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In the context of a left-right symmetric model, we introduce one full generation of vectorlike lepton
doublets (both left- and right-handed) together with their mirror doublets. We show that the lightest vectorlike
neutrino in the model is right-handed, and can serve as the dark matter candidate. We find that the relic density
as well as the direct and indirect DM detection bounds are satisfied for a large range of the parameter space of
the model. In accordance with the parameter space, we then explore the possibility of detecting signals of the
model at both the LHC and the ILC, in the pair production of the associated vectorlike charged leptons which
decay into final states including dark matter. A comprehensive analysis of signal and backgrounds shows that
the signals at the ILC, especially with polarized beams, are likely to be visible for light vectorlike leptons,
even with low luminosity, rendering our model highly predictable and experimentally testable.
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I. INTRODUCTION

In left-right symmetric models (LRSMs), left- and right-
handed particles are treated on the same footing. This
represents an improvement over the Standard Model (SM),
where, instead of providing an explanation for its origin,
parity violation is incorporated ad hoc into the model. Left-
right models assume parity is conserved at high energies
and broken spontaneously at lower energies, providing an
alternative explanation for why nature would prefer any
left-right discrimination. In addition, these models have
several attractive features, such as providing an explanation
for matter-antimatter symmetry, and a natural framework
for neutrino masses [1-3]. It is reasonable to ask whether
these models can accommodate and explain dark matter
(DM), another ingredient missing in the SM.

This topic has been previously explored in the context of
LRSMs—for instance, imposing a discrete Z, = (—1)3(5-1)
symmetry denoted matter parity that survives after the
breaking of global SO(10) into SU(3), ® SU(2), ®
SU22)r ® U(1)g_; . Identifying some representations of
SO(10) as Z,-even, while others are odd, a possible DM
candidate can be accommodated where the scalars belonging
to the odd representation would represent the DM candidates
[4-8]. Alternatively, a Z, symmetry can also be imposed
such as the triplet scalars (A; and Ap) introduced in the
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model, which will transform under the symmetry as (A; —
—A;, Ag = Ap). Furthermore, setting the vacuum expect-
ation value (VEV) of the left-handed triplet A% to be zero
(v; = 0), the neutral components would become degenerate
and stable, and can thus cater possible dark matter candi-
dates. Unfortunately, this A9 candidate cannot provide the
correct relic density, due to small annihilation cross sections
[9]. This problem has been cured by introducing an addi-
tional gauge singlet [10]. Leptophilic properties of the
decaying left-handed triplet Higgs have been explored to
explain enhancements in neutrino-induced muon fluxes [11],
and further properties of the gauge singlet have been
explored in Ref. [10]. LRSMs with fermionic dark matter
have also been explored [12—-14].

Here we shall explore an alternative candidate for dark
matter—vectorlike neutrinos—by introducing additional
vectorlike lepton doublets to LRSMs [15]. Vectorlike
fermions appear naturally in composite Higgs models,
warped extra dimensions, little Higgs, and extended grand
unified theories. In left-right models, where left and right
chiral representations are naturally connected, vectorlike
fermions are germane, as they are characterized by having
left- and right-handed components transforming in the
same way under the symmetry group of the theory, and
by the fact that the couplings for the right-handed compo-
nents are the same as for the left-handed ones. Vectorlike
fermions have received much attention lately, being put
forth as explanations for hints of new physics at the LHC:
the ATLAS diboson [16], the CMS eejj excess [17], and
the 750 GeV diphoton signal [18,19]. In particular, vector-
like particles in the context of left-right symmetric models
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are inherent in warped space extradimensional models.
If the additional dimension, extending between two
branes, one at the TeV scale (IR brane) and the other at
Planck scale (UV brane), with gravity propagating in
the bulk, is warped, the resulting geometry generates
naturally the hierarchy between the electroweak scale
(M, ~200GeV) and the Planck scale (Mp ~ 10'® GeV)
[20,21]. In addition, if one allows the SM fields to
propagate in the bulk of the fifth dimension, these models
can explain the observed masses of the fermions, with
lighter fermions localized near the Planck brane and the
heavier ones localized near the TeV brane. Within this new
framework, generic models with warped extra dimensions
are still very constrained by electroweak and flavor
precision tests [22]. To reduce the pressure from electro-
weak precision tests, a common cure is to enlarge the gauge
symmetry of the SM by introducing a custodial SU(2), x
SU(2), symmetry that limits the corrections to various
precision observables [23]. This new symmetry provides a
natural framework for vectorlike fermions in LRSMs,
which appear as KK excitations of SM chiral fermions.

Vectorlike fermions appear in LRSMs also from gauged
flavor symmetries, where they are needed to cancel new
gauge anomalies [24]. Additionally, in left-right models, the
scale where the parity breaks down, Apg, is expected
to be high—10'* GeV or higher. One could introduce another
intermediate mass scale, associated with the (B — L)-break-
ing scale Ag_; [25], which could emerge as the scale of some
new fermions—in our case, the vectorlike leptons—some-
times interpreted as the scale of compositeness [26]. In
addition, it is known that in two-Higgs doublet models,
vectorlike fermions, in addition to the extra Higgs bosons,
alleviate electroweak precision tests [27]. Some collider
studies related to such vectorlike leptons augmented in
two-Higgs doublets has been explored in Refs. [28-31].

Effects of vectorlike fermions on the couplings of the SM-
like 125 GeV Higgs boson, constrained from measurements
of the Higgs-production cross sections and branching ratios
at the LHC, have been analyzed before [32]. Here, in the
context of LRSMs, we seek to examine when they can
become dark matter candidates, what is their effect on the
parameter space, and how this scenario can be discriminated
at the present (LHC) and proposed (ILC) colliders.

Our work is organized as follows: In Sec. II, we describe
the LRSM with the addition of vectorlike lepton doublets.
For simplicity, we concentrate in particular on scenarios
where mixing between ordinary leptons and vectorlike
leptons is forbidden by a discrete parity symmetry. The
model has one left-handed and one right-handed doublet,
and their mirror representations, yielding mixing between
same-charge components. We discuss the mass eigenstates,
the lightest of which would be the dark matter candidate. In
Sec. 111, we calculate the relic density, the spin-independent
and spin-dependent cross sections, and the annihilation
cross section and muon and neutrino fluxes, and we explore
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the parameter space which is consistent with the exper-
imental results on dark matter detection. In Sec. IV, we
explore ways in which this scenario can be tested—in
particular, looking for signals of the lightest vectorlike
charged lepton pair at the LHC (Sec. IVB) and ILC
(Sec. IV C). We summarize our results in Sec. V. In the
Appendix, we provide explicit expressions for the vector-
like lepton mass eigenstates.

II. THE LEFT-RIGHT SYMMETRIC MODEL

In the left-right symmetric model [1-3], the Standard
Model gauge symmetry is extended to include the gauge
group SU(2), (with gauge coupling gg). All right-handed
fermions are doublets under this gauge group. Below, we
give their quantum numbers under SU(2), ® SU(2); ®
U(1)p_,. The ordinary fermions are the leptons

UL
L, = ~(2,1,-1),
t (f)i ( )

Ly = (f)~ (1.2,-1) 1)

and the quarks

L

Ori = (ZL>i ~(2,1,1/3),

UR
Ori = ( ) ~ (1’27 1/3), (2)
dr /i

where i = 1, 2, 3 are generation indices. Note that the right-
handed neutrino is automatically included. The electroweak
symmetry is broken by the bidoublet Higgs field

0 +
O = (jj Zf)) ~(2,2,0). (3)
1 2

In addition, to break the SU(2), ® U(1),_, gauge sym-
metry and to provide Majorana mass terms for neutrinos,
we introduce the Higgs triplets

A = <5Z/ﬂ 5t > 512,
8 =55 /V2
_(&kIV2 &7 )
A= ( o ae) 3 )

The electric charge is given by Q = T3 + T} + 255 The

subscripts L and R are associated with the projection
Ppr =%(1 F ys). We add one family of vectorlike leptons’

'Wectorlike quarks can also appear; for the present work, we
assume them to be much heavier than the leptons, based on the
mass limits [33], and thus they decouple from the low-energy
spectrum.
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Ly = (;;) (1,2,-1),

L = <;;> (1,2,-1),
(5)

I//
L) = ~(2,1,-1
! (4) =10
l/”
L% :< ) (2,1,-1),
7
where L) and L} are new fermion doublets, and L% and L}
are the mirror doublets. Furthermore, using the gauge

symmetry to eliminate complex phases, the most general
vacuum is

() = ("l/ﬁ )

0 Kyei/\/2
s ( D)
s0-(,0 )

Note that only Ay is needed for symmetry breaking, and A,
is included to preserve left-right symmetry. We assume, as
is usual for LRMs, v; << vy to obtain light left-handed
neutrino masses, and k, < x; to avoid potentially large
flavor violation coming from the Higgs sector. The
Lagrangian density for this model contains—in addition
to the SM terms—kinetic and Yukawa terms for ordinary
leptons, explicit terms for the vectorlike leptons, and
potential terms:

Ligm = Lygn + Ly + Ly = V(P, AL, Ag), (7)

where
T - ,
Lo =iy wy'Dyy =Ly 15;¢+9L2 Wi, =3B, )L,
7
+ L 10+ gr 5 Wi = B L,
T
+L y”(la + 905 Wi, — B)L’
Ly (0, + 9.5 Wi - 28, )1 8
+ RY l +gL2 Ly — 2 /,t R ()

where we introduce the gauge fields WL,R and B corre-
sponding to SU(2); p and U(1l)p_;. They mix with the

following matrices [34]:
< Wi ) B ( cos & sin 56’”) ( Wi ) ©)
W) \-singe™™ cosé¢ wy /)
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The angle & characterizes the mixing between left- and right-

handed gauge bosons, with tan 2& = — % It follows that
R L

2
my

= —kky/ Vg = _21< <m—L> )
1 \"w,

so that the mixing angle & is at most” the square of the ratio of
the left and right scales (A;/Ag)*. Here A, = 10?> GeV
corresponds to the electroweak scale, and A, = TeV is the
scale of parity breaking, vp.

With negligible mixing, the gauge boson masses
become, for g; = gg,

(10)

(11)

9 9
=5k and  my, = my, 2EUR,
with k% =k} 4+ 3. The model also has an additional

neutral gauge boson, Zy, which mixes with the Standard
Model Z boson. The mass eigenstates Z; , acquire masses

mWL = le

my =—39 _x = Twy and
21 2 cos Oy + cosBy
“geosfy 6W 2 cos? Oy (12)
m m 9
2 \/cos 26W cos 20y, 2

where g = e/ sin @y, and with the U(1),_, coupling con-
stant gg_; = e/+/cos20y,. Again, one expects the mixing
between the neutral gauge bosons to be of order
(AL/Ag)*—ie.,

2
Sin 2 — K3 /cos 262W _ —ZmZé\/COS 229W
2C’W(mz2 - mz,) mz, —mz

(13)

2
= —2+/c0s 20y (mzl> .
I’}’lz2

Equations (11) and (12) imply that my, = 1.7my,, [37,38].
The appropriate gauge coupling constants are g,, g; = gr
and ¢ = gp_;, respectively. The right-handed SU(2)g-
breaking scale is restricted from low-energy observables,
such as K, — Kg, eg, B —B° mixings, and b — sy
processes where the right-handed charged current contrib-
utes significantly [34,39-48]. Thus, these processes pro-
vide a bound to the scale vz by means of the charged
right-handed Wy boson mass as well as the LR Higgs
masses. In particular, the right-handed Wy mass is
restricted to be greater than 3 TeV, while the heavy
bidoublet Higgs mass should at least be 10 TeV [34].
In our study, we thus fix the scale vy at 10 TeV.

2Although the experimental limit is & < 1072 [33], for
my, = O(TeV), one has £ < 1073 [35]; supernova bounds for
right-handed neutrinos lighter than 1 MeV are even more
stringent (& < 3 x 107%) [35,36].
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The rest of the Lagrangian terms,
L:y = _I:YLI_JL¢LR + YRERq)LL + ?LZ‘L&)LR + ?RI:R&)LL + hL,-jL_ZCiTZALL{, + hRijL_ﬁgiTZARL}iQ + H.C.], (14)

are the Yukawa interaction terms for the ordinary leptons, where Y g, f/L‘ r are 3 x 3 complex matrices; & L h R, are 3x3

complex symmetric Yukawa matrices; and o= 7,®d*7,. Additionally, with the vectorlike family of leptons as defined
above, the Lagrangian describing Yukawa interaction terms for vectorlike fermions and their interactions with ordinary
fermions, and allowing for both Dirac and Majorana mass terms, is

Ly, = —[M L)L}y + MgLRL] + Y} Ly ®Ly + YRLY®LY + Yy L ®LY + YRL;®LY

+ W, L ity Ap Ly + hLi¢ity ALl + Wy L$ityAgLy + b Liity Ay Ly + 25 L) ®LL

AL LY + A Liity AL L), + AL ity AgLyy + AL ity Ay LY + AL ity Ag Ly + H.c.]. (15)
Here, in addition to the new Yukawa couplings Y} . Y7 . of the vectorlike leptons with the bidoublet; and 4 g, A} f, the

Yukawa couplings of the vectorlike leptons with triplet A; »; we also introduce explicit mass terms for the vectorlike leptons
M and My. The scalar potential for the bidoublet @ and triplet A; r Higgs fields is

V($, A, Ag) = —p} (Tr[@T®]) — 3 (Tr[@DT] + (Tr[®'®])) — 3 (Tr[ALA]] + Tr[AgAR)) + 4, ((Tr[@D1])?)
+ L ((Tr[@DT]) + (Tr[®®))?) + A3(Tr[®@D|Tr[® @) + Ay (Tr[®@DT](Tr[DDT] + Tr[d @]))
+p1((Tr[ALA D (TT[ARA ) )+P2(TT[ALAL]TY[ATA-{-} + TT[ARAR]TT[A;%A;])

+ p3(Tr[AL AL Tr[AR AR]) + pa(Tr[AL AL Tr[ARAR] + Tr[A] A7 Tr[AgAg])

[
+ o (Tr[®@P
+ & (Tr[®T D] Tr[Ag AL + Tr[® @] Tr
[
[

+ B3 (Tr[@ARDTA] | 4 Tr[®F A, DAL)).

where we follow Ref. [49] and explicitly indicate the
complex parameters. The parameters can be further reduced
and simplified by making use of the symmetries of the
model. Assuming a discrete left-right symmetry in addition
to the left-right gauge symmetry, the SU(2) gauge cou-
plings become equal (g; = gr = ¢), and the Yukawa
coupling matrices for the left- and right-handed sectors
in the model are related. With a discrete parity symmetry
(L) <> L, L] <> L}, @ < ®F, AL < Ay), it follows that
h/LR =hiR YL =Y., YL = YL’ Y =Yg", YR _YR
In addition, using the charge conjugation symmetry we
obtain hj p = hj p =h. New symmetries can be intro-
duced to restrict the interactions of the vector leptons.
For instance, we can impose (i) a symmetry under which all
the new SU(2)p doublet fields are odd, while the new
SU(2), doublets are even, which forces all Yukawa
couplmgs involving new fermions to vanish, ¥, =Y} =

Yi =Yg =0, and the vector fermion masses arise only
from explicit terms in the Lagrangian [50]; and/or (ii) a new
parity symmetry which disallows mixing between the
ordinary fermions and the new fermion fields, under which

Tr[ALA] ] + Tr[AgAL])) + o (Tr[®D | Tr[AgAL] + Tr[® @] Tr[A; A]])
( [ALAT]) + a3 (Tr[@DTA; AT ] + Tr[@f@ARAL])

+ B (Tr[@AR DA | + Tr[®F A, @AL]) + 5 (Tr[@ARDTA] ]| + Tr[®TA, PAL])
( )

(16)

all the new vectorlike fields are odd, while the others are
even [51], such that 2] = 2% = 27" = 2% = 0. The latter
symmetry is important for light vectorlike leptons, as this
scenario would satisfy restrictions from lepton-flavor-
violating decays, which otherwise would either force the
new leptons to be very heavy, ~10-100 TeV, or else
reduce the branching ratio for the Higgs into dileptons
to 30%—40% of the SM prediction [51,52]. In addition, if
all vectorlike fermions are odd under the new parity
symmetry, the lightest particle can become stable and act
as all, or part of, the dark matter in the Universe. Thus, in
what follows, we will perform the analysis under the
simplifying assumption (ii).

A. Constraints on model parameters

Current bounds on additional gauge bosons are derived
from their hadronic and leptonic decay channels, and
constraints are obtained from both ATLAS and CMS
searches [53,54]. These are quite restrictive, with the Wy
and Zp masses being constrained to lie above, or about,
2.7 TeV. In our numerical investigations we choose
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vg = 10 TeV, and thus the Wy and Zp masses remain
high, with My, = 4.2 TeV. Furthermore, we assume
vy <5 GeV, which agrees with the limits from the
electroweak precision constraints; see Refs. [55,56] for
the Higgs triplet model, and Ref. [57] for the LRSM.
The left-handed doubly charged Higgs bosons H7*
can be light in general LRSM scenarios. The masses of
these doubly charged scalars are strongly restricted by the
LHC searches for same-sign dilepton (electron or muon)
signatures, while the bound is less stringent for ditau final
states [58—60]. However, the experiments tend to assume
100% branching ratios for each of the leptonic final
states. Thus, the constraints can be softened by assuming
small couplings to leptons. In addition, allowing them to
decay into vectorlike leptons would also modify the mass
limits. In our case, H* decay mostly into W W7 pairs,
with a branching ratio of 85%. We take My:: =

300 GeV, which obeys all the experimental bounds.
Our analysis does not particularly focus on the scalar
sector of the model, and the masses can be independently
taken at high value without affecting our searches for
the vectorlike leptons, as is also explained in the follow-
ing sections.

PHYSICAL REVIEW D 95, 095024 (2017)
B. Vectorlike leptons

The spectrum from Eq. (5) now consists of, in the
charged sector, a (2 x 2)-dimensional mass matrix M..
Note that here, as in the case of the neutral vectorlike
leptons studied below, the matter parity symmetry intro-
duced in this section forbids mixing with the ordinary
fermions, and thus the mass matrix in the charged sector is
just 2 x 2, while in the neutral sector it is 4 x 4.

- = ek . mg My,
(@,2))(M.) (e> with M, = (M B).an
R R Mg
. y'e ia_,'_yle
with mp = 71<K26\/§ Lk
Lagrangian Eq. (16). The mass matrix can be diagonalized
by two unitary matrices U and U as follows:

Mg 0
0 Myg)

The mass eigenvalues are (by convention, the order is
Mg, > Mg, [50,61])

Yiekye ™+ Yk,

and mf, = 5 from the

UL M UR = ( (18)

1
2 _
Mg g, =3

In the neutral sector, the mass matrix is

v
L5 5 e Vg .
5 Wpvgvgvp) (M), . with
VR
Ve
V2h v e m, M, 0
m/ M/ 0 MR
M” - ’ ’ " i0 7 (20)
M 0 \/EhLvLe’ m,

. . YV Y kpei Yk +YEky e
with Dirac masses m; = % m! = %,

and with Majorana masses M) = hyvg//2 and M) =

hyvg/ V2. This mass matrix can be diagonalized by a
unitary matrix V:

M, 0 0 0
ViM,V = 0 M, 0 0 (21)
o 0 M, O
0O 0 0 M

(M} 4+ mE + My +mp) £ \/(M% +mfp — My —mlP)? + 4(miM, + m’EMR)Z} .

(19)

|
Exact analytic expressions are difficult to find.’ To simplify,
we work in the limit where 4} = Y% = Y’¥ = 0 (meaning
M)} =m! =0). In the limit where m, < M;, M, the
neutrino mass matrix can be diagonalized, yielding four
neutrino masses:

M/ M/Z
My, == F\| 5+ Mg +m?,

M, =+M,,

(22)

v (23)
valid to O(m/>/M ). The lightest of these states will be the
dark matter candidate, which, as it is odd under the additional
parity symmetry (ii), is stable. The lightest state will depend on
assumptions made on the masses M , M, and triplet Yukawa
couplings 4} and Y} . We also must choose the parameters
carefully in the charged sector, to insure that the charged
vectorlike leptons are heavier than the neutral ones. Taking
into account the constraints Mg, > 101.9 GeV [33] by LEP,
this requirement is not difficult to satisfy. Moreover, we
analyzed the constraints on the parameter space and found
that for a fixed Y/(= 1.5) (our benchmark BP1 value from
Sec. IVIVA), there is a narrow region of very small

3 . .
In our analyses, we use exact numerical expressions, and we
show here approximate analytical expressions for clarity.
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Left panel: Contour plots showing the dependence of the lightest vectorlike charged lepton masses (Mg,) on M, My for

Yl = 2.5 (top); on My, Y% for Mg = 275 GeV (middle); and on M, Y for M; = 1000 GeV (bottom). Right panel: Same contour

graphs showing the dependence of the heavier vectorlike charged lepton mass (Mg ). We take the Yukawa couplings Y =

0.1,

Y% = 2.5. The panels on the right indicate the color-coded mass values for the contours.

hx(0 < hl <0.04) for the range of My € (150 GeV-
1 TeV), for which the charged VL le?ton is lighter than the
neutral one. We exclude these points.” In the limit in which
M > Mpg, there are two heavy (approximately) degenerate
eigenvalues of mass M , which do not mix with the lighter states
vy and v5. In this limit, the lightest state is v, and it is mostly the
V] state, with some admixture of 2/, and is right-handed.
Some comments about this analysis:
(1) If we require M, =m, =0 instead of M)
m) =0, there is no difference in the final

“In practice, the software we use gives a warning at points
where the DM candidate is charged.

095024-6
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“

result, but we have m) in the mass expressions
replacing m,,.

If we set M| = m,, = 0, we flip between the ' and the ”
states, and the lightest vectorlike neutrino will be v/} .
In our scenario, the states with mass M, are heavier
and decay into lighter vectorlike leptons, making

them unsuitable to be DM candidates.

It is advantageous that we get a right-handed
neutrino to be the DM candidate, as it is more likely
to produce a relic density in the desired range. The
left-handed vectorlike neutrino, much like the ordi-
nary one, annihilates too fast through the s channel
mediated by the Z; boson, resulting in a large
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annihilation cross section. On the contrary, the right-
handed candidate can annihilate through Z, which
is quite heavy (TeV), and through the Higgs scalars
(doublet and triplet). In our case, the DM neutrino
candidate is mostly right-handed, but it contains a
small mixture of left-handed components, and thus it
has a small (but nonzero) coupling to the Z; boson.
Because this mixing is small, the Higgs Yukawa
coupling controls the relic density as well as the
direct-detection cross section for light right-handed
vectorlike neutrinos. Thus, the relic density for such
right-handed neutrinos can easily be tuned to within
the right ballpark. In addition, the direct-detection
cross section will stay in the experimentally allowed
region, which is otherwise violated by the left-
handed neutrinos due to their large coupling with
Z;. In our scenario, the dominant annihilation
processes for right-handed vectorlike neutrinos
through the Higgs mediation yield the correct relic
density (within the 2¢ limit of Planck results) and do
not violate the experimental bounds on the direct-
detection cross section in the specified regions of the
parameter space, making this neutrino a good DM
candidate. We return to this in more detail in
Secs. IIT A and HII C.

2000F

1500+

1000

M, [GeV]

500

—
1.5 20 25 3.0

0.0 05 1.0

%

Mg [GeV]
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We now explore the parametric dependence of heavy
vectorlike leptons in this model. While varying some of the
parameters, we fix other parameters, mostly to values that
we choose as benchmark points in our following studies.
We shall discuss the benchmark points and corresponding
parameters in a later section.

In Figs. 1 and 2, we show the mass dependence of the
charged vectorlike leptons (both E, and E;) on the various
parameters of the model. Specifically, we show the contour
plotsof Mg, and Mg, inthe (M, M) plane and in the planes
correlating M; and M individually to the Yukawa couplings

Y¢ and Y. We observe that for the same set of parameter
ranges, the lighter charged VL lepton mass (M, ) can at most
reach 1 TeV, while the mass of the heavier state (M g, ) cannot
be lower than 1 TeV. In this regard, we should mention that
while scanning over the mass ranges, we impose the direct
search limit on Mg, > 101.9 GeV given by LEP [33]. We
also note that, as the plots indicate, the lightest vectorlike
lepton E, is mostly right-handed, while the heavier one E| is
mostly left-handed. We note that M, is the most sensitive to

the parameters Y "% and M g, while M ; . is the most sensitive to

the parameters Y/¢ and M.
In Fig. 3, we plot the dependences on the parameter space
for the vectorlike neutrino masses (M,, and M,,). Here v is

2000F
1500 Ve,
_ 2000
% r - |
1600
N
S 4000} |
s 1200
so0l 800
00 05 1.0 15 20 25 30
'
1000
800 |
>
3 600
o
= 400!
200 |

00 05 10 15 20 25 30

FIG. 2. Left panel: Contour plots showing the dependence of the lightest vectorlike charged lepton masses (Mg,) on M/, Y for

My =275 GeV (top) and on Mg, Y for M; =1 TeV (bottom). Right panel: Same contour graphs, but for the heavier vectorlike
charged lepton mass (Mg,). As before, Y7 = 0.1, Y¥ = 2.5, and the panels on the right indicate the color-coded mass values for the

contours.
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Contour graphs showing the dependence of the vectorlike neutrino mass, for the lightest state v (left panel) and for the heavier

state v, (right panel) as a function of Y7 and hf, with M = 275 GeV (top), as a function of My and Y% for k), = 0.045 (middle), and as
a function of My and hj for Y} = 1.5 (bottom). The panels on the right indicate the color-coded mass values for the contours.

the lightest neutrino state and the DM candidate (the brown-
colored graphs on the left), and the second vectorlike lightest
neutrino is v, (the blue-colored contours on the right). The
variation is shown only with the relevant parameters—
namely, the bare mass terms M; and My, which tune the
masses of these neutral VL lepton candidates—and with the
Yukawa couplings Y} and A}, which control the DM
annihilation cross section and set its relic density. In
consequence to the parameter scanning, we now proceed
to our analysis on DM sector and collider signatures.

III. DARK MATTER

For the vectorlike neutrino to be a viable candidate for
dark matter, it must satisfy conditions of providing the right
level of relic abundance from thermal dark matter produc-
tion in the early Universe. In addition, as the lack of any
dark matter signals in either direct or indirect dark matter
detection experiments confront our theoretical expecta-
tions, these must satisfy increasingly severe constraints
from experiments. For the dark matter analysis, we extend
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the left-right model in Ref. [62] to include vectorlike
leptons using FeynRules [63] and extract the resulting
file in CalcHEP [64] to implement the model into
micrOMEGAs [65]. We use micrOMEGAS to calculate
the relic density (Qpyh?), the spin-independent cross
section (¢°7), the annihilation cross section ({¢v)), and
the neutrino and muon fluxes, which are the most con-
strained observables for our model. We analyze these in
turn below.

A. Relic density

First, we analyze the consequences of having the lightest
vectorlike neutrino as our dark matter candidate. Using the
results in the previous sections, we explore the parameter
space of the model which yields the correct relic density
of dark matter, determined very precisely as the amount
of nonbaryonic dark matter in the energy-matter of the
Universe to be Qpyh% = 0.1199 4 0.0027 [66], with Qpy,
being the energy density of the dark matter with respect to
the critical energy density of the Universe, and /4 being the
reduced Hubble parameter.

In Fig. 4, we show the 2¢ allowed range of relic density:
0.1144 < Qpyh? < 0.1252, as constrained by WMAP [67]
and Planck [66], in the (Mpy, M Ezi) plane by varying Y%
and fixing A, = 0.045. It should be mentioned here that
M E: is directly related to Mg, while Mpy; depends on M,

h, and Y%'. Consequently, the DM relic density depends
mainly upon model parameters My, hj, and Y/, while the
annihilation cross section is most sensitive to Y’ ’L” , the DM
coupling to the SM Higgs doublet. For low Mpy, the
dominant contribution to the DM annihilation cross section
comes from the s-channel diagram where the DM pair
self-annihilate through the neutral SM Higgs mediation. As

10001

800+

600

M, [GeV]

400¢

200+

100 200 300 400 500 600 700 800
Mpm [GeV]

FIG. 4. Contour plots for the allowed relic density as a function
of the vectorlike lepton mass Mg, and the vectorlike neutrino
(the dark matter candidate) mass (in GeV) for M; = 1 TeV. We
impose the restriction 0.1144 < Qpyh? < 0.1252. The color
code for the Yukawa coupling Y% is indicated on the right.
All the other parameters are fixed at our BP1 values in Table II.
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My increases, f-channel contributions (via the DM itself)
to Z; h annihilation modes become dominant.

In Fig. 4, the contours indicate the parameter region that
respects the relic constraints for the range of Y?/, shown in
the color-coded column on the right. It is to be noted here
that the mass splittings (M B Mpy) can be small only for

a small range of allowed parameter space near Y4 > 1.7.
For the rest of the parameter space, the allowed mass
splitting is quite large. Coannihilation of the DM candidate
with other states does not occur in this scenario, since
the other heavy states (v,, v3, v4) are much heavier than
the DM candidate. On the other hand, coannihilation
with the vectorlike charged leptons E5 would happen only
if the mass splitting can be as low as 3—4 GeV. However, the
inclusion of both the 26 upper and lower bounds on relic
density constraints evades the possibility of having a small
mass difference between E;E and DM (34 GeV), as this
can only yield an under-abundant DM relic.

B. Direct detection

Direct-detection experiments look for signals emerging
from dark matter scattering off normal matter (neutrons
or protons). As the dark matter only interacts weakly,
such events are very rare, and direct-detection experiments
require very accurate background rejection. However, these
are important, as the expected signals test the nature of the
dark matter.

The interaction of dark matter with detector nuclear
matter can be spin dependent or spin independent. The
spin-dependent scattering can only happen with odd-
numbered nucleons in the nucleus of the detector material,
while in spin-independent (scalar) scattering, the coherent
scattering of all the nucleons in the nucleus with the DM are
added in phase. Consequently, in direct-detection experi-
ments, the experimental sensitivity to spin-independent (SI)
scattering is much larger than the sensitivity to spin-
dependent scattering, which experiences an enhancement
in scattering from large target nuclei. In our case, the Z, Zp
boson mediators influence the former, while Higgs boson
exchanges usually dominate the latter. The most stringent
bounds on the spin-independent o; cross section in terms
of the dark matter mass come from the XENON100 [68]
and LUX [69] experiments, which have seen no dark matter
interaction events yet. We explore the spin-independent
cross section and compare this against the constraints from
XENONI100 (dashed blue curve), the LUX experiment
(dashed pink curve) and the projected XENONIT (dashed
yellow curve) in Fig. 5, where, on the left, we plot the spin-
independent dark matter cross section from direct searches
as a function of the dark matter mass. As seen in the figure,
the cross section predicted by our model (continuous red
curve) mostly lies below the experimental bounds for Mpy
values between 87.4 GeV and 836.5 GeV (the exact region
where we get the correct relic density), except in the region
70-150 GeV, where our theoretical expectations lie within
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Left: Spin-independent cross section of the proton as a function of the dark matter mass in the left-right symmetric model with

vectorlike leptons (red curve), and the experimental upper limits from XENON100 [68] (dashed blue curve), from LUX [69] (dashed
pink curve), and from XENONIT [70], all with 2¢ expected sensitivity (dashed yellow curve). Right: Spin-dependent cross section as a
function of the dark matter mass (red curve) and the experimental limit from XENON100 [68]. We include only points in the parameter
space where relic density constraints are satisfied. All the other parameters are fixed at our BP1 values in Table II.

the 20 expected sensitivity from XENONIT [70]. Note that
in Fig. 5, the scattering cross section drops suddenly for
masses around Mpy; = 600 GeV. The reason lies in the
fact that we have plotted only those points that satisfy the
relic constraints. Scanning over the parameters, we found
that it was difficult to satisfy relic constraints for a variety of
Yukawa couplings, and whenever possible, we looked for
the largest scattering cross section. Increased precision may
rule out lower-dark-matter regions of the parameter space.
On the right, we plot the spin-dependent cross section, and
the recent experimental limit from XENON100 [68]: the
constraints imposed are much milder, and our cross section
is smaller than the bound imposed by the data by 1-2 orders
of magnitude.

C. Indirect detection

Indirect-detection experiments look for signals arising
from pair annihilation of dark matter particles into SM
particles. There are large number of final states that can
be looked at, including u*,d, p, y-line, and y-continuum
spectra. Since our dark matter candidate is primarily right-
handed, the Higgs bosons (especially A%), the Z, and the
Zg can all act as mediators and enhance the dark matter pair
annihilation cross section into fermion pairs. The coupling
between the dark matter particle and SM mediators must
produce an acceptable annihilation rate and, besides sat-
isfying direct-detection constraints, must be sufficient to
produce the correct relic density.

The most stringent constraints on dark matter annihila-
tion cross sections have been derived from the Fermi
gamma-ray space telescope (Fermi-LAT) [71], used to
search for dark matter annihilation products from dwarf
spheroidal galaxies and the Galactic Center, which probe
annihilation cross sections into photons. To obtain the
correct value for the dark matter density, the annihilation
cross section should be (6v) ~ 3 x 1072° ¢cm?/s. In Fig. 6,

we show the annihilation cross section of dark matter as a
function of the dark matter mass Mpy; and compare it with
the constraints on the dark matter annihilation cross section
for the most restrictive channels, u*u~, bb, and especially
the W W~ channels, at 95% C.L., found from examining
continuum gamma-ray spectra from the dwarf spheroidal
galaxy Segue [ [71,72]. The red line shows a sudden drop at
high mass values, which is due to our choice of discrete
points that satisfy the relic density constraints, similar to
our previous case for the direct-detection cross section. For
light Mpy (S100-115 GeV), the dominant annihilation
mode is into bb (90%) (through the SM-like Higgs), while
for larger Mpy (from 120 GeV up to 800 GeV), Z, h

10725}
10727} L
E | uy
210} - T
SE - bb

-31
1073 W IW-
10—33 | . .
50 100 500 1000

Mpw [GeV]

FIG. 6. Annihilation cross section of dark matter into SM
particles as a function of the dark matter mass (red curve). We
compare this with the combined indirect-detection limits from
Fermi-LAT and the MAGIC Collaboration on gamma rays arising
from annihilations in dwarf spheroidal galaxies [72]. The dashed
curves represent annihilation into ptu~ (blue), 7t~ (pink), bb
(purple), and W W~ (green). We include only points in the
parameter space where relic density constraints are satisfied. All
the other parameters are fixed at our BP1 values in Table II.
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becomes the dominant annihilation mode (again, about
90%) because of DM annihilation through the ¢ channel.
We note that a substantial region of the parameter space
survives the limits from indirect detection, although in the
region Mpy € (175-300) GeV, our theoretical prediction
is close to the experimental limits.

The dark matter can annihilate into cosmic rays, over
much different annihilation channels, for processes which
are model dependent. The emission of most particles can be
modeled by using leptonic scenarios equally as well as
hadronic scenarios. This ambiguity does not exist for high-
energy neutrinos, as they can be created efficiently only in
hadronic interactions via the decay of charged pions. The
detection of a high-energy astrophysical neutrino source
would then be a signal of accelerated hadrons. Each
annihilation channel provides a unique neutrino energy
spectrum, and since the probability of neutrino detection
depends sensitively on its energy, different neutrino signals
can be expected from different annihilation channels. Also,
since neutrinos interact only weakly with matter, they are
insensitive to radiation fields and are accessible to cosmo-
logical distance scales. However, the same effect yields low
cross sections, and the backgrounds from existing atmos-
pheric neutrinos are significant. For our vectorlike neutrino
dark matter candidate, annihilation in the Galaxy into
ordinary neutrinos vv may be of significance. During
propagation, neutrinos oscillate between flavors, but after
traveling across cosmological distances, the coherence
between different flavor states is lost and, as they reach
Earth, neutrinos become mass eigenstates. These experi-
ments also include limits on the muon flux, which
incorporates limits for the bb, +7~, and W W~ channels,
for the purpose of comparing with other neutrino telescope
experiments. In Fig. 7, we plot the flux as a function of the
dark matter mass (neutrino flux in the left panel, muon flux
in the right panel) and compare it with the experimental
limits from Baikal [73].
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FIG. 7.
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D. Direct DM searches at the LHC

DM searches can be performed at the LHC, where in
general, the DM particles would be invisible and reveal
their presence only as missing transverse energy. The direct
searches at the LHC involve looking at the associated
particles which come from ISR (initial-state radiation) or
from their associated production with the DM candidate.
The LHC DM searches concentrate mainly on the mono-X
(X =jet, y, Z, W) signals, where the DM particle is
produced either in association with one or more QCD jets,
or with a vector boson V =y, Z, W. The strongest
constraint placed by the recent ATLAS searches on the
monojet signal excludes a signal cross section above 19 fb
at a 95% C.L. [74]. In our model, the cross sections for
the vectorlike neutrino production with jets are small
[O(0.1 fb)]; therefore, they safely satisfy the current
experimental limits and can only be detected with higher
detector sensitivity. However, here we present a more viable
detection channel for the vectorlike neutrinos, where they
are produced from the secondary decay of charged vector-
like leptons.

IV. COLLIDER SEARCHES

In this section, we will analyze our findings in light of the
collider searches for the new exotic vectorlike leptons
[75,76]. As already explained in the previous section, the
imposition of an extra parity symmetry provides a viable
cold dark matter candidate. More explicitly, the lightest
neutral vectorlike lepton which is the lightest among
the physical mass eigenstates defined in Eq. (23) acts as
the good DM candidate. Also, the notable feature of the
DM particle is that it is dominantly right-handed and
thus can easily yield correct relic density within the 20
range of Planck’s latest relic density value Qpyh’>=
0.119940.0027, as we showed in Sec. III. We have
shown that there exists ample parameter space which
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Neutrino (left) and muon (right) fluxes as a function of dark matter mass (red curve). The dashed curves represent 90% C.L.

upper limits from Baikal [73]. We include only points in the parameter space where relic density constraints are satisfied. All the other

parameters are fixed at our BP1 values in Table II.
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TABLE I. Fixed parameters for all benchmark points.
Yukawa parameters ~ Y;¢  y¥  Yg oy Y} Y§ Yy yy o ok hf hp K [GeV]
Value 0.1 00 00 25 15 004 01 01 08 07 00 246

satisfies all the DM constraints, including relic density and
direct-detection data. However, in addition to the DM
vectorlike neutrino, the model consists of extra charged
vectorlike (VL) leptons, which can decay into final states
including DM. An obvious question would be whether, in
the allowed parameter region, there could be any signature
of these charged leptons in the existing or upcoming
collider experiments.

A. Benchmark points

At this point, we would like to review our choice of
benchmark points and explain their plausibility. The vector-
like lepton sector of this model depends upon 14 param-
eters, among which 12 are the Yukawa couplings
connecting the nonstandard charged and neutral leptons
(Y, Yg, hy, and hgs) to the Higgs bosons, and the rest are
the two bare mass terms (M; and My) for vectorlike
leptons. We are interested in the region of parameter space
where the DM constraints are satisfied and the VL charged
leptons are kinematically accessible both to the LHC with
\/s = 14 TeV and at the proposed e¢' e~ international liner
collider with /s = 1 TeV. In view of these, we first fix
most of the Yukawa couplings, and we choose different
masses for the VL leptons by varying the bare mass
parameters, M; and M. It can be noted that the dominant
right-handed nature of the DM (v;) and the lighter charged
VL lepton (E5) demand a relatively smaller M than M,
for both to acquire masses of the order of a few hundred
GeV. With this procedure, for a particular choice of DM
mass, we get the correct relic density and direct-detection
cross section by mainly tuning the Yukawa parameter /.
In Table I, we display the values for the Yukawa coupling
parameters of our choice, while in Table II, we give the
masses of the lightest charged and neutral leptons, and the
corresponding relic density and direct-detection cross
section, both spin dependent and spin independent, for
the three benchmark points of our interest.

TABLE II.
direct-detection cross section.

1. Higgs signal strengths

In our model, the lightest CP-even scalar state resembles
the 125 GeV Standard-Model-like Higgs boson discovered
at the LHC. Therefore, it is important to check the signal
strengths for the production and decays of this Higgs state
in this model relative to the current experimental data.
Since the tree-level couplings of the lightest CP-even Higgs
boson with all the Standard Model particles remain
unchanged, we do not expect any deviations in the tree-
level decay channels of this Higgs boson from that of the
Standard Model one. The gluon fusion production is not
affected by leptons, but the loop-induced decay modes of
Higgs into the diphoton channel will get extra contributions
from singly and doubly charged scalars and also from
the exotic vectorlike charged lepton loops. The new VL
charged leptons are expected to contribute destructively
(with respect to the dominant WW loop contribution), as
the fermion loop comes with a negative sign, while the
charged scalar loops may enhance or suppress the decay
depending on the sign of the coupling of the charged scalars
to the lightest CP-even Higgs boson. For brevity, we do not
give the general expression for the Higgs to diphoton decay
width, which can, however, be found in literature [77-80].
The test is done only for the charged lepton mass values
chosen in the above-mentioned benchmark points, while
the singly and doubly charged scalar masses are chosen as
243 and 305 GeV, respectively, throughout the analysis.
The implications of these charged scalars in our collider
study will be mentioned later. The Higgs couplings to these
nonstandard charged scalars and the VL leptons are fixed
for all benchmark points, since the Yukawa parameters are
kept fixed. Moreover, there is no additional contribution to
Higgs production through gluon fusion; hence only the
ratio of the partial decay width Higgs-to-diphoton channel
between the model prediction and that of the SM value
represents our signal strength. According to the latest result
from LHC run II at 13 TeV, the Higgs-to-diphoton signal

: Hep _ [0(pp—R)BR(h—7yy)]e .
strength is 22 = s = 0.851957 [81]. For our

Benchmark points for vectorlike leptons, including masses with corresponding DM relic density and

Benchmark points A}

My (GeV) My (GeV) Mpy (GeV) Mg (GeV) Qpyh?  osp (pb)

os1 (pb)

BP1 0.045 1000 275
BP2 0.033 2000 350
BP3 0.032 2500 400

173
258
299

275 0.116 13 x10™* 2.55x 107!
350 0.112 43 x107° 43x 10712
400 0.117 3.1x107° 242x 10712
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benchmark points, the signal strengths are—for BP1, BP2,
and BP3, respectively—0.59, 0.73, and 0.80, which are all
within the 2¢ range of experimental data.

B. Searches at the LHC

In this section, we consider the pair production of the

lightest charged vectorlike leptons, namely E3, at the LHC:

pp = EJ E;. (24)

Instead of scanning over the multidimensional parameter

space, we choose three benchmark points which are

allowed by the constraints coming from the dark matter
relic density and direct-detection cross section.

In the chosen parameter region, these charged leptons
can only decay to a SM W boson in conjunction with the
DM particle (v;) with 100% branching fraction: E5 —
Wy, thus leading to a W W~ + E7 final state, where E;
arises due to the presence of a heavy neutral v particle,
which is the cold dark matter candidate. Depending upon
the decay mode of the Standard Model W boson, there are
three possible final states:

(a) 2¢* +0j+ Er  (both W’sdecay leptonically)
(b) 16+ +2j+ Er (one W decays leptonically;
the other one decays hadronically)

(c) 0= +4j+E; (both W’sdecay hadronically), (25)
where £ = e, pu, and j corresponds to light quark jets. At
this point, it should be mentioned that the final states
closely resemble the pair production of SM W. However, in
this case, one may expect to see some deviation in the shape
of the E; distribution compared to that of the SM W-pair
signal. This change may be attributed to the fact that for the
signal, the missing transverse energy comes from the
massive neutral particle, whereas in the SM background,
almost massless neutrinos are the decay products. Hence,
we expect that the SM processes which contribute to the
background for the SM W-pair signal will also play the
same role in our signal process. Although the cross sections
are higher for the final states (b) and (c¢), listed in Eq. (25),
these final states are difficult to measure at the LHC
because of the large background contributions mainly
arising from f7, single top, W + jets and other diboson
productions, all of which are difficult to suppress.
Therefore, the dileptons and missing transverse energy
(2¢* + E7) final state is the only possible channel to probe
this vectorlike heavy lepton signal at the LHC. As already
mentioned, our signal process mimics the exact SM W-pair
production process, but with a different E; spectrum.
Hence, it is expected that the application of the same event
selection method for SM W pair production to our signal
process will suppress the other dominant SM backgrounds

PHYSICAL REVIEW D 95, 095024 (2017)

to the final state (a). Therefore, to have an overview of signal
significance, throughout our analysis, we only consider the
SM W* W~ process as the dominant background.

For our analysis, we supplement the model in Ref. [62]
with VL leptons, using FeynRules [63], which gives the
UFO model files required in Madgraph5 [82] to generate
the signal events at the LO parton level. The SM back-
ground events are also generated using Madgraphb.
The unweighted parton level events are passed through
Pythia (v6.4) [83] to simulate showering and hadroniza-
tion effects, including fragmentation. The detector simu-
lation is done using Delphes (v3) [84]. Finally, we
perform the cut analyses using MadAnalysis5 [85].
At this point, we would like to mention that at the detector
level, the criteria for the isolation of electrons and muons at
the final state are performed using the method described in
Ref. [86], where electrons are isolated with the Tight
criterion defined in Ref. [87], and muons are isolated using
the Medium criterion defined in Ref. [88]. Jets are
reconstructed using the anti-k, clustering algorithm with
radius parameter AR = 0.4 with minimum pr = 20 GeV,
and jets originating from the fragmentation of » hadrons
(b jets), if any, are tagged with 85% tagging efficiency, and
with 10% and 1% mistagging efficiency for c-quark and
light-quark jets, respectively. The leading-order (LO) pro-
duction cross sections are calculated using the NNPDF3 . 0
parton distributions. Before discussing the cut analyses, we
show the histograms for the signal and background after
imposing the basic cuts described previously.

In Fig. 8, we show the distribution of transverse
momentum (py) for the hardest (left panel) and second
hardest (right panel) charged leptons in the event for the
three benchmarks in Table II. As expected, one may note
that the signal and background distribution follow almost
the same shape, including the visible Jacobian peak at half
the W mass (my/2), except for a little smearing effect
mainly in the signal distribution for the highest-p7 lepton,
because in the signal case, the decaying W boson gets an
extra inherent p; from its parent vectorlike charged lepton.
Thus, it is important to note that we are not allowed to
impose larger py cuts on the charged leptons than that
applied in the SM W-pair production case [86]. The
deviation in the distributions of different benchmark points
is self-explanatory from their different cross sections. In
Fig. 9, we depict the distribution of the p; of the hardest jet
and also the missing transverse energy E; for all three
benchmark points. Analogous to the py distribution of the
hardest lepton, the hardest jet also shows a tail at the high-
pr end. But since we have already chosen two lepton final
states, the extra jets are only coming from the initial-state
radiation (ISR). The common kinematical feature of ISR
jets [89] is a crucial dependence on the mass scale that is
being probed at the collider experiment, and usually the
transverse momentum (p7) of the ISR jets is higher with
heavier BSM particles at the final state. Therefore, an upper
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Distribution for the transverse momentum of the hardest (left panel) and second hardest (right panel) lepton for benchmark

point BP1. N is the total number of events before any cut. Distributions for benchmark points BP2 and BP3 are very similar, so we do not

plot them as well.
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FIG. 9. Transverse momentum of the hardest jet and missing transverse energy distribution for benchmark point BP1. N is the total
number of events before any cut. Distributions for benchmark points BP2 and BP3 are very similar, so we do not plot them as well.

cut on the pr of any extra jets would yield a negative
contribution to the signal significance for our final state,
since the application of jet veto would be more stringent for
the signal than the background. Note that the jet transverse
momentum distribution, shown in Fig. 9, is obtained before
applying any cuts and with inclusive decay modes of the W
boson, and therefore the effect of ISR jets cannot be seen
from here. On the other hand, the loss of significance can
be gained from the large E7 in the signal events. As already
discussed, for the background events, the missing trans-
verse energy arises only from the neutrinos or the mis-
measurement of jets and photons, while, for the signal
events, the lightest neutral VL lepton (v;) gives the
dominant contribution to £y, which is the stable DM
candidate. The large mass range of this v, as shown in
Table II, as well as its inherently large p; due to the mass
difference between it and the decaying E5 significantly
enhances the E; for the signal events. Therefore, one
can expect that demanding missing transverse energy

E; > 60 GeV may help in suppressing the background
and simultaneously improving the signal significance.
We now discuss the effect of selection cuts imposed over
the basic cuts. It should be mentioned here that the analysis
is done for a LHC run at 14 TeV, and the expected reach of
integrated luminosity is 3000 fb~!. Therefore, we seek to

TABLE III.  Selection cut requirements.
Cut name Selection criteria
Cl Number of jets with pr(j) > 30 GeV
and |#| <45=0
c2 At least two leptons with p,(Z) > 25 GeV
C3 Number of additional leptons
with pr(Z) > 10 GeV =0
Cc4 Er > 60 GeV
C5 Number of b-tagged jets

with py(b) > 20 GeV =0
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TABLE IV. Effective cross section obtained after each cut for both background and signal, and the respective
significance reach at 3000 fb~! integrated luminosity at 14 TeV LHC.

Effective cross sections in fb after cuts

Production cross

Significance reached

section (fb) Cl 2 C3 C4 C5  at £y = 3000 fb~"!
SM background 70940 6608 5589 5589 1782 1772 .
BPI 138.4 9.43 1.33 1.33 0.69 0.69 2.83
BP2 53 3.69 0.47 0.47 0.22 0.22 0.90
BP3 31 194 029 0.29 0.15 0.15 0.01

examine the maximum reach of signal significance at
3000 fb~!, with the significance defined by

Ng
VNg+ Nz’

where Ng and Njp represent the number of signal and
background events, respectively.

Akin to the selection cuts imposed in Ref. [86], we list
the selection cuts that are imposed in our case in Table III.

We then pass our simulated signal and background
events through the cut selection and check the correspond-
ing significance reach at the highest possible integrated
luminosity that can be attained at the LHC. We sum up this
in Table IV. As can be seen from this table, the maximum
significance ~3o is attained for BP1, which has the largest
production cross section for the vectorlike lepton pairs. For
the other two benchmarks, the signal significance is rather
poor. From this analysis it is very clear that it would be
extremely difficult to probe the vectorlike lepton scenario at
the 14 TeV LHC run even with the highest possible
luminosity attainable at that energy. Thus, we are motivated
to look for the same signal process for the same benchmark
points at the upcoming International e e~ Linear Collider
(ILC) experiment.

To conclude this section, we have shown that pair
production of VL leptons is not very promising at the
LHC, and would require very high luminosity to disen-
tangle the signal from the background.

S = (26)

C. Searches at the ILC

In view of the fact that the plausible signal for probing
the lightest charged VL leptons at the LHC seems difficult
to observe and may require much higher luminosity than
can be reached, we look for the possibility of probing the
same signal at the upcoming International Linear Collider
(ILC). The ILC is favored for its clean signal and less
background noise, which at LHC originates mainly from
the QCD processes. At the LHC, higher-order perturbative
QCD corrections as well as nonperturbative QCD effects
give rise to large systematic uncertainties in theoretical
calculations, and hence precision measurements do not

seem to be feasible. On the contrary, the initial-state
particles (e~ and e™) at the ILC are pointlike elementary
particles and only interact through electroweak inter-
actions with only a few-percent-level modification in
radiative corrections. This is why the ILC results provide
better precision and thus help the theoretical understand-
ing of the Standard Model signal and background proc-
esses, which may also shed some light on the presence of
subtle new physics interactions. In addition to this, the
ILC will also be furnished with polarized electron and
positron beams so that the processes can be completely
characterized based on each initial and final polarization
state. For the signal process, we consider exclusive
leptonic final states, and hence a better significance
than at the LHC is naturally expected. In the following
section, we perform the analysis for the pair production
of the lightest charged VL leptons—namely, E5—at the
ILC. Equivalent to Eq. (24), the process of interest in this
case is
ete” > EJE;. (27)
To compare with our previous result on the searches at
the LHC, here we also consider only the dilepton final state,

0.8 T

Unpolarised Beam
Electron 80% Right—Handed
Electron 80% Left—Handed+Positron 60% Right-Handed —-—-—-—

0.7¢

06k . e \/s:l TeV T
0.5f
0457

0.3} R S AN

c(ete”—>E," E)) (pb)

0.2

1 1 1 1 1 .:‘\'ﬁo
250 275 300 325 350 375 400 425 450 475 500
MEzi(GeV)

FIG. 10. Signal cross section for different polarization states of
incoming electron and positron beams at the ILC for various VL
charged lepton masses.
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FIG. 11. Transverse momentum and pseudorapidity distribution of the hardest lepton for BP1 and for the combinations (a)

unpolarized (top), (b) both polarized (middle), and (c) only electron polarized (bottom).

as mentioned in (i) of Eq. (25).5 In addition to this, we also
perform the analysis of VL lepton production using some
particular choice of polarization for the incoming electron
and positron beams. Explicitly, we consider three distinct
combinations [91]:

SA similar study on VL charged lepton searches at the ILC is
done in Ref. [90].

(a) Both the electron and positron beams are unpolarized.

(b) The electron beam is 80% left polarized, and the
positron beam is 60% right polarized.

(c) The electron beam is 80% right polarized, and the
positron beam is unpolarized.

For an extensive review on the physics case for the

polarized beam at the ILC, we refer to Ref. [92]. In

Fig. 10, we show the production cross section for our
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process, given in Eq. (27), at the ILC center-of-mass energy
1 TeV. We indicate our chosen benchmark points on the
graphs. It is to be noted that the polarization states of the
initial electron and/or positron beams change the signal
cross section significantly. The highest production
cross section can be reached for the combination (b),
defined previously. The collider analysis is done using
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Madgraphb. In compliance with LHC searches, here too
the dominant SM background for dilepton final states is SM
W-boson pair production. WWZ and ZZ will also contrib-
ute to the background, albeit with small cross sections.

Before imposing selection cuts, we check the distribu-
tions of various kinematical variables at the parton level. To
do so, some basic cuts are enforced first, such as
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FIG. 12. Transverse momentum and pseudorapidity distribution of the second hardest lepton for BP1 and for combination (a)
unpolarized (top), (b) both polarized (middle), and (c¢) only electron polarized (bottom).
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only electron polarized (right).

(1) The minimum transverse momentum of the charged
lepton at the final state should be greater than
10 GeV (pr, > 10 GeV).

(2) The pseudorapidity of each charged lepton must be
within 2.5 (|| < 2.5).

In Fig. 11, the transverse momentum (p) and pseudor-
apidity (n) distribution for the hardest lepton in the final
state is shown for all three polarization combinations. The
same is shown in Fig. 12, but for the second hardest lepton.
We mention here that as an example plot, we only show the
distributions for our first benchmark point (BP1), which is
the most promising for the experimental detection of our
chosen process.

The point to be noted here is that for all the cases, the
lepton p7 spectrum for the SM background is relatively
harder than that of the signal distribution. This feature can
be understood from the fact that for a SM background,
leptons originate from the direct-production W+ bosons,
whereas in the signal process they come from the cascade
decay of heavy leptons E5. This also explains why the
pseudorapidity distribution of the leptons is mostly central
for the signal, unlike the WW and ZZ cases, where leptons
show peaking behavior at large pseudorapidities. However,
due to the three-body kinematics of the WWZ process,
the pseudorapidity distribution of leptons coming from this
process are evenly distributed over the full rapidity range
(=2 to +2). Keeping this in mind, one can also similarly
interpret the distribution of AR between the two leptons,
which we show in Fig. 13, where AR is defined as the
measure of angular separation between the two charged
leptons by means of their difference in pseudorapidity (1)

and azimuthal angle (¢): AR = \/(An)? + (A¢)?. Both of
the charged leptons are generated from one single Z boson
for a ZZ background, and therefore the separation is less
than the signal and a WW background, where the leptons
come from two W’s with large angular separation.

At this point, it is worth mentioning that the dilepton
final state may also arise from pair production of the singly

AR[ lepl, lep2 ]

AR[ lepl, lep2 ]

AR distribution of the two leptons for BP1 and for combination (a) unpolarized (left), (») both polarized (middle), and (c)

charged scalar states. The charged Higgs masses only
depend on the scalar quartic coupling of Eq. (16) and
are independent of the parameter space that we chose for
our benchmark points in VL lepton searches. But the
production cross section times the branching ratio to
dilepton final states is much lower than what we get from
E, pair production, and so it contributes negligibly to final
signiﬁcance.6 In this respect, it should also be mentioned
that the same recipe also applies to our studies for the LHC
searches, but similar to this case, the effective cross section
for the pair production of singly charged scalars decaying
to dilepton final states at the LHC is too small to add
anything to the final signal signiﬁcance.7

Investigating the distributions of the above-mentioned
kinematic variables, we choose our final selection cuts.
First of all, from Fig. 13, one can see a significant deviation
in the spectrum of AR(#,,¢,) between our signal and
the SM background, mainly from ZZ and WWZ processes.
We thus select events with dileptons, where the angular
separation between the two leptons must satisfy our first
selection cut, 2 < AR(¢;,¢,) < 3.5. Next, following the
distributions in Fig. 11, we see that a choice of the hardest
lepton pr between 25 GeV and 160 GeV along with a
pseudorapidity within the central region (|7(¢;)| < 1.5)
may enhance the signal significance by considerably
reducing the main WW background. However, one should
know that these additional cuts are chosen by only
analyzing the unpolarized scenario and are kept the same
for the other two polarization combinations. The modifi-
cation of selection cuts according to specific polarization
cases will further increase our final signal significance.
The last selection cut on the transverse momentum and

SThe scalar sector of this model can, however, be detected from
other interesting final states, but this is beyond the scope of this
work and will be addressed in a future project.

A study on the heavier state of the scalar sector of the model at
the High Energetic Future Hadron Collider can be found in
Ref. [49].
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TABLE V. The cuts implemented for ILC searches.

Cut name Selection criteria
Cl 2 < AR(£).65) < 3.5
C2 At least one lepton with 25 < p;(¢) < 160 GeV
and |n(¢))| < 1.5
C3 At least two leptons with p7(¢,) > 20 GeV
[n(£2)] < 1.5

pseudorapidity of the second hardest lepton follows the
same logic as the selection cut on the hardest lepton. All the
selection cuts are displayed in Table V.

The cut flow and the required integrated luminosity for a
5o discovery reach are given in Tables VI, VII, and VIII,
respectively, for polarization combinations (a), (b), and (c)
—i.e., for completely unpolarized initial states, states
where both the electron (80% left) and positron (60%
right) beams are polarized, and states with only a right-
polarized electron (80%) beam. The significance is calcu-
lated using the same relation given in Eq. (26).

Let us understand the aftermath of selection cuts for all
three cases. As expected, the AR selection cut (C1) seems
quite competent in suppressing mainly the SM background.
While almost 75% signal events pass the cut, only 22% of
W W~ background events remain unaffected. The signal
significance is better when the other two cuts (C2) and (C3)
are applied on top of (CI). Quantitatively, almost 90% of
background events fail to overcome the cut 2 (C2) selection
barrier, while around 85% of signal events survive. The last
cut (C3), however, may not play a convincing role in
enhancing the signal significance, but the requirement of a
second lepton is mandatory to avoid other unwanted SM
backgrounds.

Reviewing the cut-flow tables, we observe that the
required integrated luminosity for a 5¢ discovery reach is
quite low, about 2-5 fb~!, which can easily be reached even

TABLE VI. Effective cross sections after each cut for both
background and signal, and the integrated luminosity required for
5o significance (Ls;) at 1 TeV at the ILC for an unpolarized
incoming beam.

PHYSICAL REVIEW D 95, 095024 (2017)

TABLE VII. Effective cross sections after each cut for both
background and signal, and the integrated luminosity required for
5o significance (Ls,) at 1 TeV at the ILC for a both-polarized
incoming beam.

Effective cross section
(fb) after the cut

SM Production cross

background section (fb) Cl C2 C3 Ls, (b1

W+w- 162 3575 393 335

WrWw-Z 1.2 0.64 0.17 0.11

77 44 1.0 0 0

Total 3.46
background

BP1 27.7 20.58 17.13 1476  2.09

BP2 23.5 16.1 1552 13.02 244

BP3 20.64 12.89 12.39 10 3.37

in the first run of the ILC. The best possible channel turns out
to be the benchmark point BP1, with both the initial electron
and positron beams polarized as 80% left and 60% right
helicity states, and where the required integrated luminosity
for discovery reach is as low as 2.09 fb=!. All the rest of the
benchmarks and beam polarization states are also promising
and can easily be tested at the upcoming ILC searches.
Finally, we would like to point out that we have inten-
tionally chosen those benchmark points where the mass
difference between E5 and the DM (or v;) is more than
80 GeV so that the secondary W bosons produced from E35
only decay on shell. However, there are few available
parameter points that can survive the 20 Planck relic
density constraints where the mass difference is less than
80 GeV. For such points, E, only decays to three-body final
states. We choose two example benchmark values consis-
tent with Fig. 4, as shown in Table IX, for which the relic

TABLE VIII. Effective cross sections after each cut for both
background, and signal and the integrated luminosity required for
So significance (Ls,) at 1 TeV at the ILC for an incoming beam
with only the electron beam polarized.

Effective cross section
(fb) after the cut

Effective cross section
(fb) after the cut

SM Production cross SM Production cross

background section (fb) C1 C2 C3 Ls, (fb™h) background section (fb) C1 C2 C3 Ls, (fb™hH

Wtw- 56.5 1262 136 1.16 wWtw- 11.7 2.89 031 0.27

Wrw-Z 0.44 0.21 0.057 0.037 WrWw-Z 0.09 0 0 0

77 2.13 046 0 0 77 1.4 032 0 0

Total 1.197 Total 0.27
background background

BP1 17 12.31 104 8.81 3.22 BP1 15.62 10.99 945 17.86 3.29

BP2 14.5 944 9.02 745 3.89 BP2 13.4 8.3 7.83 637 4.08

BP3 12.8 7.68 733 5.85 5.16 BP3 11.9 6.85 6.5 5.11 5.16
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TABLE IX. Two distinct parameter points where (M g —M pm) < 80 GeV, and the corresponding values for relic density with the
E5 pair-production cross section and the integrated luminosity required for 5o significance (Ls,) at 1 TeV at the ILC for the following
cases: (a) Both the electron and positron beams are unpolarized (columns 5 and 6). (b) The electron beam is 80% right polarized, and the
positron beam is unpolarized (columns 7 and 8). (¢) The electron beam is 80% left polarized, and positron beam is 60% right polarized

(columns 9 and 10).

Mpy (GeV) Mgy (GeV) Y Qpuh® (@) 6pa (D) Ls, (f671) (D) 0proa (D) Ls, (B671)  (€) Oproa () L5, (F671)
160 184 1.8 0.119 8.4 8.65 7.73 9.4 13.44 5.4
173 238 1.7 0.118 15.72 3.06 14.46 33 25.15 1.9

density lies within the 2¢ Planck limit. In Table IX, we give
the masses of both the DM candidate and the vectorlike
charged lepton E5 along with the respective production
cross section for E5 pair production at 1 TeV at the ILC.
Note that such points can only be obtained for large
Yukawa couplings Y/ = 1.7, while fixing the other cou-
plings at the values given in Table I and &% = 0.045. We
analyze both sample points for unpolarized beams at 1 TeV
at the ILC with the same cuts mentioned previously. The
cut analysis indicates that a 5¢ signal significance requires
only 8.65 and 3.06 fb~! integrated luminosity, respectively,
for the two points at 1 TeV at the ILC. Therefore, it is
evident that our ILC search prospect is promising regard-
less of the mass difference between the two states.

Overall, we see that the VL charged leptons, if they are
light—~500 GeV or so—have a clearer signature at the
ILC than at the LHC, where they are extremely difficult to
probe, even with the highest possible reach of integrated
luminosity.

V. CONCLUSION

We present a complete and thorough investigation of the
effects of introducing vectorlike leptons into left-right
symmetric models. Our aim is to adjoin one missing piece,
a dark matter candidate, into the model. In keeping with
the symmetries of the model, two vectorlike doublets are
introduced, one left-handed and one right-handed, together
with their mirrors. A discrete parity symmetry forbids
mixing of vectorlike particles with ordinary leptons: this is
introduced for simplicity, as mixing can occur, but, given
constraints from flavor-changing decays such as y — ey,
only with the third family, and even there the mixing is
constrained to be small so as not to spoil low-energy
phenomenology results.

However, in the absence of mixing with SM leptons, the
vectorlike leptons mix among themselves, and the lightest
state (electrically neutral, and mostly right-handed) is stable
and can serve as a dark matter candidate. We show that,
for a large range of the parameter space, this vectorlike
neutrino obeys constraints from the relic density abun-
dance. In direct detection, the limits on spin-dependent
cross sections do not restrict the parameter space, while the
spin-independent cross section falls below the LUX and

XENONI100 limits, whereas XENONIT puts pressure on
the lighter (70-150 GeV) region of dark matter mass, which
lies within its 2¢ sensitivity curves, rather than below. For
indirect detection, we analyze the annihilation cross section
into SM particles and show that it is safely below the Fermi-
LAT limits, and the muon and neutrino fluxes coming from
cosmic rays also agree with experimental bounds from
neutrino telescopes.

Finally, we investigate the distinctive signals of this
scenario at colliders. At the LHC, the pair production of the
lightest vectorlike charged leptons, each decaying further
into a W boson and dark matter yielding WTW~ + E, is
analyzed and compared to the background coming from
SM W pair production. We devise three benchmarks
obeying all dark matter and Higgs signal constraints,
and show that, with judicious background cuts and at
HL (high luminosity) at the LHC, one benchmark could
reach ~3¢ signal-to-background significance. At this point,
we advocate the idea of testing our model at an upcoming
electron-positron collider experiment (ILC), in particular
for our search channel. The ILC experiment is generally
preferred over the hadron colliders because of its clean
environment and ability to provide high-precision mea-
surements. Here, we mainly opt for the ILC because of its
two main special characteristics. First, the final state with
VL charged leptons can be easily probed with much less
SM background interference, and second, the ILC provides
us with its distinct feature of polarized incoming electron
and positron beams, which makes the search channel easier
to investigate. In particular, we consider three distinct
combinations of beam polarizations, named (a), (b), and
(c), respectively, for the cases where both incoming beams
are unpolarized, where the electron beam is 80% right
polarized and the positron beam is 60% right polarized, and
where only the electron beam is 80% right polarized with a
completely unpolarized positron beam. Since our signal
resembles mostly SM W pair production, the enhancement
(suppression) in the production cross section with an
incoming beam polarization follows the same rules as a
SM WW background does. Similarly to the LHC scenario,
we illustrate our search strategies using the same bench-
mark points as before. The dominant background here is
also the SM W*W~ pair production, with small contribu-
tions from WTW~Z and ZZ. The most convenient
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kinematic variables to distinguish the signal from back-
ground are the pseudorapidity of the two charged leptons in
the final state and specifically the angular separation (AR)
between them. Strategic cuts on these variables lead to
large signal significance for the pair production of vector-
like leptons. Moreover, the choice of the polarized beam
combination (b), where the electron beam is 80% left
polarized and the positron beam is 60% right polarized,
renders the best possible signal significance. A 5o discov-
ery reach, in this case, can easily be attained even with an
integrated luminosity as small as 2 fb~! for the highest-
production cross section benchmark BP1. The other polari-
zation combinations are also impressive and can be tested
even at the very first run of the ILC.

Our analysis strategy demonstrates the viability of the
model prediction both for DM detection and for collider
signatures at the upcoming ILC. Our left-right model
|

PHYSICAL REVIEW D 95, 095024 (2017)

with dark matter is thus quite predictable and easily
testable, perhaps at the HL-LHC, and certainly at the
ILC—albeit, given the CM energies available at the linear
collider, for relatively light vectorlike leptons, with
masses M < 500 GeV.
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APPENDIX: EIGENVALUES FOR THE
VECTORLIKE NEUTRINO MASS MATRIX

We list the eigenvectors of the vectorlike neutrino mass
matrix given in Eq. (20):

) = Mo i)+ M )
VM, (M3 + M2,) -+ mP (M3 + M) VM2 (MG + M2,) -+ mP (M3 + M2, )
Mym, //c MgM,, W)
L
\/M2 (M2 +M2)+m;2(M§+M2 \/MZ (M2 + M2) + mP2(M2 + M2,)
M, m M?
|l/2 2 2 N 2 2 2 |I/L> + 2 2 2 - 2 2 2 |y;§>
\/M MR +MU2)+mu (ML +Mv2> \/Mvz(MR+sz)+mv (ML +Mv2)
MLm/ . MRM )
2 2 2 - 2 2 2 |V%C> * 2 2 2 - 2 2 2 |UZ>
W (M3 + M)+ m2(M3 +M2) M2, (M + MZ) + m2(M} + M)
lv3) = ﬁﬂvd + k)
1
lva) = EOUD V&")- (A1)
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