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Vector leptons in the Higgs triplet model
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We analyze the phenomenological implications of introducing vector-like leptons on the Higgs sector in

the Higgs triplet model. We impose only a parity symmetry which disallows mixing between the new
states and the ordinary leptons. If the vector leptons are allowed to be relatively light, they enhance or
suppress the decay rates of loop-dominated neutral Higgs boson decays 7 — vy and h — Zvy, and affect
their correlation. An important consequence is that, for light vector leptons, the decay patterns of the the
doubly charged Higgs boson will be altered, modifying the restrictions on their masses. We study the
implications for signals at the LHC, for both \/s = 7 TeV and for 13 TeV, and show that doubly charged
boson decays into same-sign vector leptons could be observed.
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L. INTRODUCTION

With the discovery of the Standard Model (SM) Higgs-
like scalar at the LHC [1], the SM particle content seems
complete. In particular, the mass and couplings of the
neutral Higgs boson seem to disfavor an additional chiral
generation of quarks and leptons [2]. However, additional
vector-like fermions, in which an SM generation is paired
with another one of opposite chirality, and with identical
couplings, are less constrained, as there is no quadratic
contribution to their masses. These states appear as natural
extensions of the SM particle content in theories with
warped or universal extra dimensions, as Kaluza-Klein
excitations of the bulk field [3], in nonminimal supersym-
metric extensions of the SM [4], in composite Higgs
models [5], in the little Higgs model [6] and in gauged
flavor groups [7]. Vector fermions have identical left- and
right-handed couplings and can have masses which are
not related to their couplings to the Higgs bosons [8].
Depending on the dominant decay mode, the limits on
new vector-like fermions range from ~100-600 GeV [9],
rendering them observable at the LHC.

Vector quarks can modify both the production and de-
cays of the Higgs boson at the LHC, while vector leptons
do not carry SU(3),. charge and can only modify the decay
patterns of the Higgs. The study of the latter would be a
sensitive probe for new physics. The lepton states contrib-
ute to self-energy diagrams for electroweak gauge boson
masses and precision observables, and consistent limits on
their masses and mixings have been obtained [10,11].

Vector leptons have been studied in the context of the
SM [11-13], but less so for models beyond the SM, where
they can also significantly alter the phenomenology of the
model. In the SM, introducing heavy fermions provides a
contribution of the same magnitude and sign as that of the
top quark and interferes destructively with the dominant W

*sahar.bahrami @concordia.ca
"mariana.frank @concordia.ca

1550-7998/2013 /88(9)/095002(14)

095002-1

PACS numbers: 14.80.Fd, 12.60.Fr, 14.60.Pq

contribution, reducing the 7 — 7y rate with respect to its
SM value. Recent studies indicate that cancellations
between scalar and fermionic contributions allow a wide
range of Yukawa and mass mixings among vector states
[14]. An investigation of vector leptons in the two-Higgs-
doublet model [14] showed that the presence of additional
Higgs bosons alleviates electroweak precision constraints.
Introducing vector leptons into supersymmetry [15] can
improve vacuum stability and enhance the diphoton rate by
as much as 50%, while keeping new particle masses above
100 GeV and preserving vacuum stability conditions.

In the present work, we investigate vector leptons in the
context of the Higgs triplet model (HTM). We do not deal
with the LHC phenomenology (pair production and decay)
of the extra leptons, which has been discussed extensively
in the literature [16], choosing instead to focus on signature
features of this model. We have previously shown that in
the Higgs triplet model, an enhancement of the 7 — yy
rate is possible only for the case where the doublet and
triplet neutral Higgs fields mix considerably [17]. We
extend our analysis to include additional vector-like lep-
tons in the model and investigate how these affect the
Higgs diphoton decay rate, with or without significant
mixing in the neutral Higgs sector. Originally, both the
CMS and ATLAS experiments at LHC observed an en-
hancement of the Higgs diphoton rate, while the diboson
rates (h — WW?*, ZZ") have been roughly consistent with
SM expectations. At present CMS observes a(pp — h) X
BR(h — yy) = 0.77 £ 0.27 times the SM rate, while
ATLAS observes o(pp — h) X BR(h — yy) = 1.55%533
times the SM rate [18]. Given these numbers, it is possible
that either the SM value will be proven correct, or a modest
enhancement will persist. A further test of the SM is the
correlation of the decay & — Zvy with one for h — yy. We
also include the prediction for the vector-lepton effect on
the branching ratio of # — Zv and comment on its rela-
tionship with the diphoton decay.

We have an additional reason to investigate the effects of
vector leptons in the Higgs triplet model. The model
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includes doubly charged Higgs bosons, predicted by most
models to be light. Being pair produced, the doubly
charged Higgs bosons are assumed to decay into a pair of
leptons with the same electric charge through Majorana-
type interactions [19]. Assuming a branching fraction of
100% decays into leptons, i.e., neglecting possible decays
into W-boson pairs, the doubly charged Higgs mass has
been constrained to be larger than about 450 GeV or more,
depending on the decay channel. However, if the vector
leptons are light enough, which they can be, the doubly
charged Higgs bosons can decay into them and thus evade
the present collider bounds on their masses. We investigate
this possibility in the second part of this work.

Our work is organized as follows. We introduce the
Higgs triplet model with vector leptons in Sec. III. In
Sec. III we analyze the effect of the vector leptons on the
decays of the neutral Higgs bosons, and discuss the con-
straints on the parameter space coming from requiring
agreement with present LHC data. We include both loop-
dominated decays: h — 7y in Sec. Ill A and &2 — Zy in
|

Ly =1,2-1/2, Ly=12-1/2),
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Sec. IIIB. In Sec. IV we analyze the effect of the vector
leptons on the production and decay mechanisms of the
doubly charged Higgs at the LHC. We summarize our
findings and conclude in Sec. V.

II. THE MODEL

The Higgs triplet model has been studied previously
[20]. Here we concentrate on the effect of extending the
model by incorporating additional vector leptons. For the
purpose of our analysis, vector quarks either do not exist,
or are much heavier and decouple from the spectrum. The
model contains a vector-like fourth generation of leptons,
namely the SU(2); left-handed lepton doublets L) =
(v}, e} ), right-handed charged and neutral lepton singlets,
vy and ef, and the mirror right-handed lepton doublets,
L} = (v}, ef}) and left-handed charged and neutral lepton
singlets »] and ej. The vector-like leptons have the fol-
lowing quantum numbers under SU(3)- X SU(2); X
U(1)y:

V;Q = (1) 1) 0)7 VZ = (1; 1) 0)7
2.1)

with the electric charge given by Q = T3 + Y, where T5 the weak isospin. The Lagrangian density of this model is

Lyrm = Lin + Ly + Ly, — V(D, D),

(2.2)

where Ly, Ly, Ly;, and V(®, A) are the kinetic term, the Yukawa interaction for the ordinary SM fermions, the mass and
Yukawa interaction for the vector leptons, and the scalar potential, respectively. The Yukawa interactions for the ordinary

SM leptons are [17]

Ly = —[Lih®e} + Hee] — [hyLiiT,AL] + Hec.],

(2.3)

where @ = iT,®*, h,is a3 X 3 complex matrix, and h; ;isa3 X 3 complex symmetric Yukawa matrix. Additionally, with
the vector-like family of leptons as defined above, the vector-lepton part of the Lagrangian density is

_ 1
Ly = —I:MLL’LL% T Myehel + M, ol + - MLosw, +

2

1 _ _ _
MUBY + hiy(L, D)y + WLLD)el + (L, 701w,

+ WL TDNYY + W LEiTy ALy + RELECiT, ALY + Xp(L] ®)ef + AL(Ly ®)ef + ALLEiT,AL)

+ MLit, ALY + He. ]

24)

where we include explicit mass terms, Yukawa interactions among vector leptons, and Yukawa interactions between vector

leptons and ordinary leptons. The scalar potential is

V(D,A) = m2®dtd + M>Tr(ATA) + [u®Tir,AT® + Hee.] + A(PTD)? + A, [Tr(ATA) P + A3 Ti[(ATA)?]

+ M (PTD)Tr(ATA) + A;PTAATD,

(2.5)

where m and M are the Higgs bare masses, u is the lepton-number-violating parameter, and A;—A5 are the Higgs coupling
constants. The expressions for the parameters A;—As in terms of Higgs masses are given in Ref. [17].
The electroweak gauge symmetry is broken by the vacuum expectation values (VEVs) of the neutral components of the

doublet and triplet Higgs fields,
(D) = v /2,

(A% = v,y /V2, (2.6)
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where @ and A are the doublet Higgs field and the triplet
Higgs field, with v> = v} +2v3 =(246GeV)?. Higgs masses
and coupling constants in the presence of nontrivial mixing in
the neutral sector have been obtained previously [17].

One can invoke new symmetries to restrict the interac-
tion of the vector leptons with each other or with the
ordinary leptons, or disallow the presence of bare mass
terms in the Lagrangian. For instance,

(1) If there is an additional U(1) symmetry under which
the primed, double primed and the ordinary leptons
have different charges, this would forbid the explicit
masses M;, Mg, M, and M, from the Lagrangian.
Vector leptons would get masses only through cou-
plings to the Higgs doublet fields [13,21].

(2) If one imposes a symmetry under which all the new
SU(2) singlet fields are odd, while the new SU(2)
doublets are even, this forces all Yukawa couplings
involving new leptons to vanish, hl, = h}l = h/, =
hy, = h}; = hi; = 0, and the masses arise only from
explicit terms in the Lagrangian [11].

(3) Finally one can impose a new parity symmetry
which disallows mixing between the ordinary lep-
tons and the new vector-lepton fields, under which
all the new fields are odd, while the ordinary leptons
are even [22], ie., such that Ay = A = A}, =
A} = Al = 0; alternatively, one might choose these
couplings to be very small.

In this analysis the focus will be on Higgs decays. We
investigate the model subjected to symmetry condition 3, as
we would like to neglect mixing between the ordinary and
the new vector leptons. When allowed, stringent constraints
exist on the masses and couplings with ordinary leptons.
New vector leptons are ruled out when they mediate flavor-
changing neutral current processes, generate SM neutrino
masses or contribute to neutrinoless double beta decay.
Recent studies of models which allow mixing between
the ordinary leptons and the new ones exist [21,22], but
restrictions from lepton-flavor-violating decays either force
the new leptons to be very heavy, M;, Mg ~ 10-100 TeV,
or reduce the branching ratios for h — 777, u*u~ and
h — 77y decays to 30-40% of the SM prediction, neither of
which are desirable features for our purpose here. In the
Higgs triplet model, distinguishing signals would be pro-
vided by lighter vector leptons. Since imposing no mixing
between ordinary and new leptons allows new lepton
masses to be as light as ~100 GeV—perhaps without a
reduction in the Higgs diphoton branching ratio—we in-
vestigate this scenario here. In addition, we also investigate
the effect of imposing condition 1, that is, requiring the
explicit mass terms in the Lagrangian to be 0.

In the charged sector, the 2 X 2 mass matrix M is
defined as [11,13]

eh ) my Mp
(E}, e’L’)(JVlE)(E%), with ME:(ME mg)’ 2.7)
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where m), = hve/v2 and ml} = hve/+2, with vg
the VEV of the neutral component of the Higgs doublet.
The mass matrix can be diagonalized as follows:

M
VZMEVR = ( Ei 0 )

0 My (2.8)

The mass eigenvalues are
M3 = %[(M% +mf + M3+ mP) =X+ 72
(2.9)
with
X=(M?+mE}—M2—mp?), Y=2miM, +mMp).
(2.10)

By convention, My, > Mp,. For simplicity we assume that
the lepton Yukawa couplings 4. and kY. are real so that the
transformations that diagonalize the mass matrix are real
orthogonal matrices,

__ cos@; sinf
Vi ( —sinf;, cosf, ) @11
[ cosfr sinfy
Vi ( —sinfr cosOp ) (2.12)
The angles 6, y are given by
IMp + mpM
tan g, = L~ ETE (2.13)
Mg, — My — mg
LMy + miiM
tan O = —EL " METTE (2.14)

2 A2 _ e
Mg, — My — mg

The eigenstates of the vector-lepton mixing matrix enter in
the evaluation of 4 — yvy and h — Zv in the next section.

III. PRODUCTION AND DECAYS OF THE
NEUTRAL HIGGS BOSON

The presence of the vector leptons affects the loop-
dominated decays of the neutral Higgs, h — y7y and
h — Zvy, and the possible relationships between them. In
the Higgs triplet model, singly and doubly charged bosons
also enter in the loops, creating a different dynamic than in
the SM. We analyze these decays in turn, and look for
possible correlations between them.

A h—vyy

Recently, the Higgs triplet model has received renewed
interest because of attempts to reconcile the excess of
events in h— 7y7y observed at the LHC over those
predicted by the SM. Such an enhancement hints at the
presence of additional particles—singlets under SU(3),
but charged under U(1),,—which affect only the
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loop-dominated decay branching ratio, while leaving the
production cross section and tree-level decays largely
unchanged. Vector leptons are prime candidates for such
particles, so we study their contribution to the Higgs decay
branching. The decay width & — yvy is

(L'(h = yy)larm
GFa mh
12827

+ ghWWAl(Tw) + Gnpz = Ao(Th=)

ZN Q7 8nrrAra(Th)

~ HE 8
+ 4thtiH:IAO(T;l-1ii) + A}TffAl/2(T}é')
1

ME2ghffA

: 3.1
7 , (3.

1 2(7'52)

2

with Mg, Mg, given in Eq. (2.9), and where the loop
functions for spin-0, spin-1/2 and spin-1 are given by

Ag(7) = =[7 = f(1)]773, (3.2)
Ayp(r)= =71+ A =77)f(="1)] (3.3)
A(r)=1+ %T_l + 47_1(1 - %T_l)f(T_l), (3.4)
and the function f(7) is given by
arcsin 2,/7, 0o<r=1,
)= 4[logi+‘/_1—: m'] , T>1, -3)

with 7/ =

a5 » and m; is the mass of the particle running in

the loop [1 1] In Eq. (3.1) the first contribution is from the
top quark, the second is from the W boson, the third is from
the singly charged Higgs boson, the is fourth from the
doubly charged Higgs boson, and the last two are from
the vector leptons. We use the following expressions for the
couplings of the Higgs bosons with charged vector leptons:

Mg, = —cos B cos Op(mitan O + mytan ), (3.6)

Mg, = cos O cos Og(mytan O, + mj tan Op).

The couplings of /4 to the vector bosons and fermions are as
follows:

gnrs = cos a/ cos B,

gnww = CosSa + 2sinav,/ve,

(3.7)

with ff =1, E,E,, E,E,, and the scalar trilinear
couplings are parametrized as

PHYSICAL REVIEW D 88, 095002 (2013)

i = m2 [2A,v,sina + Ayvgcosa),
gmH
hH H = 2 2 {[4v5(Ay + A3)cos? B
m?,.
+2up Agsin?B. — V2A5vgcos B sin B Jsina

+[41vgpsin BL + (244 + As)vgcos? B
+(4p —V2As5v,)cos B sin B4 Jcosal.
(3.8)
Since the new leptons do not affect the Higgs production

channels, the effect on the diphoton search channel at the
LHC is expressed by the ratio

ourm(gg — h— yy)
asmlgg — @ — yy)

_ [o(gg — h) X BR(h — yy)lurm
[o(gg — @) X BR(® — yy)]lsm

Rh—wv

_ [o(gg — 1) XT(h— yy)lurm _ [T(P)]sm
[o(gg— @) XT(®— yy)lsm  [T(W)lurm’
3.9

where ® is the SM neutral Higgs boson and where the ratio
of the cross sections by gluon fusion is

oum8g > h—=yy) _ o
asm(gg — © — vy)

Here « is the mixing angle in the CP-even neutral sector,
¢\ _[cosa —sina\lh
o sine  cosa J\H/)

vy 205 (Ag + A5) — 4U%D,LL/\/§UA
Ve 2054, — v(zb,u/\/EvA —2v3(A, + A3)
(3.12)

(3.10)

(3.11)

with

tan2a =

In Ref. [17] we investigated the Higgs boson decay branch-
ing ratio into y7y with respect to the SM—assuming that
the lightest Higgs boson is the 2.3¢ signal excess observed
at the Large Electron Positron Collider (LEP) at 98 GeV,
while the heavier Higgs boson is the boson observed at the
LHC at 125 GeV—in a Higgs triplet model without vector
leptons, and found that this is the only scenario which
allows for an enhancement of the 4 — <y branching frac-
tion. We thus choose the values 125 GeV and 98 GeV for
the 7 and H masses, respectively, and adjust the parameters
A{—As accordingly.

Vector lepton masses and mixing parameters depend
on M; and Mg, the explicit mass parameters in the
Lagrangian, and hl, hl., the vector-lepton Yukawa pa-
rameters. In the limit of vanishing Dirac mass terms
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M; and Mg, the prefactors A‘;—Z in Eq. (11) go to 1. It then

follows that there is destructive interference between the
dominant W-boson contribution and the charged leptons
loops [11]. In this limit, despite possible enhancement
from singly and doubly charged Higgs bosons in the loop,
we find a large suppression of the diphoton rate. We
present the plots for the relative signal strength of
R)_.,,, defined in Eq. (3.9) as a function of m} = mj
(or equivalently hf, = k'), for various values of the dou-
bly charged Higgs boson mass in the left panel of Fig. 1,
for sin & = 0. Clearly, for this case (no mixing) the decay
of the & is suppressed significantly with respect to the
|

(C(A)Jurm _ [T(h— 3, ff) + T(h— WW*) + T(h — ZZ*) + T'(h — vv)lyrm

PHYSICAL REVIEW D 88, 095002 (2013)

value in the SM over the whole region of the parameter
space in ml.

Allowing mixing in the neutral Higgs sector changes the
relative contributions of the charged Higgs to the diphoton
decay. We show decay rates for 4 — yvy as a function of
sin « for different values of the doubly charged Higgs boson
mass, assuming mp = mf. = 100 GeV (and 200 GeV), in
the middle and right panels of Fig. 1, respectively.
Considerations for relative branching ratios are affected by
the fact that the total width of the Higgs boson in the HTM
for sina # 0 is not the same as in the SM. The relative
widths factor is

[F(D)]sm

The plots in Fig. 1 correspond to symmetry condition 1 in
Sec. II, that is, M; = My = 0.

However, if mixing with SM leptons is forbidden, but
the vector leptons are still allowed to mix with each other,
the prefactors up /Mg in Eq. (3.1) are not 1, and can
modify the Higgs diphoton decay. In the next plots we
investigate the effect of nonzero mass parameters M; and
M, for fixed values of the Yukawa couplings. In Fig. 2 we
present the contour plots of constant R, for hf, = hi =
0.8 in the plane of the explicit mass terms M; and M, for
various values of the doubly charged Higgs boson mass
and sin a. The contours are labeled by the value of R;,_.,,.
The vector-lepton masses are restricted to values for which
[13] Mg, = 62.5 GeV, where M, , are given in Eq. (2.9).
The plots indicate that it is difficult to obtain any signifi-
cant enhancement of the ratio R;_.,, for sina = 0, and
this does not depend on the chosen values for the doubly
charged Higgs mass; however, for sin @ # 0, enhance-
ments are possible for various values of my==. In Fig. 3
we investigate the dependence of R;_,,, on the Yukawa
couplings and vector-lepton masses. We show contour
plots for fixed R)_.,, in a h; — M, plane, with hj, = hj
and M; = M, for various values of sin & and the doubly
charged Higgs boson mass. Enhancements are possible

[C(@ — 3, ff) + T(® = WW*) + T(® — ZZ") sy

(3.13)

|

here for all values of sin e, but while for sin @ = 0 the
decay h — 7y is enhanced for large vector-lepton masses
and Yukawa couplings, for sin & # 0 we observe enhance-
ments for light vector-lepton masses and small Yukawa
couplings.

If we wish to study the light vector-lepton parameter
space where h — vy is enhanced, sin @ # 0 is preferred.
The enhancement is affected by mixing in the vector-
lepton sector, the various values for the doubly charged
Higgs boson mass and the values of sin .

As the plots cover only a limited range of the parameter
space, in the tables below we give the ranges for the values
of the ratio R),_,,, for the various scenarios. In Table I, we
fix the value of the Yukawa coupling to 4}, = 0.8, allow the
vector-lepton masses to vary in the (100-500) GeV range,
and show the values for R),_.,,, for different values of sin
and the doubly charged Higgs mass. We note that the
relative branching ratios are very sensitive to the values
of both the doubly charged Higgs mass and sina.
Enhancements in the branching ratio of & — v+ are pos-
sible for light values of my=+ = 300 GeV, and are much
more pronounced at large sin «. Note that for sin @ = 0,
the result is independent of my==, in agreement with the
results obtained in Ref. [17]. The reason is the following.

4 4 )
w150 | #f:=150 /
0.10 ! / =200 /
3t my=200 / 3 /
e =250 =25/
2 P -, Fa v
X 84 & /
0.08 i /
/ 1 | i :ooy"x
0.07 7 E Yy
Easderionzs s o i 0 Lot e e T
100 150 200 250 300 00 02 04 06 08 10 00 02 04 06 08 1.0
g Sin @ Sin @

FIG. 1 (color online). Relative decay rate R)_.,, in the limit M; = My = 0 (left panel) as a function of m} = my, for sina = 0,

as a function of sin & for mj, = mj} =

100 GeV (middle panel), and as a function of sin a for m}, = m}, = 200 GeV (right panel).

The colored-coded curves correspond to different values of the doubly charged Higgs mass, given in the attached panels in GeV.

095002-5



SAHAR BAHRAMI AND MARIANA FRANK PHYSICAL REVIEW D 88, 095002 (2013)
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400 400 400
= 300 = 300 = 300
200 200 200

100! 100 100
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
M M; My

FIG. 2 (color online). Contour plots of constant R),_..,.,, for mass terms My and M, for hl; = hl} = 0.8 and combinations of doubly
charged Higgs boson masses and sin a: (upper left panel) my== = 150 GeV, sin @ = 0; (upper middle panel) my== = 150 GeV,
sin &« = 0.2; (upper right panel) my=+ = 300 GeV, sin @ = 0; and (lower left panel) my== = 300 GeV, sin @ = 0.9; (lower middle
panel) my== = 500 GeV, sin @ = 0; (lower right panel) my=+ = 600 GeV, sina = 0.

In Eq. (3.8), for sina = 0, the coupling between the  where we used the expression for A4 from Ref. [17], which
neutral and doubly charged Higgses is is independent of my==. In Table II we allow—in addition
to mass variations,—variations in the Yukawa coupling
m h%; € (0-3). This means allowing both explicit (Dirac)

- w my, My .. Lo,
ShH  H- = 3 [Mvg] = —2[2 3 Uq)] masses and additional contributions by electroweak
H** M= symmetry breaking, m}, m}. The dependence on the

= ﬂ’ (3.14)  Yukawa coupling h}; is much weaker than on sin« or
8Vo on my==.
3.0
25
2.0
-&£ 1.5}, £

1.0
0.5

X 0.0 .
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

My, My
3.0 - 3.0f 3.0
25 /! 25 25
/ 14 / &
2.0 2.0 20
16
&5 w//"/ & 150 &5
10/ i 1.0 1.0
' 1.6/ ' '
ost 05 05
N
F m
0.0 0.0 0.0
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

M, M, M,

FIG. 3 (color online). Contour plots of constant R)_,,,,, for mass terms M, and hy = hi;, for various doubly charged Higgs boson
masses and sin «: (upper left panel) my=+ = 200 GeV, sin & = 0; (upper middle panel) my=+ = 200 GeV, sin @ = 0.4; (upper right
panel) my== = 300 GeV, sina = 0; (lower left panel) my=+ = 300 GeV, sina = 0.9; (lower middle panel) my== = 500 GeV,
sin @ = 0; (lower right panel) my== = 600 GeV, sina = 0.
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TABLE I. Range of the ratio R;_.,,, as defined in the text, for the doubly charged Higgs mass
(in columns) and the neutral Higgs mixing angle sin « (in rows), for Dirac vector-lepton masses
in the range Mg, M; € (100-500) GeV, with A, = 0.8.

PHYSICAL REVIEW D 88, 095002 (2013)

R,, my=+ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sina =0 0.6-1.2 06-12 06-12 0.6-1.2 0.6-1.2 0.6-1.2
sina = 0.1 0.02-0.08 0.05-0.23  0.2-0.5 0.3-0.7 0.5-1 0.6-1
sina = 0.2 0.8-1.6 0.02-0.14 0.01-0.08  0.1-0.3 0.4-0.8 0.5-0.9
sina = 0.3 4-52 0.2-0.9 0.02-0.12 0.01-0.04 0.25-0.55 0.3-0.7
sina = 0.4 9-10.75 1422 0.1-05 0.02-008 0.15-035 0.25-0.55
sina = 0.5 16-18 32-42  0.6-1.2 0.05-03 0.06-0.22  0.15-0.35
sina = 0.6 24-26.5 5.6-6.8 1.4-2.1  0.25-0.7 0.01-0.08  0.06-0.2
sina = 0.7 32.5-34.5 8.2-94  24-3.1 0.7-1.1  0.002-0.008  0.02-0.08
sina = 0.8 38.5-40.75 104-11.4 34-4.1 1.2-1.65 0.005-0.045 0.001-0.006
sina = 0.9 36.2-374 10.2-109 3.7-4.1 1.5-1.75 0.04-0.1 0.005-0.02
TABLE II.  Same as in Table I, but also allowing i}, € (0-3).
R,, my== = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sina =0 0.5-2 0.5-2 0.5-2 0.5-2 0.5-2 0.5-2
sina = 0.1 0.05-0.3 0.1-0.6 0.2-1 0.2-14 05-1.75 052
sina = 0.2 0.5-2 0.1-0.4 0.05-03 0.1-0.7 0.25-1.5 0.25-1.75
sina = 0.3 2-6 0.5-1 0.1-0.4  0.05-0.2 0.2-1.2 0.2-14
sina = 0.4 6-11 1-2.5 0.2-0.6  0.05-0.3 0.2-0.8 0.2-1
sina = 0.5 14-18 2-4 0.5-1.5 02-04 0.1-0.5 0.2-0.8
sina = 0.6 20-26 4-7 0.5-25 025-0.75 0.05-025 0.1-0.5
sina = 0.7 30-36 7-10 1.5-3.5 025-1.25 0.01-0.07 0.05-0.2
sina = 0.8 3640 9-12 2.5-4 0.5-1.75 0.02-0.08 0.01-0.04
sina = 0.9 35-38 9.5-11 3242 12-1.8 0.05-0.1 0.01-0.04

However, one can see from the tables that modest
enhancements of the ratio R,_.,, are possible for
sin & = 0 for large vector-lepton Yukawa couplings, un-
like in the case of the triplet model without vector
leptons. This would then be a clear distinguishing fea-
ture, namely enhancements of the decay & — v+ in the
absence of mixing in the neutral sector. The absence of
mixing would manifest itself in observing tree-level
decays (h — bb, 7777, ZZ* and WW*) identical to those
in the SM. There seems to be a minimum value of R,
for sin @ = 0.1, where the contribution from the doubly
charged Higgs bosons is important for small doubly
charged masses and counters the contribution from the
vector leptons. This is a suppression of the branching
ratio for & — vy, which is due to the fact that the
vector-lepton contribution interacts destructively with
the dominant W= contribution. As a general feature,
Rj_.,, increases when we lower the doubly charged
Higgs mass and increase sin «. This rules out part of
the parameter space. For instance, for my== = 150 GeV,
the mixing cannot be larger than sina = 0.2, and
for my== = 200 GeV, mixings larger than sina = 0.5

are ruled out. If the value of my=+ is increased to
500-600 GeV, only modest enhancements are possible,
and only for sin @ = 0, for vector-lepton explicit masses
in the 100-500 GeV range and hf = 0.8. Increasing
the vector-lepton Yukawa coupling increases the overall
ratio R, .

B.h—Zy

In most models, the 7 — yy and h— Zvy partial
decay widths are correlated or anticorrelated, though
usually the enhancement/suppression in the Zy channel
is much smaller compared to that in the y7y channel.
However, as in models with new loop contributions to
h — vy, Zv, a sensitivity to both is expected; we study
the correlation between the two here, in the presence of
vector leptons. An investigation of the branching ratio of
h— Zvy is also further justified by the recent results
from CMS and ATLAS [23], which indicate branching
fractions consistent with the SM expectation at 1o in the
Higgs boson /& mass region at 95% C.L. The decay width
for h — Zv is given by [24]
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aG2m%,m3 mi\3| 1
I(h—z zw(l__z) LS oON 0 —20.52 )2, 0,40 (71 12
[I'( ) v P n2) | Ef ¢ Qp(l3 = 2Q7s%)8nrrA] o (T} TF)
(15 —=2Qps})20p)[ 1k, &n HE,&hf
+ 3 ESW E [ 1 ffAl/z(Tgl»Té)"' 2 ffAil/Z(Tg’)’ng)]
CW MEI 1‘45‘7 -

+ nghWWA?(Tev, T%v) —2Sw&hHH~ gZHiHiAg(TZr, Té:) —A4Sw8nuH gZHiiHiiAg(TZ::, Ti:: >
(3.15)
where 7! = dm?/m3, ¢ = dm?/m [with i = f(= 1), E|, E;, W, H*, H**], and the loop factors are given by
AY(T 72) = (7" %), Al (7 %) = L7 %) = I(7", 77, (3.16)
A'l’(Th, %) = 43 — tan?0y) (7", %) + [(1 + 27" Dtan 26y, — (5 + 27" D], (", 7).
The functions /; and I, are given by
hZ h2, 72 h2, 7
I, (7" 77) = TT T h=1y — f(sZ-1)] 4 T h=1y — o(7271)],
](T T ) 2(Th _ TZ) 2(Th _ ’TZ)2 [.f(T ) f(T )] (Th _ TZ)Z [g(T ) g(T )] (317)
h ' h 1
7y — _ -1y _ (2
L(r", %) = m[f@' ) = f(r77 1]
where the function f(7) is defined in Eq. (3.5), and the function g(7) is defined as
V7l — 1Isin “1({/7), (r<1),
g(r) = (3.18)

In Eq. (3.15) we list, in order, the ordinary-lepton, vector-
lepton, W-boson, singly charged Higgs, and doubly
charged Higgs contributions. The scalar couplings g7
and g,w+w- are given in Eq. (3.7), and the scalar trilinear
couplings g,y y= and g,y== y== are given in Eq. (3.8). The
remaining couplings in Eq. (3.15) are given by

8zu+y- = —tanfy, gzu++p— = 2cot20y. (3.19)

We proceed to perform a similar analysis as in Sec. IIT A.
We show first the variation of the branching ratio
h — Zy with the mass m}; = m], for various values of
the doubly charged Higgs mass, for the case of no

1+vV1—7"!

%m[log (ﬁ) - iﬂ'], (r=1).

mixing in the neutral sector, for both sin« = 0 (shown
in the left panel of Fig. 4) and as a function of the
mixing angle sina for mp =100 GeV and m} =
200 GeV in the middle and right panels of Fig. 4, re-
spectively. We have chosen the same parameter values as
in Fig. 1 for comparison. It is clear that the branching
ratio into Zv is fairly independent of both m), and my--,
and is always just below the SM expectations. Note that
the severe suppression seen in 2 — yy for sina =0
(Fig. 1, left panel) does not occur here, and the results
of the left panel of Fig. 4 are consistent with the data at
the LHC.

0.955 3.0 4 =150
,,,,, -150 e

0.954 250 =200 =200

0.953 20l Myges=250 3 myge=250

5 0.952 § /":”"ix [\Pf yge=300

K 09514/, LS [

0.950}/ 1.0 =600
0.949} 05
0.948} / '
0.0

100 150 200 250 300 00 02 04 0.6- 0.8 1.0 00 02 04 06 08 1()
g Sin « Sin @

FIG. 4 (color online). Relative decay rate for R;,_.,; as a function of m} = m; for different values of doubly charged Higgs masses,

in the case of no mixing, i.e., sina = 0 (left panel); and as a function of sin« for mj, = m/, = 100 GeV (middle panel), and

m} = mjf = 200 GeV (right panel). The colored-coded curves correspond to different values of doubly charged Higgs masses, given

in the attached panels in GeV.
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TABLE III.

PHYSICAL REVIEW D 88, 095002 (2013)

Range of the ratio R;_z,, as defined in the text, for the doubly charged Higgs
mass (in columns) and the neutral Higgs mixing angle sin a (in rows), for Dirac vector-lepton
masses in the range Mg, M; € (100-500) GeV, with i, = 0.8.

Rz, my=+ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinae =0 0.96-1 0.96-1 0.96-1 0.96-1 0.96-1 0.96-1
sina = 0.1 0.48-0.51 0.68-0.72 0.78-0.82 0.83-0.87 0.91-0.94 0.92-0.96
sina = 0.2 0.16-0.18 0.44-0.47 0.6-0.63  0.69-0.73 0.83-0.87 0.85-0.89
sina = 0.3 0.01-0.015 0.24-0.26 0.43-0.45 0.55-0.58 0.74-0.78 0.78-0.81
sina = 0.4 0.03-0.04 0.09-0.10 0.27-0.3 0.41-043 0.63-0.66 0.68-0.71
sina = 0.5 0.25-0.26 0.01-0.02 0.14-0.16  0.27-0.29 0.52-0.54 0.56-0.59
sina = 0.6 0.64-0.66 0.005-0.006 0.05-0.06  0.15-0.17 0.39-0.41 0.43-0.46
sina = 0.7 1.18-1.21 0.07-0.08 0.005-0.007 0.06-0.07 0.25-0.27 0.3-0.32
sina = 0.8 1.76-1.78 0.21-0.22 0.008-0.01 0.009-0.011 0.13-0.14 0.17-0.18
sina = 0.9 1.98-1.99 0.35-0.36 0.06 0.004-0.005 0.03-0.04 0.05-0.06
TABLE IV. Same as in Table III, but also allowing h}, € (0-3).

Rz, my++ = 150 GeV 200 GeV 250 GeV 300 GeV 500 GeV 600 GeV
sinae =0 0.94-1.04 0.94-1.04 0.94-1.04 0.94-1.04 0.94-1.04 0.94-1.04
sina = 0.1 0.47-0.54 0.66-0.74 0.76-0.84 0.8-0.9 0.92-0.98 0.9-1
sina = 0.2 0.16-0.2 0.43-0.49 0.6-0.7 0.68-0.74 0.82-0.9 0.8-0.9
sina = 0.3 0.01-0.018 0.23-027 042047 05406 0.74-0.8 0.76-0.84
sina = 0.4 0.03-0.05 0.09-0.12 0.27-0.31 0.4-0.5 0.63-0.68 0.67-0.73
sina = 0.5 0.23-0.27 0.01-0.02 0.14-0.17 0.27-0.3 0.51-0.56 0.56-0.61
sina = 0.6 0.6-0.7 0.001-0.009  0.05-0.07 0.15-0.18 0.38-0.42 0.43-0.47
sina = 0.7 1.16-1.22 0.07-0.08 0.004-0.008 0.06-0.08 0.26-0.28 0.3-0.33
sina = 0.8 1.73-1.79 0.2-0.23  0.006-0.01 0.008-0.01 0.13-0.15 0.17-0.18
sina = 0.9 1.95-2 0.34-0.36 0.06-0.07 0.004-0.005 0.03-0.04 0.05-0.06

But the variation with the mixing angle « is pronounced,
and the branching ratio can reach almost twice its SM
value for sin & ~ 0.8. However—correlated with our pre-
dictions from Sec. IITA and LHC measurements for
Rj_.,,—the parameter space corresponding to an en-
hanced h — Zv, for both m}; = 100 GeV and 200 GeV,
for a doubly charged Higgs mass mpy== = 150 GeV is
ruled out. For all other values considered, the value for
Rj,_.7, is close to or below the SM expectations. This is a
general prediction of the model.

For a large range of parameter space, the decay
h — Zvy can be suppressed significantly with respect to
the SM. We plot decay rates for 7 — Zy as a function
of sina for different values of the doubly charged
Higgs boson mass, assuming my = my = 100 GeV and
200 GeV, in the middle and right panels of Fig. 4, re-
spectively. Again, considerations for relative branching
ratios are affected by the fact that the total width of the
Higgs boson in the HTM is not the same as in the SM.
The widths are the same as those in the SM for 4 for
sin @ = 0, while for sina # 0 we take into account the
relative width factors [Eq. (3.13)].

In Tables III and IV we present the explicit ranges of
Rj,_.z, for varying values of My, M; and for a range of

hl; parameters. We choose a fixed value for A = 0.8 in
Table III, as this is the preferred choice from other
analyses [11,13] and to facilitate a comparison with
Table I. A comparison of Tables I and III shows that
the decay h — Zvy is far more stable against variations
in masses and values for sin @ than 7 — 7, making it a
less sensitive indicator for the presence of vector-lepton
states.

In Table IV we also allow variations in the Yukawa
coupling A% € (0-3). As before this amounts to allowing
both explicit and contributions from electroweak symme-
try breaking, m), m}, to vector-lepton masses. A com-
parison of Tables III and IV indicates that the results are
not very sensitive to variations in the Yukawa coupling h/;
or the vector-lepton mass parameters My, M;. However,
the relative branching ratios are very sensitive to values of
sin . While the branching ratio into Zvy is almost always
suppressed with respect to its SM value, there is a small
region of the parameter space—with a light H=* and
sin ¢ = 0.7-0.9—where enhancement is possible; how-
ever, as discussed before, this region is ruled out by
constraints from 2 — y7y measurements (Table II). Note
that for sin @ = 0 the branching ratio is (as before) inde-
pendent of the mass of H** and is about the same as in
the SM.
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IV. PRODUCTION AND DECAYS OF THE DOUBLY
CHARGED HIGGS BOSONS

The discovery of the doubly charged Higgs bosons
would be one of the most striking signals of physics
beyond the SM, and a clear signature for the Higgs triplet
model. From theoretical expectations, the decay modes of
H** depend on the value of the VEV of the neutral triplet
Higgs component, v,. When v, = 0.1 MeV, the domi-
nant decay mode of H=* is into lepton pairs. If v, >
0.1 MeV, the main decay modes of H** are into
WEEWEE Tand into H* W*™)| if kinematically allowed.

We briefly summarize the results of the experimental
constraints on doubly charged bosons. Searches for H*~
were performed at LEP [25], the Hadron Electron Ring
Accelerator [26] and the Tevatron [27]. The most up-to-
date bounds have been recently derived by the ATLAS and
CMS collaborations at the LHC. Assuming a Drell-Yan-
like pair production, these collaborations have looked
for long-lived doubly charged states, and after analyzing
5 fb~! of LHC collisions at a center-of-mass energy /s =
7 TeV, and 18.8 fb~! of collisions at /s = 8 TeV, they

|

A — ++ 175 F 7Ta2
O'Lo(qq — H**H*") = —9Q2 ,83[46‘21 +

where we have defined

21, — 4e,sin?0y 2L,
Yo ™ sin 26y ’ @a sin26y,’
o 213Htt - 4sin20W

VS T T G260,

with I5; being the third component of the isospin for
particle i, Q> = § the square of the partonic center-of-

mass energy, B = 4/1 — 4m3,.. /0% and a the QED cou-
pling constant evaluated at the scale Q. The hadronic cross
section is obtained by convolution with the partonic
density functions of the proton,

++ 7T F L d£146? A
oolpp > H""H™") = [ dTZTULO(Qz = 75),
70 q
4.2)

where L£44 is the parton luminosity and 7 = 4m3,.. /s (s
is the total energy squared at the LHC). The cross section

"For the present analysis, the mass of the doubly charged
Higgs boson will be such that decays into on-shell W* pairs
are kinematically allowed.

>This value of v, is small enough to satisfy electroweak
precision conditions, but large enough to allow decays into
gauge and charged Higgs bosons [17,20].
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constrained the masses to lie above 685 GeV [28]. The
assumption is that the doubly charged Higgs bosons decay
100% into a pair of leptons with the same electric charge
through Majorana-type interactions [19], thus neglecting
possible decays into W-boson pairs, which is shown to alter
the pattern of H** branching fractions [29]. In this work,
we allow decays into W*W= bosons, and also include
the decays into vector leptons, which, if light enough,
would modify the decays of the doubly charged Higgs
bosons further. We take v, = 1 GeV throughout our
considerations.”

The main production mode for doubly charged bosons
H™*= is the pair production pp — y*, Z* — H**H** and
the associated production pp — W** — H**H*. The
production cross sections for both the vector-boson fusion
gQ — ¢'Q'H** and the associated weak-boson produc-
tion gQ — W=* — H**W~ are proportional to v, and
are much less significant for vy, <K vg.

At hadron colliders the partonic cross section for the
leading order (LO) production cross section for a doubly
charged Higgs boson pair is

2e,v,vy=(1 — M2/0Q%) + (v3 + ag)v?{++]

(I = M3/QP) + M3T3/0° D

for pair production, including next-to-leading-order (NLO)
corrections, has been evaluated in Ref. [30].

Depending on the mass parameters in the model, the
doubly charged Higgs boson can decay into lepton pairs,
including vector leptons, W= pairs, or H* W= states. In the
Higgs triplet model, the decay rate for H~ into leptons is

T(H* — F17)
5 M= m? m3
= SylhylP = — (1= ————
w My My

2 mi\T

x[A( LR )] (4.3)
mth mth

where m; is the mass of the ith lepton (i = ¢, u or 7) and

S;; = 1(1/2)fori # j (i = j). Similarly the decay rate of

H== into fourth generation vector leptons is, if kinemati-

cally allowed,

T(H** — EFE7)

2
mpg== mEi mE_
- Sij[lh%iE./lz + |hgiE./|2] 4 (1 - - / )

2

2
m
Gamme)]
2 ? a2 ’
mHtt mHtt

where My is the mass eigenvalue from Eq. (2.9). In
addition, we include the decay rates of H=~ into W=W=
and WH™,
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F( Hi =N Wi Wi)

647Tm§1,v

F(Hii — WiHi)

3

2 2 2
A my My \ T2
167Tm%v o8 'Bi[/\( 2. m? )] ' (4-6)

mHtt mHtt

where cos 8. = 1 is the mixing angle in the singly charged
Higgs sector and

Bx) = V1 — 4x,

“4.7)
Ax,y) =1+ x>+ y2 — 2xy — 2x — 2y.

We investigate the branching ratios of H** in two
distinct parameter regions:
(i) Condition 1: When H** — W*H™ is not kinemati-
cally allowed, H** decays into leptons and W=
pairs only,

T(H** — X} X})
['y(H™)
X; = IF, EX, W=,

BR(X;"X;) = , where

(4.8)

with the total width for Condition 1 being

Ly(H*) =T(H"* = [[I7) + T(H*" — EE7)
+T(H** — W=W*).

(ii) Condition 2: When H** — W*H® is kinemati-
cally allowed,” H** is able to decay into charged
Higgs and gauge bosons as well,

T(H** — XZX7)
Ly(H=*) 7

where X; = [, EX, W=, and

T(H** — H*W*)
LyH*)

BR(X?X}) =
(4.9)

BRW=H*) =

with the total decay width for Condition 2 being
IH*™)=TH"" — l,-tlji) +T(H** — E}'Eji)
+T(H™ - W=W™)
+T'(H** — H*W™).

In what follows, we wish to analyze the decay patterns of
H** and present plots of the production cross section
times the branching fractions for large regions of the
allowed parameter space, for the LHC operating at both

*In this version of the HTM, the doubly charged Higgs boson
is always heavier than the singly charged one [17].
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FIG. 5 (color online). Ryy=o(pp—H**H**)BR(H**—
XY), in fb, as a function of the doubly charged Higgs boson
mass at /s =7 TeV (left panels) and /s = 13 TeV (right
panels), for Condition 1 (when H** — W*H* is not kinemati-
cally allowed). The upper and lower panels depict the values for
Case A and Case B, respectively. Cross sections include the
QCD NLO correction factor K == 1.25. Throughout we take
hgg = higg = 0.1 and h;; = 0.01.

\Js =7 TeV (where analyses of the existing data still
continue) and at \/s = 13 TeV (the next energy frontier).4
To cover a wide range of parameter space, we distinguish
two cases for each condition, depending on the vector-
lepton masses. We set the Yukawa coupling of the vector
leptons with the doublet Higgs bosons to be hj, = hf. =
0.8 for both cases, and impose symmetry condition 3, that
is, we only disallow mixing of vector and ordinary leptons.

(1) Case A corresponds to very light vector leptons:
Mg = M; = 205 GeV. For this case we obtain for
the mass eigenvalues My = 344.2 GeV, Mg, =
65.8 GeV, the latter of which is close to the allowed
minimum.

(i) Case B corresponds to intermediate-mass vector
leptons: My = 400 GeV, M; = 300 GeV. For this
case we obtain for the mass eigenvalues My =
498 GeV, My, = 202 GeV.

In Fig. 5 we plot the graphs corresponding to Condition

1 (when the decay H=* — W*H= is not kinematically
allowed), with Case A in the top row and Case B in the
bottom row. We plot Ryy = o(pp — H*T*H**) X
BR(H** — XY) with X, Y as specified in the attached
panels, as functions of the doubly charged masses. In
evaluating the cross sections we have included the NLO
correction factor K = 1.25, as calculated in Ref. [30].
On the left and right sides of the figure we show the results
for \/s =7 TeV and /s = 13 TeV, respectively. We set

“Cross sections and branching ratios at /s =8 TeV and
14 TeV are practically indistinguishable from those at 7 TeV
and 13 TeV, respectively.
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hipg = higp = 0.1 and h;; = 0.01 throughout. Similar
graphs would be obtained with smaller values of &% and
hYp, but the values of Ryy would be correspondingly
reduced. We have chosen to investigate the cross section
times branching ratios for intermediate to high values of
the doubly charged Higgs mass (400-1200 GeV), as in this
region the decay into vector leptons becomes relevant.
If the masses of the vector leptons are low, the doubly
charged Higgs boson decays significantly into them; in
particular, the decay into the two lightest vector leptons
E, becomes dominant, and can reach 80-90% when kine-
matically allowed (in the mpy== > 200 GeV region for
M E, = 65.8 GeV, Case A) and overwhelms the other de-
cay modes, which are now below 5%. The branching ratio
into W=W~ is important for doubly charged masses below
the threshold for pair production of vector leptons, m == <
400 GeV, and becomes negligible for my== > 700 GeV.

The difference between the figures at /s = 7 TeV and
/s = 13 TeV is in the total cross section for pair produc-
tion of doubly charged bosons, which is expected to be
~1.5 fb at \/s = 7 TeV and ~ 8 fb at /s = 13 TeV (for
mpy+== = 400 GeV). The integrated luminosity was taken
tobe L =10 fb~! [31].

The differences between Case A and Case B in this
figure are threshold effects. For Case B, mpy=+ >
400 GeV for decay into pairs of E, states, as Mg, =
202 GeV; otherwise, the branching ratios are the same.
Had we chosen smaller doubly charged Higgs couplings
with vector leptons, h’EE =~ (.01, the branching ratios into
ordinary leptons, vector leptons, and W= pairs would be
comparable for my=+ = 600 GeV.

In Fig. 6 we plot the same quantities for Condition 2
(when H** — W*H* is kinematically allowed), with
Case A in the top row and Case B in the bottom row, for
/s =7 TeV on the left-hand side and /s = 13 TeV on
the right-hand side. The decay pattern is very different

0.0030fT &
0.0025  — ki
0.0020f| — K
> R >
pé 0.0015 \ = R, g, 5
Ry, &
0.0010 — Rup,
Ryw
0.0005  Rurw
0.0000 T 0.0 = —
400 600 800 1000 1200 400 600 800 1000 1200
my+ myes
0.5
- ﬁee
0.4 TR
Re:
> 0.3 — Ry
& ke
0.2 B
0.1 Reg:
- RH‘W
0.0
400 600 800 1000 1200
my+ My

FIG. 6 (color online). Same as Fig. 5, but for Condition 2
(when H** — W*H* is kinematically allowed).
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here, and it is dominated by the decay H*= — W*H™.
For a vector lepton coupling to the doubly charged Higgs
set to hlp = hlfp = 0.1, the decay into H* W= dominates
throughout the parameter space where it is kinematically
allowed and can reach a branching fraction of over 90%,
while the decay into vector leptons can have branching
ratios of up to 25%. Again, the decay rates into W=-boson
pairs and ordinary leptons are below 1%, and the only
differences between Case A and Case B are, as in Fig. 5,
threshold effects. The dominance of the decay mode
H** — W*H™ persists, and is even more evident for
smaller couplings with vector leptons, i, = 0.01.

V. CONCLUSION

Despite no new signals of physics beyond the SM at the
LHC, the SM cannot be the complete theory of particle
interactions. An extension of the SM via additional vector-
like leptons is not ruled out experimentally, and has been
shown to provide a dark matter candidate. In models
beyond the SM, the vector leptons can alter not only the
phenomenology of the Higgs, but also that of other addi-
tional particles predicted by the models. We provide an
example within the Higgs triplet model, where previously
we showed that, in the absence of triplet-doublet Higgs
mixing in the neutral sector (sin & = 0), there is no en-
hancement of the rate of decay of 4~ — 77 in this model
with respect to the SM expectation. The HTM with vector
leptons resolves two outstanding problems in the SM:
the existence of neutrino masses and of a dark matter
candidate.

Introducing vector leptons does not affect any of the
tree-level decays or the production decay of the neutral
Higgs boson observed at the LHC. However, loop decays
into electroweak particles, such as & — Zy and h — 1y,
would be affected. We show that for the no-mixing sce-
nario (sin @ = 0) the decays rates into yy and Z7y do not
depend on the doubly charged Higgs mass, and thus with-
out the additional vector leptons these decays would be
unchanged from the SM expectations. With vector leptons
modest enhancements or suppressions are possible, most
notably for 7 — yvy, where for large Yukawa couplings the
rate of decays could even double. Under the same circum-
stances, the decay width for 4 — Z7y remains practically
unchanged from its SM value. The model thus presents a
mechanism for enhancing one loop decay and not the other,
which seems to be consistent with the LHC data (so far).

If sina # 0, the effect of the doubly charged Higgs
bosons is felt for both 4 — yy and h — Z7y, most spec-
tacularly so for a very light my== = 150 GeV, which is
ruled out for sin @ # 0. Parameter-space regions where
light doubly charged Higgs masses (200-250 GeV) and
significant mixing in the neutral sector coexist are disfa-
vored. In general, there are many parameter combinations
for which the decay & — 77 is enhanced, but there are few
for an enhanced &1 — Zv, and these regions are ruled out by
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the branching ratio for 7 — y7y. However, if the decay
h — vy is (modestly) enhanced, while 7 — Zvy is the
same as the SM to 1o, small mixing angles and light
doubly charged Higgs bosons my=+ < 300 GeV are pre-
ferred. The fact that there are no regions of the parameter
space consistent with present measurements of the branch-
ing ratio for 4 — 77y and an enhanced rate for 7 — Zvy is
a feature of this model, valid over the whole explored
range of the parameter space. Other than this, there are
no definite correlations or anticorrelations between these
two loop-dominated decays.

The intermediate-mass doubly charged Higgs boson
can decay into light vector leptons, which would alter
its decay profile significantly. We explored this possibility
and found that, if the singly charged Higgs mass is such
that the decay H** — W*H™* 1is not kinematically
accessible, dominant branching ratios into vector leptons,
if kinematically accessible, are expected for triplet
Yukawa couplings A, = 0.1. If and where the decay

PHYSICAL REVIEW D 88, 095002 (2013)

H** — W*H= is kinematically accessible, its corre-
sponding branching ratio is the largest, while the branch-
ing fraction into vector leptons could reach 20-25% for
hizp = 0.1. Under both of these circumstances, the decay
patterns of the doubly charged Higgs bosons are changed,
raising the hope that they can be found at masses around
200-600 GeV. The analyses presented here show that the
cross section times branching ratios into vector leptons is
significant enough to considerably alter the decay patterns
of the doubly charged bosons, and at \/s = 13 TeV these
decay modes would be observable at the LHC—with
cross sections times branching ratios of the order of
several fb—and may be a promising way to discover
vector leptons.
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