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Abstract

Using a peculiar version of the SU(3); ® U(1)y electroweak model, we investigate the production of
doubly charged Higgs boson at the Large Hadron Collider. Our results include branching ratio calculations
for the doubly charged Higgs and for one of the neutral scalar bosons of the model.
© 2006 Elsevier B.V. All rights reserved.

PACS: 11.15.Ex; 12.60.Fr; 14.80.Cp

1. Introduction

In the last few years we have seen a tremendous experimental progress in the realm of the
weak interactions. However, these advances do not attain the scalar sector yet. This is the sense
in which LHC (Large Hadron Collider) facilities may shed some light especially on the Higgs
boson. One of the main ingredients of the Standard Model is the Higgs mechanism which, in
principle, explains how the particles gain masses through the introduction of an isodoublet scalar
field. The scalar field is the responsible for the spontaneous breakdown of the gauge symmetry.
After electroweak symmetry breaking, the interaction of this scalar with the gauge bosons and
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fermions generate the mass of the particles. In this process there remains a single neutral scalar,
manifesting itself as the Higgs particle.

The Standard Model possibly is a low energy effective theory which must be generalized by
some GUT (grand unified theory). However, there are several motivations to extend the elec-
troweak theory below the GUT scale. Supersymmetric models, for example, provide a solution
to the hierarchy problem through the cancellation of the quadratic divergences via fermionic and
bosonic loop contributions [1]. The little Higgs model, recently proposed, predicts that the Higgs
boson is a pseudo-Goldstone boson of some approximate broken global symmetry [2]. There-
fore, this model is also able to solve the naturalness problem of the Higgs mass. One of the main
motivations for the left-right models and for the study of their phenomenological consequences
is that in which the Higgs triplet representation furnishes a seesaw type neutrino mass matrix as-
sociated with the presence of a doubly charged Higgs boson [3]. Therefore, these models suggest
a route to understanding the pattern of the neutrino masses.

Doubly charged Higgs bosons appear in several popular extensions of the Standard Model
such as left-right symmetric models [3] and Higgs triplet models [4]. However, there is another
interesting class of electroweak models which also predict particles like that. This class of models
is called 3-3-1 models [5,6]. This is the simplest chiral extension of the Standard Model. It
is able to solve the fermion family’s replication problem through of a simple relation between
the number of colors and the anomaly cancellation mechanism. It is important to notice that a
solution to this problem is not furnished even in the context of the GUTs. The 3-3-1 models have
other interesting features, as for example the upper bound on the Weinberg mixing angle, through
the relation sin® @y < 1/4. This feature does not happen in any kind of others electroweak models
except GUTs, where the value of sin” 6y is predicted. This result leads to an upper bound for
the energy scale of the model when this parameter is evolved to high values [7]. In a similar
fashion as occurs in left-right model, the seesaw mechanism can be naturally incorporated in
some versions of the 3-3-1 models [8].

No Higgs bosons have yet been found. In the meantime, it is the last brick that is lacking to
finish the construction of the building of the standard electroweak theory. Besides, it is possible
that the Higgs sector brings to light a non-standard physics.

Since that the 3-3-1 models are good candidates for physics beyond the Standard Model,
it is interesting to evaluate if the future accelerators will produce events in sufficient numbers
to detect some of the 3-3-1 Higgs bosons. In particular, there is an increasing interest in the
phenomenology associated with doubly charged Higgs bosons, a kind that appears in models that
admit scalars in triplet representation of the gauge group [9]. Here we are interested in one of such
version of the 3-3-1 models for which the scalar fields come only in triplet representation [6,8].
It predicts three new neutrals, four single charged and two doubly charged Higgs bosons. These
scalars can be disclosed in relatively low energies, which make them interesting for searches in
the next generation of particle accelerators.

Our work is organized as follows. In Section 2 we summarize the relevant features of the
model, in Section 3 we present the cross section calculations and in Section 4 we give our con-
clusions.

2. Overview of the model

The underlying electroweak symmetry group is SU(3)z ® U(1)y, where N is the quantum

number of the U(1) group. Therefore, the left-handed lepton matter content is (v, £,,L},)] trans-

forming as (3, 0), where a = e, i, T is a family index (we are using primes for the interaction
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eigenstates). L , are lepton fields which can be the charge conjugates £/, RC [5], the antineutrinos
v) € [10] or heavy leptons P/T (P/T = E;F, MY, T;") [6].
The model of Ref. [6] has the simplest scalar sector for 3-3-1 models. In this version the
charge operator is given by
0 1

;=§(K3—\/§k8)+1\’s 1)

where A3 and Ag are the diagonal Gell-Mann matrices and e is the elementary electric charge. The
right-handed charged leptons are introduced in singlet representation of SU(3) as Z/;R ~(1,-1)
and P/L ~ (1, 1).

The quark sector is given by

i ) o 1
QlL: d; ~ <39 g)v QO(LZ u:x ~ <3*1_§>7 (2)
N/t Jo/ L

where o =2, 3, J; and J,, are exotic quarks with electric charge % and —% respectively. It must
be notice that the first quark family transforms differently from the two others under the gauge
group, which is essential for the anomaly cancellation mechanism [5].

The physical fermionic eigenstates rise by the transformations

/— _ 4L.,R,— '+  _ pL.Rp+

Lo =40 Cor g PR =Bu Py g (3a)
/ L.R / L,R /' _ +L,R

UL,R =U UL,R, DL’R:,D DL,Ry JL,R—j JL,R» (3b)

where Up g = (w ¢ t)p. g, DL.r =(d s b)L g, JL.g = (J1 J2 J3)1.g and ALK, BL.R LR
DLR FL-R are arbitrary mixing matrices.
The minimal scalar sector contains the three scalar triplets

n° ot X~
n=1n |~@30), p=| 0 | ~@G. 1), x=1x""|~@ -D. “4)
0t ot X0

The most general, gauge invariant and renormalizable Higgs potential, which conserves the lep-
tobaryon number [11], is

Vo0 =pdn'n+ude o+ 1dx x + 1 (n™n)’ +2a(0 ) +23(x )
+ (') [2a(0"p) + A5 (x %) ]+ 26(p"0) (x x) +27(0"n) (n"p)

- 1 ..
+2s(x ") (n"x) + 20 (0" x) (") + 5 (£ nipj 2 + He). )

The neutral components of the scalars triplets (4) develop non-zero vacuum spectration val-
ues (n°) = vy, (p°) = v, and (x°) = vy, with v} + v} = v, = (246 GeV)?. This mecha-
nism generate the fermion and gauge boson masses [12]. The pattern of symmetry breaking

is SUB)L ® U(l)y & SUQ2)L ® U(l)y |<n—’p>) U(1)em. Therefore, we can expect vy > vy, vp.
In the potential (5) f and wu; (j =1,2,3) are constants with dimension of mass and the A;
(i=1,...,9) are adimensional constants with A3 < 0 and f < O from the positivity of the scalar
masses [12]. The n and p scalar triplets give masses to the ordinary fermions and gauge bosons,
while the x scalar triplet gives masses to the new fermion and gauge bosons. In this work we are
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using the eigenstates and masses (see Appendix B) of Ref. [12]. For others analysis of the 3-3-1
Higgs potential see Ref. [13].

Symmetry breaking is initiated when the scalar neutral fields are shifted as ¢ = vy +&, +iy,
with ¢ = 170, po, XO. Thus, the physical neutral scalar eigenstates H ]O s Hg s Hé) and K0 are related
to the shifted fields as

1 HY
&y ~ L Co So 1 ’ IS Hé), Iy~ iho’ (6a)
& VW \S» —Co/) \HY

and in the charged scalar sector we have

W=l nf=sH st =, (6b)
X+=C¢H2+, p++=S¢H++’ X++=c¢,H++, (6¢)

with the condition that v, >> vy, v, in Egs. (6a) and ¢, = cosw = v,/ v% + v%, S = sinw,

cp =cosp =,/ [v2+ 02, 55 =sing, ¢, =cosg = v,/ v+ 02, 5, =sing. The H) Higgs
boson in Eq. (6a) can be the Standard Model scalar boson, since its mass (see Appendix B) has
no dependence on the spectration value v, [12].

The Yukawa interactions for leptons and quarks are, respectively,

—Le=GapVarlyrp + GopVar Py x +He., (7a)
—Lo=0iL Z[G7i U{gn+ G{; Djgp + Z Qur (FiiUigp™ + Fo D;R’?*)}
i o

+G Q1L hirx + Y GlyQar Jppx* +He. (7b)
o

In Eqgs. (7), as before mentioned a, b =e, u, 7 and « =2, 3.

Beyond the standard particles y, Z and W the model predicts, in the gauge sector, one
neutral (Z'), two single charged (VE) and two double charged (U E£)y gauge bosons. The inter-
actions between the gauge and Higgs bosons are given by the covariant derivative

-

(e A
D,gi =00 — lg<Wu . 5) Qi — lg/Nw‘PiB/u ()
i

where N, are the U(1) charges for the ¢ Higgs triplets (¢ =17, p, x). VT/,L and By, are field tensors
of SU(2) and U(1), respectively, % are Gell-Mann matrices and g and g’ are coupling constants
for SU(2) and U(1), respectively.

Introducing the eigenstates (3) and (6¢) in the Lagrangians (7b) we obtain the Yukawa inter-
actions as function of the physical eigenstates, i.e.,

11 — =
~Ley= E{U—[Cwﬂuwr + (v + S0 HY = coHy)e™ + 54 PRUTHT M G re™
]
1 I N
+ U—[chV”PHz_ +cpe VEHT + (vy + HY + ihO)P+]MEGRP+}
X
+H.c., %a)
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—EQ=1{UGR[1+[S—‘”+<C‘” s“’)V”}HO—i-|:—c—w+<s—w—c—w>v“]H§]M”U
2 Vp Up Up Up Up  Vp

+DGr|1+ [C—w + <S—w - —)VD]Hl + [S—‘” - (c—‘“ + s—w>VD]H§]MdD
L vy v, Uy vy v, Uy

— C, N
+UGR| 2V H +( = - “’)W"H+]M"D
v U,, Up

+ DGpg —VCKMH +<s‘“ )V”‘”H } “U}+H.c., (9b)
LVp Up  Up

1, -
L) = E[JGRJL' (NUtM"U + RD*M? D)
+ (OUM X, + DD X + T TH X)) T MY GRrJ| + Hee, (%)
where Gr =1+ s, V} VLD = Vcku, the Cabibbo—Kobayashi-Maskawa mixing matrix, /"¢,
ure, yve, yeb yu — VUAVLU‘, Vi = VDAVDT and V44 = VUAVDT are arbitrary m1x1ng

matrices, M¢ = diag(m, m, m), MP = dlag(mE mpy mr), M = dlag(mu me my), M4
diag(mg mg my) and M’ = diag(m 5 my, my). In Eq. (9¢) we have defined

st2+/vn 0 0
N = 0 soH " /vy seH™ " [v, |,
0 So H™ " /v, seH™ " U,
+ HO 4 iR 1 0
v i
o~ 2—3—— 10 1 1], (10a)
Ux
01 1
seHT /v, 0 0
R= 0 soHy Jvy  soH;y vy |,
0 soHy [vy  soH, [y
coHy 0 0
X =— 0 C¢H++ C¢H++ , (10b)
v
x 0 C¢H++ C¢H++
cpH™~ 0 0
Xy =— 0 coHs coHy . (10c)
Ux + +
0 coH,  coH,

We call attention to the fact that non-standard field interactions violate leptonic number, as can
be seen from the Lagrangians (7b) and (8). However the total leptonic number is conserved [5].

3. Cross section production

The main mechanism for the production of Higgs particles in pp collisions occurs through
the mechanism of Drell-Yan and gluon—gluon fusion as shown in Fig. 1. In all calculations we
are considering that the charged fermionic mixing matrices [see Eqs. (3)] are diagonals. Using
the interaction Lagrangians (5) and (9) we first evaluate the differential cross section for the
Drell-Yan process, i.e., pp — HYtH—~ through the exchange of y, Z, Z/, HlO and Hg in the
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Fig. 1. Feynman diagrams for production of doubly charged Higgs bosons via (a) Drell-Yan process, where
X=y,2,7, H?, Hé) and (b) gluon—gluon fusion.

s-channel. Therefore we obtain the differential cross section for this reaction as
do 1
d  64n2§

where

(IMy P+ M pgol2 + Mo ? + Mz 2 + Mz > +2Re Mo M pyo*),

dé P { (41D @ mgvgv,? + (420D @) P wymy, + vimd)

dcos® 24 (Quwvyvp)?

x [8(”13 +m%.1:t:t) — 4 — 4ZA]
27 (AaQy 2 2\a 2 (s 2 PNy
5_3(Sin9W ) [(s — 2mq)s - 4mHii(s + qu) —(—u ]

2 2

Z Byt nAZ(Z,)
7.7 36 SiIl2 9W COS2 9W§(§ — m2Z(Z,) =+ imZ(Z’)FZ(Z’))Z

% [8mi,i ( q(q’ )2_|_gq(q )2)

+8m2pus 2m2 — 1 — i) (g7 962 | 1@ 2) 4 8m? (g R TREN
— 8m? (t+u)( 9’ >2+gz(q )2)+8m2A q(q"2

"2 "2 "2 "2
Here, +/5 is the CM (center of mass) energy of the gg system. For the Standard Model parameters
we assume PDG values, i.e., mz =91.19 GeV, sin? Ow = 0.2315, and my = 80.33 GeV [14].
I'z(z) are the total width of the boson Z(Z’) [15,16]. The velocity of the Higgs in the CM of the
process is denoted through Sy++. The A; (i = 1,2) are the vertex strengths for Hl0 H——H*t*
and HYH~~H**, respectively, while Ay, is one for yH™ " H™T and the Azz)),, is for the
bosons Z(Z'YH ™~ H™. The analytical expressions for these vertex strengths are
A= —2i{2[(he + ho)cj + (2h2 + 19)s5 [swvp
+ ¢y [2(%56(% + K4s£)vn + —fc¢,s¢,]}, (12a)
Ar =ico{2[(—As + Ao + Ag)c; + 2202 — A — A9)se |y + fepss ), (12b)
Ayuz—e(cé—sdz))(p—q)u, (12¢)
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4sin® Oy (v2 — v2) —v2
4(1)2 + v2) sin By cos Oy
(1051n Ow — l)v + (1 — 7sin? Bw)v

Az = (P —Dp- (12e)
a 4(v +v2)s1n9W\/300520W(1 — 4sin? 0y) :

Azp= (P = Dps (12d)

The Higgs parameters A; (i = 1,...,9) must run from —3 to 43 in order to allow per-
turbative calculations. For HS (¢ = 2,3) we take m HO = (0.2-3.0) TeV, while we assume
mpyo = 230 GeV for the Standard Model scalar one. It must be notice that here there is no con-

tribution from the interference between the scalar particle H P and a vectorial one (y, Z or Z').
The kinematic invariant  and i are,

f 4m Hii

m2 +mHii—— 1—0030\/ (13a)

4mHﬂ

i =m? —i—mHii 2<l+cost9\/ (13b)
The total cross section (o) for the process pp — H™TH ™~ is related to the cross section (6) of
the subprocess gg — H++ H~~ through

|~/
o= ) / / drdy fg,(V7e') f3;(VTe )6 (7,5), (14)
qi:u’d’s’cfmin lnm

where Tiin = §/s and fy; and f3; are the structure functions of the quark and antiquark in the
proton, for which the factorization scale is taken equal to the center of mass energy of the ¢g
system and used in our numerical calculations.

Another form to produce a pair of doubly charged Higgs is via the gluon—gluon fusion through
the reaction gg — HTTH ™~ (see Fig. 1(b)). As the final state is neutral, the s-channel involves
the exchange of the three neutral Higgs H?, Hg and Hé) . The exchange of a photon is not allowed
by C conservation (Furry’s theorem). Therefore, the differential cross section for gluon—gluon
fusion can be expressed by

dé 1
- = 2 2 2
10" 64n2§[|MH1°| + M pol? + 1M pol
+ 2(ReMH?M’;Ig + ReMH{)M”I‘{g + ReMHgM’;Ig )] (15)

In order to make explicit the different contributions to the elementary cross section, we will
present them separately. The quark-loop contributions involve the Higgs H;, where i =1, 2, 3,
which are exchanged in the s-channel. For the H]O we have

2
ZAqlk 2+ (4hg — D1,]

+s

q1

. Bri++ ]
F1) = grogs [0 A1¢

)
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We fix the scale parameter A = 0.2 GeV and the appropriate scale where the strong coupling
constant o is evaluated as being equal to the center of mass energy of the subprocess, both, used
in our numerical calculations. The sums in Eq. (16) run over all generations where A; = mfl /S

and r4, = 1 £ /T —4),. The A,, is the qgHY vertex strength,
Ay = z—GR (17

We also define the propagator for Higgs bosons,

(O 1
) = (13)
s —mH +impy; FH

where I'yo are the total width of the HlO and Hg boson, with i =1 for ¢ = u,c,t,d, s, b and

i =2 for u(c,t) or d(s,b), separately [16]. Eq. (18) defines also the propagator for H30 with
i = 3. However, Hg does not contribute to the Drell-Yan process.
For the Higgs H20 we have

A Bri++ Vp 2 2
O = §1023 %12 Zqu 1y, ) 1l
2 2
N Up)
+s| —+—
(22+2) |l ]
+q 2 Y3 2 Y
+4nZAq21n<r—> <—m”v—2 +mdﬁ>kq}, 19)
q o n
where A, is the strength of the gg Hg vertex, i.e.:
i v v
quz——GR<mu—n+md—p>. (20)
2uw vy vy

The contribution of Hé) to the cross section is

HH+ 2
> Aph[2+ @ -0 21)

J=J1,02,J3

A

519 = §1o373

2 3|§(3)|

where A 3 describe the quark vertex with the Higgs Hé) and A3 for the Hé) with H** ie.,

Apy=—ioL Gy, (22)
2Ux
Az = =2iv,[(he — ho)s; + (2X3 + ho)cy |. (22b)

We note that H3O decays only into exotic leptons and quarks because it becomes massive at the
first symmetry breaking. Therefore, the Hz0 total width is obtained from

0 _ 0 0 0 0 0
F(H3 —>all)— +FJZJZ+F +3FPiP;+FHIOH;+FH1iH1;

+ FI(_)IZ;{:H;: + F;)lliH; + Fl(])q:;Uij:s (23)
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where F}?Y = F(H30 — XY). The partial widths are shown in Appendix A.

The total width of the decay of the Higgs H** in quarks, leptons, standard charged gauge bo-
son and charged Higgs (Wini), single charged Higgs (H li Hzi), doubly charged gauge bosons
and a photon (Uiiy), doubly charged bosons and Higgs (Uiiho, UiiH{), U** Hg, UiiH30),
doubly charged bosons and Z or Z’ (U**Z, UT*Z7’), and charged extra gauge boson and Higgs
(ViHli) is given by

++ ++ ++ ++ ++ ++ ++
— I3 : 3 I I I
I (H — all) 1 Fradss + 1 Guctdos + T 3 + 1 fpas + Wt HE + HEHE

++ ++ +4+ ++ ++
+ FU:E:EV + 15+ FU;t:tH{) + FU:k:tHé) + FUiiHé’
++ ++ ++
+FU:t:tz+Fuzt:tzl+FViHl:t (24)

with I'F = I'(H™* — XY) (see Appendix A for the partial widths).
The contribution for the interference of the H 10 and H20 is given by

donp-ny _ 3 A1 420 Aot D Dby

as2 8
qu-9qd
@ v(b) o b a b
& & kiky 5 & & Sab
x {%mq p z%x[2+(4x— 1]
@) v(b) oy B
8]/:|a€]1:2 kiky eapvp Uy 24 Up 24
X 52 Emu qu — v_,]md qd
g4 gb v v
+ i% [U—”,\U[2+ (“hy =iy, ] = Chp[2+ @i - 1)1(,‘,]] } (25)
14 n

where /" are the polarizations, k1 > are the gluon momentum vectors, m, are the masses of
the u, ¢, t quarks (5 MeV, 1.5 GeV and 175 GeV respectively), m,, are the masses of the d, s,
b quarks (9 MeV, 150 MeV and 5 GeV respectively) [14], X is referred to all quarks and Ay for
the quark u, ¢, t and Ap for d, s, b respectively and &, is the antisymmetric tensor.

The contribution for the interference of H10 and H30 gives

~ ~ N
Oy = Zia?AlA3Aq1qui(l)(s)ga)‘sa””ggl quS“bk[Z + @r— 11|
dQ ; 25672 1
gl b gH@ ()
x {i%,\[zﬂn—l)]q]— %2“““’3} (26)
and finally we have the following for the Hz0 and H30
d6 0o ot A3 A3 A0, Ayt P ($)® ()18 €5 S

o =Yi 562 £ —)[2+4@xr - D1y]
q

w(a) v(b) Up 2 Yp
X {841 qu Eaﬂvﬂ(_mulqu - _mdlqd
Vp vy

g2 gb
—i—i%[v—"ku[Z—k @h = DIg] = Lag[2+ 4y — DI ]“ @7)
vy vy
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The loop integrals involved in the evaluation of the elementary cross section can be expressed in
terms of the function I, (1,) = I, which is defined through

1
d 1—
ly= [y o0
X Ag
0

_! { —4arcsin®[1/(2,/3g)], kg > 1/4, (28)

2 | M@y /r_g) + 2im1In(reg /rg) — T2 Ay < 1/4.

Here, g stands for the quarks running in the loop (Fig. 1(b)).
The total cross section (o) for the process pp — gg — H ™~ H™™ is related to the total cross
section (&) through the subprocess gg — H™~H*1T,ie.,

1 —Iny/Tmin
a:f / dtdy G(JTe’, 0*)G(Vte™, 0%)6(1,5), (29)
Tmin  In \/Tin

where G (x, Q2) is the gluon structure function, for which the factorization scale is taken equal
to the center of mass energy of the subprocess and used in our numerical calculations.

4. Results and conclusions

In this work we have calculated the pair production of doubly charged Higgs by computing
the contributions due the Drell-Yan and quark loop processes. In Section 3 we have given the
analytical expressions that allow the numerical evaluations of these contributions and it was
showed that the dominant contribution come from the well-known Drell-Yan process. We have
presented the cross section for the process pp — H~~ H ™ involving the Drell-Yan mechanism
and the gluon—gluon fusion, to produce such Higgs bosons at the LHC (14 TeV).

Taking into account that the masses of the gauge bosons, Higgs and some other parameters
must satisfy the limits imposed by the model (see Section 2), besides the approximations in the
calculations of masses (Appendix B) and eigenstates (Section 2) given in Ref. [12], we have
considered two possibilities: f >~ 0 and f = —99.63 GeV (see Table 1). For both possibilities
we have assumed the values v, =195 GeV, v, = 1300 GeV, A1 = —1.2, —d) = —A3 = A¢ =
—Ag =1, A4 =42.98, A5 = —1.56, A7 = —3, but for A9 we have used L9 = —1 when f ~ 0 and
A9 =—1.9 when f =—-99.63 GeV.

The masses of the exotic bosons in Table 1 are in accordance with the estimated values of
CDF and D@ experiments, which probe their masses in the range from 500 GeV to 800 GeV
[17], while the reach of the LHC will be in the range 1 TeV <mz <5 TeV [18].

In Fig. 2 we show the cross section for the process pp — HTTH ™~ for f ~0 GeV. Consid-
ering that the expected integrated luminosity for the LHC will be of order of 3 x 10° pb~! /yr

Table 1

Approximated values of the masses (see Appendix B) used in this work. All the values in this table are given in GeV

f mg mpy mr mH? mHé) mHé) m0 mH]i me my my mgz  my myp, my
~0 194 1138 2600 874 1322 2600 O 426 1315 603 601 2220 1300 1833 1833

—99.63 520 218 1295
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Fig. 2. Total cross section for the process pp — H~~ Ht* as a function of mg++ for f =0GeV at /s = 14000 GeV

for Drell-Yan (solid line) and gluon—gluon fusion (dot-dash line).
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Fig. 3. Total cross section for the process pp — H~~H'T as a function of my++ for f = -99.63 GeV at

/s = 14000 GeV for Drell-Yan (solid line) and gluon—gluon fusion (dot-dash line).

then the statistics give a total of ~ 2 x 10* events per year
year for gluon—gluon fusion, for m =+ = 1309 GeV.

for Drell-Yan and =~ 0.2 events per

In Fig. 3, we show the results for the same process when f = —99.67 GeV. This value was
calculated considering the exotic boson masses in the range from 500 to 800 GeV and v, having a
minimum value of 194.5 GeV, which assure the values of the A; between —3 to +3, so we obtain
the mass of the doubly charged Higgs, i.e., m y++ = 1780 GeV. Considering the same integrated

luminosity as above this gives a total of 585 events per year for Drell-Yan and 0.13 events per
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Table 2
Branching ratios for the Hg decay with m g = 2600 GeV. The notation used in this table is BR(;(Y = BR(H? — XY)
> 3
-5 0 —8 0 0 0 0 0
f (GeV) 1072 x BRHIOHg 107° x BRH1+H1‘ BRH;HZ_ BRH1+H2‘ BRE+E— BRM+M_
~0 3.35 2 no 0.9999 2 x 1077 2x 1070
—99.63 3.14 4 4x1077
Table 3
Branching ratio for the HE decay with m g++ = 1309 GeV. Here BR;Z; =103 x BR(HT* - XY)
£+ - - -+ + =

f (GeV) Bleq BRK_E_ BRK_M_ BR€+E+ BR£+M+ BRUiiy
~0 0.001 0.08 0.005 3 6 29
—99.63 2 0.001 0.004 0.4 4 2

. ++ ++ ++ ++ ++ ++
f (GeV) BRWini BRViHli BRHlini BRUiiH? BRUiiZ BRUiihO
~0 no 19 no no 444 2
—99.63 0.09 13 329 6 146 0.5

year for gluon—gluon fusion. We present in Table 2 the branching ratios for H3O — all with f >~ 0
and f = —99.63 GeV and we can observe that, due to the coupling constant, the largest width
corresponds to Hé) — H1+ H," decay. In Table 3 we present the branching ratios for H =+
all. From Table 3 it can also be noticed that, as the branching ratio (BR) for H** — H=H,
H** — U**Z and H** — U**y are large, these channels could lead to some interesting
signal.

We emphasize that the window for varying the free parameters is small because of the con-
straints imposed on the model. In summary, the analysis of the values in Tables 1-3 show that,
although a large number of doubly charged Higgs can be produced by the Drell-Yan mechanism,
the decays of these particles into ordinary quarks and leptons do not lead to a good signature for
its detection even for energies which the LHC can reach.

Appendix A. Partial widths

In this appendix we present the partial widths for Higgs decays from Egs. (23) and (24). We
define

1
R(a, b;x) = m\/[x — (ma + mp)?][x — (ma — mp)?] (A1)

and we obtain the partial widths for Hg ,with \/s =m HY 8

2
m.,
rgji :3R(J,~,J,-;s)<;) (m2£—2m3i), (A.2a)
2
0o _ + p—. o\ ™P 2
ro., —Rr(P*.P ,s)(;) (mg —2mp). (A2b)
2
FI(;{)HS = R(HY, Hy: 5)[4(As — A6)cwvpvy + f(Coty — Swvp)] s (A.2¢)

2
1“131,HI+ =R(H", H{"; 5)[2vy (Ass0vp + AeCavn) + fcovp] (A.2d)



J.E. Cieza Montalvo et al. / Nuclear Physics B 756 (2006) 1-15

2
F;)]{H; = R(H; , Hy ; 5)[—2vy (Ascwvy + A6Swvp) + fSoUy]

Flng; = R(H1+, H2+; s)[()»6 —A5)CoVpVy + f(SwVp — cwvn)],

4 m o \ 2 myo \ 2

8 Ux +t g4t Hy H
ro__ .. = R(UTE, U 5){3 - 1— ,
v 2 ( S){ <mU++> [ <2mU++> ]}

T yve =40 R(HS, H:5)[(he + 2o)s, + (243 + ho)cg ],

13

(A.2¢)

(A.2)

(A2g)

(A.2h)

where = — . Fina we present the partial widths for the A~ decays, wit
here I'y, = I'(H — XY). Finally we p he partial widths for the H~~ decays, with

S =mpg++,

2
mgs
2 2 2
' =3RU.q:s 2% (m —m5 —m ,
J19d,5.b ( 1,9 ) vy ( H++ Ji dvsvb)

2
my, ,C
++ _ . 23% 2 )
Féu.c.tfz,a_3R(J2’3’q’s)< v )(mH++ My, mu,c.,t)’

x
m2  sy\2
F‘;_l—:qu,zr,t =3R(J213,q;s)( qt;;t ga) (’/n%‘l+Jr _m32,3 _mi,c,t)’
4+ R(e, P;s) (mesy ? 2 2 2

FeP=T< v > (e —mg —mp),

n

R(e, P;s) (mpc 2

Fpe = MOS0 (M) (0 ),

X

o R(W,H, ;s) ecyCy 2
W= H, 32 sinOwmw

x { (mys — m%v)2 + mi]; [miy; — (mFes +mip)1}

Iy, =R(Hy  H,y ) { [(A7 + 10)sE + (7 + Ag)el ] spse

n (A8 — A9)CwCpVp + fSuS¢ }

2. .2
VUi TV

o 3 ezc(pvx 2 | my++ 2
U**y_4an++ sin29W mp++ ’

Je—— R(U“,Hlo;s) ecyVy 2
U= HY 32 my++ vy sin Oy
2
{0 = = 2+ 3],
o _ R(U*’,Hzo;s) ecyv, 2
U~"Hy 32 my++ vy sin Oy

s = g g — 2+

(A.3a)

(A.3b)

(A.3c)

(A.3d)

(A.3e)

(A.3f)

(A.3g)

(A.3h)

(A.3i)

(A.3))
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S Ui Xy
U= H) 32 my++ sin? Oy

X {(m%_l++ — m%++)2 + milé) [milg) — 2(m%1++ + m%]++)]}, (A3k)

2 2
€ Cypl
rt+* —=Rr(U—,z;s)[ £
U——Z7 ( S) cos 6

« |:5 n (m%_l++ - m22)2 + m%/++ (m%]++ - 2m%.1++)i| (A3D)
Zm%,J,erzZ
—— RU~,Z':s) |:ev,,vx(10sin29w - 1)}2
U280 12(sin? 0y — 1)(4sin® 0y — 1) sin’ Oy
2 242 2 2 2
m —m5,) +m m —2m
% |:5+ ( H++ Z) 2U++(2 U++ H++):|7 (A.3m)
2my, my,
2
ev,s
rtt —R(V ,H : _pre
V™ H, ( 1 s)<vW sin Oy
2
X {(miHJr — m%,) +m§_110 [mér — 2(m%_1++ +m%,)]} (A.3n)

Here, I'y," = F(HT — XY).
Appendix B. 3-3-1 particle masses

In this appendix we present the expressions of gauge, Higgs boson and fermion masses pre-
dicted in 3-3-1 energy scale in terms of the VEVs and the parameters of the potential.

)»21)4 —2)»11)4 v2
2 0 1 2 w2 2 2
m- o, 4——) ms., ~ ve, m- ..~ —4r3v7, B.1la
H) v,zl — v/% Hy 2v,7v% X HY 3V ( )
2 2
v Vv v
mp = — fox [Ugv + (M> ] m e = ——(fvy — 2A7050)), (B.1b)
VyVp Uy i 2vyv,
v,27 + v)z( 2 2 v% + vf( 2, B
My = 2070, (fvp —2h8vyvy), Mmyse = 20,0, (fvy —2A9v,vy), (B.1c)
1/ evw 2 e \2v2 + 02 e \2v2 412
w2 () o () o ()R @i
2\ sw Sw 2 Sw 2
2 2 2
ev 1 ev 2(1 —s
() ol s () 20 B
sw /) 2(1—sw) sw ) 3(1—4sy,)
In the calculations of Ref. [12] the following conditions in imposed:
A2 — Av2 vpU
Mg & %, X5U§+2X6U%%—M. (B.2)
vy — v 2

From the Lagrangian (9a) we can see that m,, m,, m; X v, and mg, my, mr v, . Concerning
the ordinary quarks the masses can be obtained from the Lagrangian (9b) taking into account
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my, K me <K my and mg < mg < mp. Therefore, we have

Givyvp Givp +Givy '
my=——-+1 Me=——"——"="9,, my; =Gv, + Ghv,, B.3a
TG+, T G g, T (B3
Glv,v Gy + Giv
mg=——t+L"— =120 mbzglbvp+g§v,,, (B.3b)

= s = Uy,
G5 vy + G, G3vp + Gyvy

and from the Lagrangian (9c) the heavy quark masses are m ,,m,, mj; < vy. In Egs. (B.3) the
parameters gg, q=u,c,t,d,s,band g =1,2,3,4 are functions of the Yukawa couplings.
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