field lines are put as red and the DM stable regime (i.e., below the light red background) is bounded by the X, Y line
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Fig. 4 The SI DM-nucleon scattering cross-section limit as a function
of DM mass according to the several choices of A2, where the excluded
region (light red) lies above the experimental (green and yellow) bands

in m HY» such as w, A, f> and so on, effectively modifies
only the DM mass. Hence, although we have several cases
for parameter values, it all leads to the cross-section depen-
dence only in terms of m H]» A2, yielding a common result.
In Fig. 4, we depict the SI scattering cross-section of H{ on
the nucleon according to the above choices of 1, as well as
show the experimental bounds from XENONI1T [28], where
the black line is the ST WIMP-nucleon cross-section limit
at 90% confidence level, while the green and yellow bands
are the 1o and 20 sensitivities, respectively. We see that the
scalar DM mass below around 500 GeV is excluded by the
direct detection experiment for A, = 0.12. Hence, in this
case the viable scalar DM mass regime is around 500 GeV to
a few TeV (cf. Fig. 2). However, the SI DM cross-section is
quite separated for the variation of A;. In the latter cases for
A2 = 0.05 and 0.01, the respective lower bounds of Hl/ mass
are above 1 TeV. If X, is bigger, i.e. A > 0.12, the DM mass
is close to the weak scale, and in this case the DM would be
subject to the electroweak precision test and collider bounds,

@ Springer

which is not studied in this work. Additionally, when A, is
smaller than 0.01, the viable DM mass region is narrow as
constrained by the relic density and the unstable regime.

5.1.2 Varying w, A while fixing relevant couplings

Since the new physics scales w and A govern all the DM
annihilation channels, it is interesting to recast the above
investigation in which w and A are varied instead of f>. For
this aim, we choose f, = —4 TeV, without loss of gener-
ality. As mentioned, w, A commonly set the strength of the
SU(3)r breaking, it is suitably to impose w ~ A, while
both these parameters are simultaneously run from a lower
bound as supplied in Eq. (51). We also vary A, while fixing
the values of the other parameters as in the previous case.
The results of the relic density and the mass variations are
shown in Figs. 5 and 6, respectively.

As we see from Fig. 6, all the new particle masses signif-
icantly change upon the new physics scales, apposite to the
previous case as f> varies. Additionally, the DM scalar is sta-
bilized if w > 7.75 and 4.75 TeV corresponding to the cases
in the left and right panels, respectively. This translates to the
unstable regions as lower bounds on the DM mass accord-
ing to the left and right panels of Fig. 5, unlike the previous
case. With the choice of the parameters, there are only two
resonances in the relic density as seen in Fig. 5 set by the
H3 4 masses, i.e. mpy = %mm and mpy = %mm, respec-
tively. This can also be realized from Fig. 6 by comparing
relevant masses. The splittings in the relic density and the SI
DM cross-section according to Ay are similar to the previ-
ous case. Here note that the SI DM cross-section remains the
same previous case, since it depends only on the DM mass
and A».

That said, the viable scalar DM mass regime is now either
from 5.25 t0 6.85 TeV accordingto A = 1.1w or from 3.65 to
4.2 TeV and from 5.4 t0 5.67 TeV according to A = 1.5w, as
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Fig. 5 The relic density of the scalar candidate as a function of the DM mass, which all vary according to the variation of w and A, but with several
relations as fixed, where the DM unstable region (light red) is the band on the left side of each panel
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Fig. 6 The masses of the new scalar fields and the odd gauge bosons as functions of w according to the several relations between w and A, where
the dark field lines are put as red and the DM unstable regime is input as light red background, which is bounded by X, Y line

Fig. 7 Dominant contributions I

to the fermion DM pair

annihilation into the SM

particles Z'

fOc

bounded by the unstable region and the relic density QA% <
0.12. Such ranges are appropriate to the SI DM cross-section
bounds.

5.2 DM as a triplet fermion

The & triplet components have a degenerate mass,
me = —/2hE A, (71)

at the tree level, as induced by the VEV of the scalar sextet.
But, the loop effects of gauge bosons can make £* mass

Vi€ ,Va,€q, 4, Z &0 S S v1,ep
YO, X+
R R T e
larger than £° mass by an amount,
me= —mgo = 166 MeV, (72)

as shown in [16]. Hence, £° is first regarded as the lightest
of the triplet components. We further assume that £° is the
lightest particle among all of the other Wp-odd particles and
thus £ is responsible for the DM candidate. This scenario
was briefly discussed in [10], in which the field £ yielded the
correct abundance and satisfied the direct detection bounds,
provided that it had a mass mzo =~ 2.86 TeV. Here in the
present work, we will explore the full viable mass region
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Fig. 8 The relic density of the fermion candidate as a function of its mass according to the several choices of w, A, where the DM unstable region

is input as light red

of &% and investigate physical density resonances which are
crucial for the experimental detections.

It is obvious that the DM candidates mainly annihilate
to the SM particles. The dominant channels for the fermion
DM pair annihilation £° to the SM particles are presented in
Fig. 7.

The thermal average annihilation cross-section times the
relative velocity is approximated as follows

(Jv>§0§06~>SM SM

4 2 / 7
g'm , D) Z 2+ V4 2
_ £0 [gv (EO):I ZNC(f) [gv (H] [gA (N1
7

P 2 2
T Cy 16(4m§() _mz/)2
2 2
872 zH W
32g2m7 (4m3y — m7,)?

v gf et e
(mgo + m%/)z Z(mgo + m%)(4m§o - mZZ/)
+(v e, my < my)l}, (73)

where f denotes the SM fermions and the masses of the new
gauge bosons are assumed to be much larger than the masses
of the SM fermions. Note that £° can also annihilate to the
SM Higgs boson via a s-channel diagram, exchanged by the
new Higgs portal, Hs 4, because Hj 4 couples to &9 via the
coupling hé ~ mg /A and to H; via a coupling in the form
of & x (w, A), where A is a combination of the known scalar
self-couplings, A’s. This contribution may become evident
with the interesting resonances at m §0 = MHs, /2 in the relic
density, similar to the scalar DM case, as studied above. In the
present case, we are most favored in investigating the gauge
portals, which are not significant in the scalar DM case. For
this aim, the H3 4 contributions to the total annihilation cross-
section can directly be suppressed, as omitted, by assuming
that X is radically smaller than the gauge coupling constant,

8.
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Note that £° does not interact with Z at the effective limit
u,v < w, A. To investigate the direct detection of the field
& 0 via the SI scattering on nuclei, we write the effective
Lagrangian that describes the interactions of £° with funda-
mental level quarks, induced through the 7-channel exchange
of the field Z’, such as

2
eff __ 8 £0. 1,2 (50 0~
£0—_quark — Wé v ey ) = y5)E Gy

x (g (@) — &% (@)yslq. (74)

Thus, we obtain the SI cross-section for the scattering of the
& Oona target nucleus [25],

4.2

g My
ST EON e 0N72
O’SON - 167[(’;14/}’}1%/ [gV (é )]
, , 2
X b W) (Z + A) + gL (d)2A—2)| , (75)

where Mgoy X My.

For numerical computation in this subsection, we take
mz =~ 91.187 GeV and relevant parameters given in (69).
In Fig. 8, we plot the relic density of the DM as a function
of its mass according to the several choices of w and A. We
see that each density curve always contain a quite narrow
resonance at mgo = mz /2, at which the relic density is
substantially reduced, tending to zero. Whereas, outside the
resonance region, the relic density slowly increases. Since
the gauge couplings are fixed and that the Z-Z’ mixing angle
is small, the relic density only depends on mgo and w, A
through my y 7. It is proportional to m‘)‘(’ v.z/ mgo for mgo

close to the weak scale, while it is proportional to m2, for m £0
much beyond my y 7. Because the range of the DM mass
considered in Fig. 8 is narrow, the corresponding relic density
outside the resonance region is weakly changed as scaled by
the resonance mass m 2. To see a significant change, we make
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Fig. 9 The SI DM-nucleon scattering cross-section limit as a func-
tion of DM mass according to the several choices of w, A, where the
excluded region is input as light red

an estimation, QA% = 2.8,0.7, and 3.75 for mgo = 1,20, and
50 TeV, respectively, according to the right panel. Whereas,
Qh% = 0.6 and 3.6 correspond to mgo = 20 and 50 TeV,
respectively, according to the left panel. In Fig. 9, we plot
the SI scattering cross-section limit as a function of the DM
mass according to the above choices. The limits are in good
agreement the constraint from XENONIT [28]. Combining
the results in Figs. 8 and 9, the viable DM mass regime is as
follows: mgo = 1.3-3.2 TeV for w = 5 TeV, A = 6 TeV;
mgo = 3.5-4.4 TeV for w = 8 TeV, A = 9 TeV; and
mgo = 4.9-55TeV forw =11TeV, A = 12 TeV.

Last, but not least, the scalar sextet (S) and triplet () are
decomposed as
S~6=30201, x~3=201, (76)
under the SM SU (2);, symmetry at the effective limit. Here
S33 and x3 transform as the SU(2); singlets respectively,
hence they can develop the VEVs, (S33) = A/+/2 and
(x3) = w/ﬁ, for breaking SU(3); down to SU(2), as
conserved. At this stage, w, A contribute to all the new parti-
cle masses, as seen in the new gauge and Higgs bosons above.
Additionally, w gives exotic quark mass, while A provides &
mass, and both w, A supply E mass. All that implies a sim-
ilar role between w, A as mutually contributing to the new
physics and interacting of their fields with the SM. Although
we have chosen A > w in interpreting the results, we reex-
amined that an opposite choice, w > A, or including both
cases, but always ensuring w ~ A, lead to the same physics.

6 Conclusion

In this work, the fully flipped 3-3-1-1 model has been inter-
preted. The scalar sector has explicitly been diagonalized,
yielding the appropriate particle spectrum. We have shown
that the model naturally provides the two DM candidates, a
singlet scalar and a triplet fermion, with the masses in TeV
regime. We have determined the physical resonances in the
dark matter relic density, which are set by the new neutral
gauge boson and the new neutral Higgs boson according
to the fermion and scalar densities, respectively. A further
experimental search for these resonances is crucial to probe
the existence of dark matter.
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Appendix A: Couplings of fermions and scalars with
gauge bosons

This appendix is devoted to determine all the couplings of
fermions and scalars with gauge bosons, given throughout
Tables 2, 3, 4,5, 6,7, 8,9, 10, 11 and 12, according to
the various types of interactions. Here, we have frequently
utilized the notations, A?B = A@B) — (0A)Band Y =
VAA2 + w?)/(u? + v2). While the form of the fermion and
gauge boson interactions is explicitly displayed in the body
text, let us remind the reader that each scalar and gauge boson
interaction is directly determined as its vertex times coupling;
neither extra imaginary unit nor derivatives with respect to
the vertex fields as set for the Feynman rules are supplied.
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Table 2 The couplings of Z with fermions (f # vg), whereas those for Z’ are obtained by replacement: ¢, — s, and s, — —c

z z
f 8y O] 8A N
v SpCaw +cp/ 1420w spCow +cp/14+2cow
! 2/T+26w 2/T+2c2w
v _sw—cw/l-%—Zczw _s¢—c¢~/l+2qw
o 2J1+2co0w 2142w
e (sp—cpy/IHIcow) Geow 1) so—cyyTH2cow
1 2/ 2w 22w
e Sg (2w —2)—cp/14+2cow Qcow —1) _ SpCaw+cp/ 1+2cow
o 2 1+2cw 2142w
u Sp(d—caw)tcp/1+2cow (4w —1) SpCaw +Cp/1+2co0w
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Table 3 The interactions of a neutral gauge boson with two scalars
Vertex Couplin, Vertex Couplin,
pling pling
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Vertex Coupling
T -8 .o .
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Table 3 continued

Vertex Coupling
<~ _
ZHy 9 1A \/T%[calsal (20, Cas + SarSas)Ce; F (SazCas — 2CarSa3)5e ]
—w
<~ i
) - g+ ig u 2 2 2 _ 2 2 2
Z,HT 9 MH 2ck, 3"%/[W o7 CWS2s 826, T 8q, 56, — 2w (265, + ¢, 56,)]
<~ i
7 ql— Jay+ —ig u _ 42 2
ZILHI 0 HH, 2\/g[ix/mszmcq +(1 ty +25a4)552]652
<~ i
7 = I+ ig 2 22 2 2
Z,Hy 0 o ﬁ[1 + 55, — 20y (e, cq, + 2551
2ciy4/ 3ty
< —i 2 2 2 2 2
Z, "™ o +H — =[G CayS2es — Say56, + Deaw + ¢y — 55,521
2¢iy+/ 3ty
<~ —i 2
Z//LHI/O* a MHZ,O T%(%COMCQ + zcwsgﬂfs + 5e3)Ce;
2¢iyy/ 3ty
0% < 0 —i 2 2 27,2
Z, H" 5 " Hy \/%[%Cﬂmsks = (I + 1 + 254,)cz, +2]
2,/3-1%,
Table 4 The interactions of a charged gauge boson with two scalars
Vertex Coupling Vertex Coupling
<~ i <~
+ nE— —i8 + g0 "= :
W, Hy, 0 "H, 5 WiHs 9 “H, ig
<~ <~
+HT 9 rHTE —i THT 9 M =&
W, Hpj 0 MHp, ig W, H 09 *A > Ts¢
- . _ <> ;
WiH 9 A £Ycq WiH 9 * H %(%cwcﬁ + Se3)Ses
<~ i _ <> e
WhH™ 8 *H s c WHHs 9 “HO 28 (L ey Cen + Sey)C
w 't 2 2 ebes n 't 1 72 VwCaales T Se3)Ce
<~ ; <~ ;
WtH, 9 wHD Lo XtH 8 *H™ g C
w2 2 J2 et w 1 2 ‘taiter
<> — —i <> — —i
X H 9 "Hy S5 oy 86 X Hy 9 " HY 501 Cey
<« i <« i
X Hy 0 "H L 50y 5y XHy 0 "“H B (V250504 + CayCay) ey
<~ ; <~
+ I— ig + - I+ ; u
XM Hy 0 MH, % (Soy Cay — \/icazsm)cez Xﬂ Hp 9 "M, ﬂg(mcmcfz + SaySe;)
X Hy ?“H/Z‘L 185y Cey X;H&?“H{O i—\}%smsg3
<~ i <~ i
+pg— g0 8 + - g /0% 18
X, Hy 0 "H, 7 SasCe; X, H 9 "H, 75 CanCes
<~ i <~ i
+ - /0% —ig v 0 /0% 8
X, Hy 9 "H, fcm(acmc63 + Se3) Y, Hi 0 MHj 55 Ce3
<> —i ) <> i
YBHl 0 MHZ/O* Tgsﬂll (se; + icmcfs) Y;9H2 0 MHI/(M< 7gcalc53
<> i ) <> i
Y!E)HZ 0 MHZ/O* 7gca1 (563 + iccmcq) Y,9H3 0 #Hl/o* %[%Cogch + (Co(zca4 + ﬁsazsa4)se3]
<> —i < i
Y!9H3 0 MHZ/O* Tg(cazca4 + \/Esazsom)ceg Y3H4 il MHI/O* %[%sach + (sotzcot4 - \/Ecazsom)se;]
<~ i <~ i
0 10% g 07— I+ —ig u
YHH4 0 MHZ 7(\/26‘0,25'6!4 —Sazca4)653 Y#le d MH] W(W%@CQ +S(14S62)
<~ i <~ i
YOH & HHSE & SauC YO 8 HH] L& 50,
w12 2 et wty 1 /35 Cer
<> i
YSH'2 3 rHF ’—\/%s,,,]s€2 No data No data
Vertex Coupling
< 1— —i
X Hs 0 MH| Tg[ﬁ(ﬁsazctm — CarSay)Cer + (V250 Sy + CarCay)Ses ]
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Table 4 continued

Vertex Coupling
+ 1,5 - i u V2 NG
Xﬂ Hy 0 "H, T[W( 2Cay Cay + SarSay)Cer + (W 2CarSay — SayCay)Ser |
_ <> —
XPH 9 A V2503 Sy + Cas Cas)Cey Ser + Sar (Cay S Cag Sy + V)56, ]

<>
XHIH 8 A

X;H;?“Al
x;H’;?“Az
YOH 9 h A
YOH* 5 1 Ay
YOHP 9 1A

YOHP 5 1 Ay

SEL(V 250350y + CasCay)Sey Sey — Sa (Cay Sz CaySer + Vey)ce, ]

E1(V/25035ay + CasCay)Ce; Cey + Sy (Cay Sy CasCey — T5e3)5¢, ]

S1(V/25035ay + CasCay)Se; Cer — Sa (Cay Sas Cay Cey — VSey)Ce, ]

S1(V/ 250350y + Cas Cay)Ce; Ses + Cay (Say Sas Cay Se; — T ey)se, ]

S1(V/ 250350y + CasCay)Se, Se; — Cay (Say Sas CagSes — Y€z, ]

(V250350 + Ca3Cay)Ce; Ces + Cay [Say Sy Cay ey + T (L CayCes + 565)]5¢, }

(V250350 + Ca3Cay)Se, Ces — Cay [Sa Sz Cay Cey + V(2 CayCey + Se3)1ce }

Table 5 The interactions of a scalar with two gauge bosons

Vertex Coupling Vertex Coupling
2 2
’ & _ & 212
H\ZZ 2L_%,V\/m(ucm VW Sa; ) H\ZZ i u>—+v
2 2
17! 8 2 / g
H7Z'Z 3 (20 (ucy, + vy Sa) H7Z7Z oy e
2 2
H,7Z'7' léﬁusﬁ,sm H3Z'7' Hgﬁc%‘/(wcaz — 4Asq,)
2 _ 02
HyZ'Z' léﬁcé‘,(wsaz +4Aca,) HZy% T UCe
2 _o2
HZ'y% Zczgﬁ@wc%vcmsg3 — VCey) HYZy% ﬁv(s63 + Leasce)
w —w
10 77y 0% -2 2 - & T2
Hy'Z'Y mecwcmce3 + VSey) HWT™W SVum+v
wy - T w
2 2
HiXtXx~ 8 ucy, H;YOyo* 8 vsq,
2
Hy X+ X~ £ s, Hy YOy 0* Ly,
2 2
H3XtX~ & (Weay — 2A5a,) H3YOy0* & (Weay — 2A5a,)
2 2
HyXtX~ £ (WSay +2Acq,) HyYOv 0 & (Wsa, + 2Acay)
Hpoxty°0 A H wW+z' Usq,
31},
_ o 2 I~ w+y0 &
H Xty g—ﬁusal HWTY e
2 2
HX*Z' —E[2weg, se, +u(l — 13, + 262 )ce, | HX*Z £uce,
2,/3-13, 4 W
- 0 2 - x+ =g
Hy WY 2%/3“52 Hy, XTA - uswse,
2 2
Hy XtZ' £ [dwcg,ce, —u(l — 3t%v)s€2] Hy XTZ Tu@ - ZC%V)SQ
4./3-13, o
2 2
HOW*Xx~ %vce3 HYW* X~ ;’WU(SQ + Legce;)
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Table 6 The interactions of a neutral and a charged gauge boson with two scalars (Table continued)

Vertex Coupling Vertex Coupling

AWTHOH 775'225‘/\/(&3 + 1 CayCes)Se AWTHHS gjzzsw(sé3 + 35 CayCe; ) e,
AW HPH %swsech AW HOH, _T;swcech

AWYH HY 3g%sw AWTH, HY gsw

AW*H Hy Lsw AWTHT Ay = Ysyse,

AWHHT A, sy, AXTHLH *Té’;swswf3

AX+H HY 5w susces AX*H H% 5w e

AX*H{HEO* %zzswco[1 (Sez + 5 CayCe3) AX*H{IH/I+ %i_wzsw(wsgz + UCq,Cer)
AX+H1_1H’2+ —3(572sws0,4c62 AX‘*'H'; H 7ngswc0[l Cey

AXTHH, %ﬁstmcq AX*H, H) %,ZSWC"”SQ

AX"'H/{ H) _ngswso,ls62 AX'*'H/; H3 %sw(co[zco[4 + \fZSD,st)CEz
AX*’H/Z_ Hy %sw(smc(,4 — \@co[zsm)c€2 AYOH["’HI_ —«ﬁgzswsal Cep

AYOHlJrH/{ —\f2gzswso,lse2 AYOHIEHTL %SW (WSey + UCqyCer)
AYOH HS —V28%5wSayce, ZWrH HY g2 (cw — 2swiw)
ZWHHHY —2(cw + 2swiw) ZWHHOH %swtw(sq + Leg )5
ZW+H1’0H/27 _Tg;swtw(s63 + £ CayCey)Ce ZW'*'HZ/OHT _Tg;swtwsqc63
ZWHHOM, %swzwcch ZWHH H, £ swiw

ZWHHT Ay & Yswtwse, ZWHH] A = Yoy twee,

ZX+HLHY %(2 — CaW)SasSes ZX+HHY ﬁ(cw — D)Suser
ZXTHH, 2 - cawdew cq ZXtHHy £ - s e
ZXHHS H) B2 - e s, ZXHH Hy 2= cawIsan e,
ZXTH, Hj %czw(cazco,4 + V250,50, )Cey ZXTH, Hy %czw(sazco‘4 — NV 2Cu50,)Ce
ZX*H H ﬁczwcalg3 ZXtH HP* ﬁczwcal (L eqyCes + 563)
Vertex Coupling

AX"'H/f Hy ﬁsw[cm2 (USayCey — ﬁAsez) — ﬁsaz (UCayCey + WSe,)]

AX*’HI_ Hy ﬁsw[‘vaz (USqyCey — «/EASQ) + ﬁcaz (UCq Cey + WSey)]

AX"'HTAI _izgz sw[(«/isogsm + CazCay)CeiSey + Say (VCey + CaySay CaySer )Se; |
AX*’HI_Az 7"23'2 sw[(«/isa}so(4 + Ca3Cay)Se; Sey — Say (Y ey + Cay Sz CaySey ) Cey |
AX'*'H/{Al %sw[(ﬁswsm + CazyCay)Cei Cey + Sy (Cay Saz CayCey — Sy 1) Se 1

AXTHY As %w[(ﬁsagsw + CayCay)Se; Cey — Say (Cay Sz CayCer — Sy Ve, ]

ZXJ“H]* H3 W%QW[% (USqyCey — ﬁAsQ) — ﬁsaz (UCqyCer + WSey)]

ZX*H]_ Hy W/%QW[M (USqyCey — ﬁASQ) + ﬁcaz (UCqyCer + WSey)]

ZXTH A ﬁ:/ [Y(2 — cow)Sa, S¢,Cey — ﬁczw(Acmso[lsowv61 + V202 +wle,)se ]
ZXTH] A }éfvz [Y(2 = caw)sa; Ce ey — ﬁQw(Acmsa,smcﬂ — V2AZ + w25, )56, |
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Table 7 The interactions of a neutral and a charged gauge boson with two scalars (Continued)

Vertex Coupling Vertex Coupling

ZX*HEHT’ ﬁczw(wsé2 + UCy,Cey) zxt Hy, lHH' %ﬁfczwsmcéz
ZYOHY H 2 056 ZYOHY Y 2 sy

ZYOH " ) ;izsm Cer ZYOH H, 5; CarCes

ZYH" H; 4LW £ (V25 Say + CarCay)Ses + Loy 3] ZYOH ™ H, ZTWSM (LcgyCes + Se3)
ZYOHI’O*H4 4cw [(\/>cut2s0(4 Sy Cay)Se; — 1580, Ces ] ZYOHZ,O*HQ %ca] (3 CayCes + 5ec3)
ZY0H2’O*H3 4(W (CayCay + \/»sazs,,_i)cﬂ ZYOHZ’O*H4 —Z(S(,(zcot4 — \/Ecazsm)c63
ZYH{ H zf (1 = 2C2W)Sa; Ce ZYH{ HY 2[ (1 = 2c2w) S Se
ZYOH HE m(l — 20ow) (e, Cey + WSey) ZYOHH 5 ﬁ(,_ (1 — 2¢2w) Sy Cey
Z'WHH H, m(l —13) Z'WHH,HY 3_12 (1—13)
ZWHHOH, m (1= 2¢3,¢2,)ee,ce Z'WH H \/:f%v Car St

Z'WHH] A mT(l —2¢2 c})se, Z'WYH H, zcw\/T(I —-2c2 ct)
Z'WHH] A, Y22 ¢} — Deg, Z'X+H; H —¢*

2LW‘/3 I

——F———Cq,Ce3
2c2,\/23~13))

2
Z'XtH- H)>* =8 (Ycayce +8 Z'XtHTH 8 (312 — )cg,c
1 2 2‘%‘/\/@ al(w agles 63) 1 1 4\/j( w ) a)bey
Z'XYH Hy — Gty — Dsay ey Z'XtH5 H, (3:2 Dea, Se,
4./3-13, 4/
Z' Xt H H. £ (312 — 1)sgs Z'XtH,H/ 7( — 1)sa,s
2 12 4m w a1 e 12171 m W a4 5e3
Vertex Coupling
ZXTH, A 4CW {T(Z — CoW)Say Sey Sex + 2w [(Cas Cay + V25w 5as)Ce; + Ca Say Sas Ca ey 1es }
ZXTH, As v {T(Qw 2)Sa; Ce; Sey + 2w [(Cas Cay + /25asSay)Se; — Cay Say Sas Cay ey 1Ce, }
ZYOH 4 %[(cwcm + V2505 S0y )Ce1 Ses + Ca (Say Sas CagSes + Ty )se; |
ZYOH"* A, 4CW (s Cos + v/ ZSers s )Sex Ses — Couy Sy Srs CrsSes + Vs e ]
ZYOHZ,O*-AI W{[(Cag,ccm + ﬁsa3sa4)cel + Calsalsa3cot4sel]ce3 - Tcal (%COMCQ + S€3)s€1}
ZYOHZ’O*Az 4CW {[(Ca3 Cay + fsa3sa4)sel — Cay S Sa3Cay Cey I€e5 + Vg, (w CayCey + 5&;)Ce; }
2
ZWtHOH~ (M o SasCerSen + [52 Sex — CowCay (L Ces + CaySes)1Ser )
1 1 2 5\ Lw T Wra4Pagter°€3 oy V€3 g\ Ces ay5e3)15¢y
3\/26-13%)
Z'WHHOH, —[eaweay (Les + CagSes) — 52, 5esIee
> 2 ag\yytes a49€3 gV €3 2
/26—ty
17+ 17/04/— 7g2 u 2 2 2
zZw H2 Hl 2 \/2(3—t2 [ AZral CyS204Cey + 1 - ZCWCD(A)SEQ]CE}
w
.
Z’X'*"Hl H3 m{[[(l + 4CW)Soz2S014 + CayCaylSe, + W[f(l + 4CW)50126014 — CaySaylCe, )
1 v+ — —g 2 _ u 2
Z'XtH| Hy 746%/\/?{[«/5(1 +4¢y ) Car Sy — SarCay 16, + 7m[ﬁ(l +4ciy)Cay Coy + SarSaylce, }
_ 7{5'0(1 [(SCW I)Cotl Sz CaySey + T(l - ZCZW)Cez]sel
Z'XTHT Al deiy /3t
+[f(4CW + l)sot3sot4 + Cot3ca4]celsez}
- 7{5‘&] [(SCW I)Cm Sz CaySey + T(l - ZCZW)CQ]CE[
Z'XTHT Ay dcyy /31

_[f(4CW + l)sot35a4 + Ca3ca4]561562}

@ Springer



Eur. Phys. J. C (2021) 81:591

Page 19 of 24 591

Table 8 The interactions of a neutral and a charged gauge boson with two scalars (Continued)

Vertex Coupling Vertex Coupling
2 2
Sy — —g 2 'y+pg— g0 _
Z'XtHS Hs T N [CarCay + V242, + )80, S0, Ices Z'X*H, H) m( 31%)SayCes
2
Z'XTH; H. = [SaCa — V2(43, 4+ 1)ca,Sa,)C Z'XTH HS 2 (312, _ 1)sg,c
2 14 4m66/[a2d4 (4eyy )CaySaslCe, 11712 2\/g(w asCey
Iy I+ g _ 22 u L ) 10 17 /0% —g oo
7Z'X H“H 2‘/g(l 3IW)(mCa4Cez +5a4562) z'Yy H] H, 403,\/%3&1653
Z'YOH* —8 0 (Lo + Se;) Z'YOH " H, £ oice,
4c3, 37;5, v ) ’ dey /313y )
2
Z'YOH " H. Cay (LCqyCey + 5 Z'YOHH™ —& (312, — 1)sg, C
2 2 4CW\/7W Ot]( a4Ces 53) 1 1 8(3—[%,/)( w )al €
7" 0 + —
Z/Y0H£0*H3 ﬁ[cmcm4 +f(4LW + 1)Say Sy ICes Z'Y H "M, \/8(37(3%/ 1)Sg, Sy
10 77/0% g2 _ 2 10 £70% £7/0 2
Z'YO 1% Hy - m[sazcm V2(4cd, + 1)ea,Say e Z'YHY* H| m(y 1)SgySes
2
Z’YOHHT —& (312, — D)sg,c Z'YOH* B0 (1 = 3t2)sa,c
127%2 \/m w a4 tep 5 2 \/4(37"/'/) w/rag €3
Vertex Coupling

ig?
_7{5‘051 [(8¢c%, + 1)cay SasCayCer — T(1 — 2021)5¢; 15¢,
Z/X+H’2*A1 4cW,/3

+[f(4cW 4 1)Sas Say + Caz CayICe, Ces }

2
Z/X+H/27A2 ﬁ{so{] [(SCW + l)calsaxcomcez T(l - ZCZW)Séz]Cél
—[V2(4c%, + 1)SaySay + Cas Cay 156, Cer
Z/YOHI’O*H3 7{ CarCey + [f(4cw + DSy Say + CarCay I8¢5}
4CW‘/3
Z/YOH{O*H4 _\/727{ SayCes — [ﬁ(4cw + 1)CarSay — SarCay15e3}
4cW 3 IW
Z'YOH " A W{Cm [(8¢Z, + 1)Say Sas CaySes + Tey15e, + [W2(4C%, + 1)SasSay + CasCaylce; Ses )
Z/YOHI,O*A2 T{Cm [(SCW l)smlsu3ca4se3 + TCE3]CEI - [\/5(4(5%‘/ + l)sa3sa4 + CO[3C(14]SE[SE3}
CW
L{c [8c%, + 1)Sa; Sas Ca Ces — Y (L CayCer + 5e3)]s.
Z'YOH* A, PERY w CeaCes F Se3)15e,
+[f(4cW + DSasSas + CazCaylCe Ces }
— r
Z/YOHﬁo*.Az 4("W /73 2 {Cal [(SCW + 1)5a15a3ca4ce3 T(wCOMCQ + 5‘53)]6‘5l

_[[(4CW + l)sa3sa4 + Cot3cot4]S€1C€3}
Z/YOHIEH/I+ L(]

/8312

2 u
— 3tW)(WCa4CGZ + Sa4552)
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Table 9 The interactions of two charged gauge bosons with two scalars (Table continued)

Vertex Coupling Vertex Coupling
Wrw*H HY g WHW™ H H, &
WHW-H TH] g WHW-HYH, 2g*
WHW-H,"H g WHEW™ HyHy g
WHEW—H £52 WHW=H H, L
WHWHS MG £e2 W+ W HO HO* g2
WHW= HP HP £(52 + Legy9re) W+ W= HO HP (56, + ey
WHW = HP HP* £e2 WEW= AL A, 222
WHW= A A L2, WHW = Ar A £722
wtxtH; HP —/28% 50,53 WX+ H HY V28%50,¢e,
WX~ Hy M £ so1Cer WX~ H MG £ 5015
WX~ HPHy %sal Cer WX~ HPH, %cm Cer
WX~ H Hs SV By Ses + Car (s + Cay5es)] W* X~ HPH, sy (BayCes + 50)
W*X*H{OHA; %[%2(%053 + CaySe3) — «/icazsmsg] W+X7H2,0H2 %cal(%cch + 5¢;)
WX~ HH; % (CanrCay + V20, 5a,)Ces WX~ HH, % (V2CaySay, — Sar Cay)Ces
WX~ HY H{O* L susq W+ X~ HY HJO* - Suce
WX HEH, B (s s + Suier) WX~ HEH, 22 e

2N 4w
Wy HIH ﬁgz(ﬁcmcq + SaySey) Wy IS —28%50,¢6
WHYOH HJO 22 ey W*+YOH HY 3 i
W+YOH HO* £ Cay Ces WHYOH HO* £ oy (LeayCes + 56)
WHYOHSHE (e aute, + Sayser) WHYOHSH Esuucer
WHYOH H, £, WHYOH Hy £ s
WHYOH, H, £ s WHYOH, Hy £ s
WHYOH, Hy 5 Caras + V25050 WHYOH) Hy 5 Gy = V2504
Vertex Coupling
WX~ HA, ;i—j;[(ca3ca4 + V2503504 )Cer Ses + Cay (Say Sy CagSes + Yey)sey ]
W*X*H{OAz %[(%3%4 + V2503504 )Ser Se3 — Cay (Soy Sy CagSes + Y Cey)Cey ]
WX~ HPA 2’%{(%3 Cay V2503504 )Ce; Ces  Cary [S0y S Cay Ces — Y (55 CayCez + Se3)1se; )
W+X_H2’0A2 %{(C% Cay + «/iso(3 Say)Se; Cey — Cary [Sar; Sars Cay Cey — 'Y“(%cmc63 + Se3)]ce, )
WHYOH " Hy %[ﬁ(%sm = V250, Cay)Cey — (V2503 S0y F Car Cay)Ser ]
WHYOH| Hy % [ 55— (o Say + N 2CayCa)Cer + (V2CaSay — Sar Cay)Ses ]
W*YOH’]_.Al %}”;[(Q}@ca4 + \/Esa}sw)cﬂsez + Say (Cay Saz CaySey — YCey)Se |
WHYOH A, ;i—j;[(ca3ca4 + V2505 S04)5e, Ser — Seey (Cary Sars Cag Se» — Y€y e |
WHYOHS A, %[(c‘%cw + V2503804 )Ce1 Cer + Say (Cay Sy Caa Cer + TSe5)5¢, ]
WHYOHS A, 2’%[(%% + V2505 504)5¢, Cer — Sy (Cary Sas Caa Cer + V5e)Ce ]
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Table 10 The interactions of two charged gauge bosons with two scalars (Continued)

Vertex Coupling Vertex Coupling
_ o2 _ 02
XtTX1TH[ Al %(swce] + Cay Sar; CazSer) XtXTH H; %sz
_ 2 _ 2
XtXTH A ’%(CO,]smco@cel — Sa35¢;) XtXTH Hy %caz
2
Xt X~ H3Hj £+, XX~ H H, £l
2
X+ X~ HyHa L+ XtX~H>H, &5,
2 2
XtX " H\H &80, XtX H3H, 520
2
XtX-HTH] g XTX"HYLH, s
2 2
XX~ HPHP* %cm (CaySes + Leey)ees Xt X~ HH{ S —cksd)
T y— 17/0 77/0% 2 2 +y—pgtp— 22
X*tX HPH, 2(1+ Loy 26 — €2,¢2) XtX HH; £l
_ _ 2
Xt XHTH) g2 [1+3(s2,s2 + TS 2ms26 )] XTX"HSHS £(143s53,c2)
— - 2 2 - 222 2
XTXHTHS 3L (2,520, + T $20C2,) XTXTALA §%s5,88
_g2 2
XTX~ A1 A TgTzsélszel XTX"AyA; %Tzsilczl
+y 0% y— g+ I +y 0% = 70 I
Xty™H HY & Xty H, HE &
2 _g2
X+y% HOHS S L CuyCey + (14252 )se; e, X*TyO mOHS 5= (14252, )cey e
0% /01— 2 0% 17— 2
Xty HOH, £ [mszmcez + (1 + 25286, ]ces XTy™HH ngszal
XYY" H H, ﬁcz"l XTY%H A, 2[ Tczal Se,
_ P02 —
XTY®H A 55 Yo ce, XTYOH H; —8%5a,
XTYOH A —i8%(Cay Say Cay Sy + Sz Cey) X*TYH Hy g%ca,
_ . _o2
XtYOH A, 182 (Cay Say Cas Cey — SazSey) YOYOHSO*H3 %sw
00 70 —ig? 00 70 2
Yy HS*Al %(calsmc%sel + Sa3Cep) Yy HS*H4 "z—zca2
2 .2
YOYOHSO*.AZ ’%(calsalca}cq — Sa35¢;) YoY% g, H, %sél
2 2
YOy H, H, %cgl YOy Hs Hy £ +s2,
2 2
YoY% H H, E+ck) Yov% H H, =% 520
.2
YOy g0 g0 %(1 + 382,52 4 Lcw,$2¢;) YOr%HyH, £ 520,
2 2
yOyOx HﬁO Héﬂ* ,57(1 + 352 (,2 Cut4 S2€3) yOyOx H]/O Hﬁo* _ib 3545'253
2
YO YO* H]E H1*2 8’7 YO YO* H;)Hg)* g2
0y 0s /41— - 2 2 0y 0 pr+ 77— )
YOr% it (=88 + 5 20526 Yov% HtH, £s2,
0 v 0k s/+q/— gz 2 2 0y 0 y/+q/— g2 2 2
YOYO Hit M, Floe — (55,590 + s 20465,)] YOYO Hit M, S0 —c2ch)
2 _ o2
YOYO*A1.A1 ATTZ 2l 621 YOYO*.Al.Az j th‘élszq
YOy Ay Ay £Y22 2 No data No data
Vertex Coupling
0 77707/~ —g? 2
Xty HOH, Fl S mlaa T 5 Cusate + (1 +255,)50 5]
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Table 11 The interactions of two neutral gauge bosons with two scalars (Table continued)
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