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This paper studies the pair production of the doubly charged Higgs boson of the left-right sym-
metric models using multilepton final state in the vector boson fusion (VBF)-like processes. The
study is performed in the framework consistent with the model’s correction to the standard model
pew parameter. VBF topological cuts, number of leptons in the final state and pr cuts on the
leptons are found to be effective in suppressing the background. Significant mass reach can be
achieved for exclusion/discovery of the doubly charge Higgs boson for the upcoming LHC run with
a luminosity of O(10%) fb™!.



I. INTRODUCTION

The LHC experiments have successfully discovered the last missing piece of the standard model (SM) - the elusive
Higgs boson. However no sign of any physics beyond the SM has been observed yet. Although the standard model has
been extremely effective, many unsolved questions still remain. The left-right (L-R) symmetric models [TH4] provide
appealing solutions for some of these questions. Firstly it explains the origin of the parity violation at the weak scale.
In L-R models, parity is an exact symmetry of the weak-interaction Lagrangian at an energy scale much higher than
the SM scale. The parity violation arises from the spontaneous symmetry breaking driven by a vacuum not being
invariant under parity. Secondly, the L-R models predicts the existence of right handed neutrinos that explain the
light neutrino mass via the see-saw mechanism. Finally these models place quarks and leptons on the same footing
in the weak interactions and provide a simple formula for the electric charge, involving only the weak isospin and the
difference between the baryon and lepton numbers (B-L).

In this paper, we explore the LHC signature of these L-R models by focusing on the like-sign leptons from the
decays of the left-handed doubly charged scalars (5%*). It is worthwhile to mention here, that the doubly charged
Higgs particles may also arise in other models, such as, Georgi-Machacek model [5], Littlest Higgs model [6] and 3-3-1
models [7, [8]. Recent publications [9HIT] [45] have studied the doubly charged Higgs belonging to different multiplets.
A rather interesting work [I2] has investigated lepton number violating decays of heavy flavor fermions (¢, 7) induced
by the doubly charged Higgs.

In Refs. [9, 13H23] [46] the production of doubly charged Higgs boson has been considered using Drell-Yan (DY)
mechanism in the scope of the models described above. In this paper, we consider the production of a pair of doubly
charged Higgs boson accompanied by two energetic tagging jets, predominantly produced by vector boson fusion
(VBF) processes, where the leading jets are very helpful to reduce the background. In various different contexts the
single production of a doubly charged Higgs boson through W*W# fusion at the LHC, have been discussed in some
earlier studies[24H20], [43], [46]. In these studies the vacuum expectation value (VEV) of the triplet sector is assumed
to be non-zero and consequently the final states with W= are considered using the decay modes of W containing
e and p. However we differ from these searches in the sense that, we have only considered the scenario where the left
triplet VEV of L-R symmetric models are zero, to avoid unnatural experimental consequences. In such a scenario,
we will consider e, u and 7 (hadronic) final states arising from the doubly charged Higgs decays directly along with
two high pr jets. By using VBF topological cuts, we shall offer a search strategy of the doubly charged Higgs boson
at the LHC, complementary to the current search being performed by CMS [27] and ATLAS [28] 29] for multilepton
final states without using two tagged jets. The potential discovery of J}in in both VBF and DY channel can be
instrumental in determining the electroweak (EW) origin of it.

The paper is orgainized as follows: Section [[I] briefly reviews the L-R symmetric model. Section [[T]] discusses the
production mechanism and the subsequent decay of the doubly charged Higgs. The results for future LHC searches
are given in Section [[V] Finally the conclusions drawn from the study have been summarized in Section [V]

II. THE LEFT-RIGHT SYMMETRIC MODEL

Here we present a brief overview of the SU(2)r x SU(2)r x U(1)p—r L-R symmetric models [IH4]. The scalar
sector of these models consist of the following Higgs multiplets [30H34]:
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The Higgs mutiplets transform according to Ay < Ag and ¢ < ¢'. The scalar field potential involving the
interactions of ¢, A, Agr involves numerous parameters. For reader’s convenience, we included the Higgs potenial
we have used for our study in Appendix [A] Following the notations of Ref. [33] we define,

pdif = p3 — 2(p2 + p1),
Aa = (g — ay)/2. (4)



The VEV of the bidoublet ¢ and triplets Ay, i are given by
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While the bidoublet ¢ breaks the SM symmetry SU(2)r, x U(1)y — U(1)gnr, the SU2)g x U(1)g_r, — U(1)y is
broken by the triplet VEVs (vr,vgr) and consequently provides a Majorana mass to the right-handed neutrinos.

A. Vacuum expectation-value scenarios

The parameters in the scalar field potential can be severely constrained by various experimental observations.
From the K, — Kg mixing, Wg is constrained to be very heavy (my, > 2.5 TeV) [47, [48]. The gauge invariance of
SU(2)r x SU(2)r x U(1)p—, requires the coupling of Wg to both Ag and ¢. Consequently my,, depends on vg, k1
and kg, with both k1, k2 at the electro-weak (EW) scale. Thus vr needs to be large (vg > K1, ko). For the simplicity
of calculation we set k1 # 0 and ko = 0.

Thus after fixing ko = 0 and k1,vg # 0, there are two options for the left-handed VEV, vy: (i) vy # 0 or (ii)
vy, = 0. However vy, is highly constrained to be vy, < k by the pgw parameter, where x = \//ﬁ% + Iig. For kg9 = 0,
the pgw is given in Ref. [33],

My, 14207 /K7
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From the experimentally observed value [35] ppw = 1.000470 5053 (at 20), we obtain a bound vy, < 3.5 GeV, which

is very small compared to kK, ~ 246 GeV.
Now let us take a more detailed look at each left-handed VEV scenario.

1. ’UL?éO

The minimization condition of the Higgs potential in this case sets pgiy = 0. Thus from the mass spectrum of the
left Higgs triplet, presented in Appendix [A] we obtain at the tree level,

mgg = mﬁg* =0. (8)

For mg < mgz the Z boson can decay into 6969, Since 89 can only decay to vv at the tree level, hence the

Z — §969* decay is invisible and it becomes constrained by the invisible Z decay width measurement. Using Tablem
in Appendix [B] we obtain

2
g mz,

r(z - o3y = 4%
w

= 339 MeV, (9)

which violates the experimental uncertainty on the invisible Z width ~ 1.5MeV [35]. Thus we can conclude that
the vy # 0 VEV scenario of L-R symmetric models, with further discrete symmetries imposed, is ruled out. The
additional discrete symmetries are discussed in Appendix [A]

2. v =0

In this scenario the left-handed Higgs triplet scalars do not mix with their bidoublet counterparts and they are the
mass eigenstates by themselves. pg;¢ can be arbitrary in this case. The mass spectrum is given as (see Appendix
for details),
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FIG. 1. Same value Am contours (dashed) as a function of mso and da, where Am = Mstt — Mg+ The constraint
L L
Aprgw = 0.001 is shown by the black thick line. The shaded region is excluded.

We shall see in the subsequent sections that these masses, especially their differences, are of much phenomenological
interest.

III. PHENOMENOLOGY AT LHC

In this section we discuss the VBF production of the doubly charged Higgs boson and their decay channels.

A. Production of the doubly charged Higgs

The gauge bosons and the left Higgs triplet couplings can be derived from the corresponding Higgs triplet kinetic
term of the Lagrangian,

'Ckin = (DNAL)T(DMAL) (11)
The covariant derivative is defined by,
DAL = id, Ay + gi—WYBMAL + g[F.WL“,AL], (12)
w

where sy (cw) = sin Oy (cos Oy ), O being the EW mixing angle. The Ay, has a hyper-charge, Y = 2. The Feynman
Rules obtained from Eq. are listed in Table in the Appendix

Since vy, = 0, those gauge boson-scalar couplings proportional to vy, will vanish. Therefore the single production
of 6fi by VBF processes is impossible. Instead we study the production of a pair of doubly charged Higgs pp —
5‘L"+5Z_ jj. We shall also consider the associated production, pp — (%iéf jj, which increases the production cross-
section by a factor of about 2, as shown in Fig. [2|

VBF processes: In a VBF process a pair of Higgs triplet scalars (5fi, 5%) is produced by the fusion of two
virtual vector bosons (W, Z, ) radiated by the incoming quarks. Two associated back-to-back ‘tagging’ jets appear
in the forward region with a large angular separation |An;, j, | H A further kinematic cut on the invariant mass of the
two jets Mj, ;,, combined with |An;,;,| will be instrumental to reduce SM backgrounds. Since the pair production of
two heavy scalars require the incoming partons to be very energetic, the tagged VBF jets should also have high pp.
The specific cuts are listed in Section [[V]

I Throughout this paper, j1j2 in the subscript denote the dijet pair with the highest invariant mass among all possible pair of jets in the
final state. The tagged dijet pairs are sorted among themselves w.r.t their pr.
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FIG. 2. The cross-section for pp — §7 76, "jj + 0567 jj at LHC14 for different values of Am [Left panel], where Am =
Mgt = Mgt and comparison of the production cross-sections for pp — 62+5Z_jj and pp — 52""(52_]']' + (%iéfjj at LHC14

[Right panel], keeping Am = 40 GeV fixed for all mg++.
L

The aforementioned final states can also be produced by DY processes, although the DY production mechanism is
not accompanied by the forward-backward jets. Ref. [9] made a comparison between the DY and VBF production and
found VBF cross-section is ~ 5 — 10% of the DY cross-section for triplet scalar masses below 1 TeV. Nevertheless the
production of 6iti by VBF processes and it’s subsequent discovery is of utmost importance. From the DY production
of 5fi one can not determine the origin of it. If the interaction of the left Higgs triplet with W boson is absent in the
Lagrangian in Eq. , then two photon fusion will be the dominant mechanism for the pair production of 5fi by
VBF processes. Hence the correlation between VBF and DY cross-sections will be different from that if W-couplings
were present. Consequently the discovery of (Sfi by means of VBF topological cuts together with their detection in
DY channel will shed light on their EW origin.

With this background let us revisit the mass-spectrum of the left Higgs triplet in the VEV scenario under consider-
ation. The mass splitting Am =m s+ — Mgt can enhance VBF cross-section in the ¢-channel (52[ exchange, as shown
in Fig. 2] However this mass difference is also subject to pgw constraint via the triplet Higgs’ contribution to the
W+ boson mass at loop order, as given in Ref. [33],

2g?
Appw = m[ﬂm&g:m@) + fmgr,mger)], (13)
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We recall the fact that the latest experimental value of ppw = 1.000470905% [35] allows us to have Apgw < 0.001 at
20. This yields a severe bound of Am,q, ~ 40 GeV. The bound on the mass splitting as a function of mgo and Ao

has been presented in Fig. [l This bound also applies for the mass splitting between 5{ and 69. Tt is worthwhile to
mention here that a bound on A« may arise from the mass bounds on the FCNC scalars [33]. For a fixed A« and
Am we can set an upper bound on the mass of 62. The dependence of the cross-section on Am is illustrated in Fig.
Here we have plotted the variation of the cross-section as a function of m s+ for Am = 0 and 40 cases.

B. Decay of the doubly charged Higgs

Here we will show that with vy, = 0, 6f+ dominantly decays to a pair of same sign leptons (e, u, 7) that can give
rise to an unique collider signature. Since B — L charge is 2 for the triplet, their Yukawa couplings are given by the
Lagrangian,

Ly = ZhZIwZLCTgALQﬂJL + c.c., (15)

where i, j are the lepton generation indices, and C is the charge-conjugation operator. v, is the left-handed lepton
doublet. Various constraints may arise on the Yukawa couplings from different experiments. These constraints on h?f
have been discussed at a great detail in Refs. [12] 33 [36]. Here we only list the relevant ones for our study.



The Bhaba scattering yields a constraint [36] on h,

Ms++ \ 2
RMY? < 9.7%x 1070 (=2 ) . 16
(h? 9.7 x 1070 (i (16)
The moun g-2 receives contribution from the 6 [33,44]. Using the current measurement, Aa,, = a,”? — aﬁM =
288 x 10~ [35], we obtain,
Mgt 2
M2 -5 4
(RM)? S 1.5 10 <G§V> . (17)
From the upper limit of BR(x — ev) [35, [36] we get,
Mgt 2
M M - d
hee - by, < 5.8 %10 (GreLV> . (18)

The non-diagonal coupling hM ue can break the lepton number of each generation and is the most stringently con-
strained [33], B5]. Between the ﬁrst two generation, we find,

Mgt+\ 2
WRM <2 x 107 (X ) 19
ee ~v X GeV ( )

Finally, no constraint on h is available yet.

AL = 2 decay rates into different flavor combinations depend on the relative strength of the Yukawa couplings
h}l. In this paper we consider two sample cases: (i) BR(6; " — eTe™) = 50%, BR(6] " — ptu™) = 50% and (ii)
BR(6;% — 777T) = 100%. For Case (i), we assume a diagonal h,f

As vy, = 0, the decay processes 52‘+ — WHWT and 52‘+ — (5‘{52‘ are forbidden. The constraints on the mass-
splittings rule that the decays ;7 — §f W+, 57+ — 616769 and 67 — WHWT6? can only occur virtually. These
virtual decays have a subdominant branching ratio compared to that of the dilepton decay channel, hence we ignore
them in this paper.

IV. RESULTS

Here we present the significance of a potential LHC signal from the two 5fi decay scenarios, 5%* — IE*
(Il = 50% ee, 50% pp) and 6% — 757%5(100%). The L-R symmetric model is implemented with the FeynRules
v1.7.200 [37] package. The signal and background events are generated using MADGRAPHS5 [3§] followed by showering
and hadronization by PYTHIA [39] and the detector simulation by PGS4 [40)].

A. Like-sign light lepton pairs

We first consider the decay of (%i into like-sign light lepton pairs (e, u). The production processes pp — (%j[&:LF jj
and pp — 6776, jj lead to a final state of at least three leptons (> 3l) and two or more jets (> 27).
The CMS analysis [27] has set the latest bound on m sE* from the 3 lepton channel to be 444 GeV for a 100% decay

to ee and 459 GeV for 100% decay into pp. The corresponding bounds for a 4 lepton final states are respectively
382 GeV for ee and 395 GeV for pp. In comparison the ATLAS bound [29] for the > 3e/u channel is 330 GeV, and
their bounds from the 4 lepton channel [12] 28] are 409 GeV and 398 GeV for ee and upu, respectively.

The major SM backgrounds for our final state are pp — W Zjj and pp — ZZjj. The kinematic cuts imposed to
reduce these background are as follows:

(1) Basic Cuts: The signal and background events are preselected with the requirement of at least 2 Jets with
pr; > 30GeV and |n;| < 5. The subsequent cuts applied on the pre-selected events are optimized to maximize the
signal significance, S/v/S + B, where S and B denote signal and background rates.

(2) VBF Cuts: Denoting ji, j2 to be the palr of jets with the highest Mj;, we require (¢) pr(j1),pr(j2) > 50 GeV,
(i1) mj, *ny, <0, (iid) |Anj, j,| > 4 and (iv) Mj,;, > 500 GeV. We find from Fig. 3| that the M, j, of the backgrounds
fall below the same of the signal above 500 GeVEI

172

2 For all the figures presented in this paper, the signal and background kinematic distributions are not stacked.
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FIG. 3. Distribution of the dijet invariant mass M, ;, normalized to unity for the tagging jet pair (j1,j2) for the signal and

all the backgrounds before the VBF cuts are applied. The signal is inclusive of the processes 67 76 44 and 6 (ﬁjj for the

benchmark point (mg++,mg+) = (460 GeV,420 GeV) at /s = 14TeV. The tagged jets (ji,j2) being the pair of jets with
L L

largest dijet invariant mass among all final state jet pairs. ji1 and j2 have been sorted among themselves by their pr.

(3) > 3 leptons : At least 3 light leptons (I = e, ) with pr(l) > 10GeV and |n| < 2.5. This cut reduces the
background by a factor of 1072 due to the low W — lv and Z — Il branching fractions.

(4) Lepton pr cuts: The pr distribution of the leptons of the signal and the backgrounds are shown in Fig. I The
figure clearly shows that the leptons arising from 5 decay are more energetic than the leptons coming from W, Z
bosons. This allows us to impose stringent pr cuts on the leptons as follows: pr(l1) > 120 GeV, pr(l2) > 100 GeV,
pr(ls) > 50 GeV, and pr(l4) > 30 GeV. These cuts are instrumental to reduce backgrounds by an order of magnitude.
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FIG. 4. pr distribution of the leptons, normalized to unity, in the > 3l + > 2j final state for the signal [(m52r+,m52r) =
(460 GeV, 420 GeV)] and SM backgrounds at /s = 14 TeV.



(5) Z veto: Opposite-sign dilepton invariant mass, |M;+;- —mz| > 10 GeV removes the ZZjj background effectively.
(6) 671 mass window cut: Like-sign dilepton invariant mass, |Mj+;+ — m52+| < 10% Mgt

(Mg++,ms+) Selection Signal 773jj WZjj
L L
[GeV] Cuts [fb] [fb] [fb]
Basic cuts 0.1540 4+ 0.0011 585.9+ 1.4 3513 £8
VBF 0.0403 4 0.0005| 39.98 + 0.36 211.8 + 2.1
(460, 420) > 3 leptons 0.0317 4 0.0005]0.2131 £ 0.0028 | 1.702 + 0.033
lepton pr cuts |0.0301 4+ 0.0005|0.0126 £ 0.0007 |0.1015 4 0.0080
Z-veto 0.0291 £ 0.0005{0.0005 + 0.0001 {0.0057 + 0.0019
52"" mass window |0.0285 =+ 0.0005 {0.0001 =+ 0.0001 |0.0002 4 0.0002

TABLE I. Summary of the signal and the background cross-sections and corresponding statistical errors at our chosen benchmark
point, after each kinematical cut in the light lepton decay scenario. The LHC energy is 14 TeV.

The reconstructed invariant mass of the like-sign dilepton pairs after all the cuts is shown in Fig. [5| for m st =
460 GeV. One can readily observe the distribution peaks sharply at m s Table [I| gives the signal and background

cross-sections after applying each cut. The significances (S/+/.S + B) have been plotted in Fig. |5 as a function of
Mgt keeping Am fixed at ~ 40 GeV, for upcoming LHC luminosities at 1000 fb~! and 3000 fb~!. We find that at

30(50) level the Mg+ can be probed up to 620(480) GeV for 1000 fb~! luminosity, and 800(640) GeV with 3000 fb~1.
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FIG. 5. The signal invariant mass distribution [Left panel] of same sign dilepton pairs in the > 3] + > 2j final state, after
applying all the kinematic cuts. Since the number of background events drop to less than 1 after all the cuts, they have not
been included in this figure. The significance [Right panel] curves assume 1000 fb~* (solid) and 3000 fb~* (dot-dashed) LHC
luminosities at 14 TeV. The 3 and 5 o level are shown as horizontal lines and Am is kept to be ~ 40 GeV.

B. Like-sign tau pairs

In this subsection we shall present the VBF search strategy in the multi-7 final state. The search with 7 leptons is
the most difficult amongst the three generation of leptons because of low 7 identification efficiency at the LHC. The
7 lepton tagging requires the 7 to decay hadronically, denoted by ‘7;,’. Similar to the light lepton case, the signal
final state contains > 37, + > 2j together with Fr. Existing CMS bounds [27] for the 77 final state (for the DY
process) are 204 GeV and 169 GeV in the 3 and 4 lepton channel, respectively. The ATLAS does not offer a limit for
this scenario.

Tagging the 75, involves the 7, identification (ID) e and the fake rate f coming from jets. We look at the case
e = 50%, f = 1%, both € and f flat over pr > 20 GeV [4I], and an alternative enhanced efficiency at e = 70%, which
could be achievable in future LHC searches [42], with a higher fake rate f = 2% ﬂ The kinematical cuts imposed are
listed as follows,

3 PGS4, by default, has a 7, identification (ID) efficiency () of 30 — 40%. To study the impact on this search due to 7j, ID performance,
an object reconstructed by visible particles from the hadronic decay of 7 in PYTHIA, is used at a rate of ID efficiency (50% or 70%).
Correspondingly each PGS4 jet object is misidentified as a 7p, object at a probability of 1% or 2% (fake rate f in the text).
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FIG. 6. pr distribution of the 745, normalized to unity, in the > 37, + > 2j + Fr final state for the signal [(mz++,mz+) =
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(210 GeV, 170 GeV)] as well as SM backgrounds at /s = 14 TeV. For all the plots the 7 ID efficiency and jet — 75, fake rate
are considered to be 70% and 2% respectively.

(1) Basic and (2) VBF cuts: Same as in the light leptons case. See in Section [V A] Rest of the cuts are similarly
optimized to maximize the signal significance, S/v/S + B.

(3) > 3 tagged 7, : We have selected events with at least 3 7,8 in the final state with pr(7,) > 20 GeV and
n(7y) < 2.3, which are required [4I] for our assumed e and f.

(4) 7, pr cuts: since a 7 loses part of its pr as Fr, illustrated in Fig. @ we use a softer pr cuts: pr(m,,) > 50GeV,
pr(Thy) > 50GeV and pp(7h,,) > 30 GeV and no pr cut for additional 75,s. This cut achieves a 75% cut efficiency for
the signal, and reduces the background by a factor of 2.

(5) Fr cut: Fr > 50GeV.

Because the 7 decays into the invisible v, the invariant mass of the same-sign 7 pair cannot be reconstructed
completely. Fig. [7| shows the visible mass, M.+ +(vis), of the like-sign 7, pair from mg++ = 210 GeV. Due to the
loss of visible pr, the 77 mass show a broad distribution that centres at 140 GeV, below the parent 6f+ mass.

The signal and background cross-sections are listed in Table [l The signal significance is plotted as a function of
Mg+ in Fig. |8, where we keep Am = Mgt — Mgt = 40 GeV. For a 3000 fb~! luminosity at 14 TeV, Mg+t can be

probed upto 300 GeV at 30 with € = 50%, f = 1%. With enhanced tagging rates (¢ = 70%,f = 2%) the §; " mass
reach goes up to 390 GeV and the corresponding discovery (50) limit of Mgt+ is 300 GeV. With 1000 fb~—! data,

however, the 3¢ limit is 290 GeV for € = 70% and f = 2% [

V. CONCLUSION

In this paper we investigated the LHC prospects of pair production of the doubly charged Higgs bosons from L-R
symmetric models via the VBF process. The VBF offers a complementary search strategy to the existing studies on

4 The V+jets production (where, V. = W, Z), however, could be a considerable source of the background in large jet multiplicity en-
vironments at the LHC where a jet to 7;, fake rate is at a level of 1 — 2%. A full analysis, which takes into account all the fake
backgrounds using DELPHES 3 [49] as the detector simulator, will be performed in a forthcoming study [50] motivated by the Type-II
seesaw mechanism for neutrino mass generation.
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0.0196 £ 0.0008
0.0147 £ 0.0007
0.0120 +£ 0.0006

0.0038 £ 0.0007
0.0016 £ 0.0005
0.0011 + 0.0004

0.0138 £ 0.0028
0.0070 £ 0.0021
0.0048 £ 0.0016

e="T0%, f =2%

2 3 Thys
Th pT cuts

Fr cut

0.0487 £ 0.0013
0.0356 £ 0.0006
0.0292 £ 0.0010

0.0068 = 0.0009
0.0032 £+ 0.0007
0.0020 £ 0.0005

0.0364 + 0.0051
0.0168 £ 0.0034
0.0112 £ 0.0027

TABLE II. Summary of the effective cross-sections and the corresponding statistical errors of both the signal and the back-
grounds after each cut is applied in the 7 decay scenario at /s = 14 TeV.

the DY process, and can be important in understanding the electroweak origin of the doubly charged Higgs boson.
We chose the vy, = 0 scenario to avoid Z boson decay into 6%6%*, which is invisible. Due to the constraint from pgw,
the 67,01 mass splitting is less than ~ 40 GeV, and 67" dominantly decays into like-sign lepton pairs. The LHC
signature is consist of multiple (> 3) leptons, 2 tagging jets in the forward region of the detector and missing energy
(in 7 final state only). Due to different identification efficiencies, we studied the light lepton (e, ) and hadronically
decaying 73, scenarios separately.
A series of kinematical cuts, led by the VBF-topological cuts, the number of leptons in the final state and pr cuts,
are found to be effective against SM backgrounds. For a luminosity of 1000 fb~!, we can set an 3¢ exclusion limit
upto 620 GeV for the light-lepton final state and 290 GeV for 75, final state. The latter assumes a 7 ID efficiency
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at 70% and a 2% jet fake rate. For 3000 fb~! luminosity, we achieved an exclusion limit at Mgtt ~ 800 GeV and
390 GeV in the light leptons (e, ) and 7 final states.
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APPENDIX

Appendix A: The Higgs-sector general potential of the left-right model

The potential of the scalar sector of the model we have studied, following Refs. [33], 34], is given by,

1 . - 1 . -
V= =i el + A(Trolo)? + da Trolo616 + 32s(Tro1d + Tr 6l )? + S (Tro1é - Tr gl g)?
- - 1 - -
s Tr 616616 + 5 Ao(Tr ¢ 9616 + Tr 6661 6) — 3 (T AL AL + TrAL Ap)
o [(Tr AT AL)? + Tr ALAR)? + po(Tr ATALAT AL + Tr ALARALAR) + ps(Tr AT ALY (Tr AL AR)
+pa(Tr ApAL Tr ALAL + Tr ATAT Tr AgAR) + ay Trofo(Tr AT AL + Tr AL AR)
+aa(Tr AR 0AR + Tr ALGOIAL) + ay(Tr ARdToAR + Tr ALGGTAL), (A1)
where ¢ = T5¢*75. 7;/2 is the usual 2 x 2 representation matrices of SU(2). One should note that additional discrete
symmetries, Ay — Agr,Ar — —Apg and ¢ — i¢ have been imposed in addition to L-R symmetry, to have vy = 0 at

the natural minima of the potential [33]. As it has been already mentioned in Eq. , we have defined a combination
of parameters appeared in the above Higgs potential as:

paif = p3 — 2(p2 + p1),
Aa = (ay — ay)/2. (A2)
The mass-spectrum of the left Higgs triplet, obtained after minimising the above potential, have been discussed

below. We have neglected terms of order vy, /ug here.
The left handed doubly charged Higgs boson 6f+ is a physical mass eigenstate itself with mass

1

M. = L puugvh - pa + Ao (43)
The physical singly charged Higgs boson is
2
R L
5= —— (A1)
v
14+ 22Ly1/2
(1+7)
with mass
2 1 2 1 2 2
M+ = 5Pdif VR T §Aa(’f1 + 2vg). (A5)

The neutral Higgs sector consists of two pure states §2 and §%*, which have the same mass

1
mgg = mgoL* = ipdifv%. (A6)
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The complete set of mass eigenstates of the Higgs sector of the L-R model is discussed in [33] [34]. The results
presented above are valid for the both vev scenarios under consideration. We can obtain the formulas for relevant
cases by simply recalling the fact that for vy # 0, pgif = 0, while for v, = 0, pg;¢ can be varied. Thus we can readily
observe that in the second scenario 5; is also a pure mass eigenstate.

Appendix B: The Feynman rules for the left Higgs triplet-gauge interaction

We have presented the Feynman Rules for the interaction of the vector bosons and the left Higgs triplet scalars in
Table [T1

Vertex Feynman Rule
Vuyw 07 67, 2ig” Sy Gyuv
S A P 8ig*siy g
Yudy 07, igsw (p2 — ps)u
AT 2igsw (p2 — ps)u
Yu0267 W g% 5w Guw
7H52'5;_WV+ —3i92$wgw
Vb W 192 sw LG / V2
2.6, W, ig(p1 — p2)u
516, W,F —ig(p1 — pa2)u
5%5£7W: Wit —27ﬁg2g/w
5£7WJ wr —i\/§g2ng,w
8300 Wi W, i9” g
52’5; WJW; Qigzgw,
5oL T WIWS i9° G
SWIW, 192 0LGun V2
Vubi 0L Zu 4ig” sw caw Guv [cw
’yuézéz Z, —Qig2s%guu/cw
026, W, Z, —ig?(1+ sy ) g [cw
616, Wiz, —ig® (1 = 383y ) guw /cw
S Wi Z,  —ig*vL (1 + sW)gun /(V2ew)
896 2,7, 2197 9w [ Cly
6, 0L ZuZ, 2ig” 3w G /Gy
525;ZHZV 2ig° sV Guv /oy
5%ZHZV i\/EQQULg/w/C?/V
6067 Zy —ig(p1 — p2)u/cw
5-L~_5L_Zu —igszév(pl —p2)u/cw
61 6 2 igcaw (P1 — p2)u/cw

TABLE III. Feynman Rules for the interaction of the vector bosons and the left Higgs triplet scalars of the L-R Symmetric
Model. Here p; stands for the 4-momentum of the i-th particle at the vertex, with the convention that all the particle momenta
are coming into the vertex. For brevity cos 20w has been abbreviated as caw .
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