
 

Fermion dark matter with scalar triplet at direct and collider searches

Basabendu Barman,
1,*

Subhaditya Bhattacharya,
1,†

Purusottam Ghosh,
1,‡

Saurabh Kadam,
2,§

and Narendra Sahu
3,∥

1
Department of Physics, Indian Institute of Technology Guwahati, Assam 781039, India

2
Department of Physics, Indian Institute of Science Education and Research,

Dr. Homi Bhabha Road, Pashan, Pune 411008, India
3
Department of Physics, Indian Institute of Technology Hyderabad,

Kandi, Sangareddy, Telangana State 502285, India

(Received 12 February 2019; published 18 July 2019)

Fermion dark matter (DM) as an admixture of additional singlet and doublet vectorlike fermions provides

an attractive and allowed framework by relic density and direct search constraints within TeV scale, although

limited by its discovery potential at the Large Hadron Collider (LHC) excepting for a displaced vertex

signature of charged vectorlike lepton. An extension of the model with the scalar triplet can yield neutrino

masses and provide some cushion to the direct search constraint of the DM through pseudo-Dirac mass

splitting. This in turn, allows the model to live in a larger region of the parameter space and open the door

for detection at LHC through hadronically quiet dilepton channel, even if slightly. We also note an interesting

consequence to the hadronically quiet four lepton signal produced by the doubly charged scalar belonging to

the triplet, in the presence of additional vectorlike fermions as in our model. The model however can see an

early discovery at International Linear Collider (ILC) without too much of fine-tuning. The complementarity

of LHC, ILC and direct search prospect of this framework is studied in this paper.
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I. INTRODUCTION

The existence of dark matter (DM) on a larger scale

(> a few kpc) is irrefutably shown by many evidences, such

as galaxy rotation curve, gravitational lensing, existence of

large scale structure of the Universe, cosmic microwave

background etc. (See for a review [1–4]). In fact, the

satellite borne experiments, such as WMAP [5] and

PLANCK [6], which study the temperature fluctuations

in the cosmic microwave background, precisely measure

the current relic density of DM in terms of a dimensionless

parameter ΩDMh
2 ¼ 0.1199� 0.0027, where ΩDM ¼

ρDM=ρc; ρc being the critical density of the Universe

and h ≈ 0.73 is a parameter which defines the current

Hubble scale of expansion H0 ¼ 100h km=s=Mpc.

However, the above mentioned evidences are based on

gravitational interaction of DM and pose a challenge for

particle physicists to probe it on an earth-based laboratory

where the DM density is extremely low in comparison to

baryonic matter. Of many possibilities, a weakly interacting

massive particle (WIMP) [1,7] is an elusive candidate for

DM.
1
Due to the additional weak interaction property,

WIMPs can interact with the standard model (SM) particles

at a short distance and can thermalize in the early Universe

at a temperature above its mass scale. As the Universe

expands and cools down, the WIMP density freezes out at a

temperature below its mass scale. In fact, the freeze-out

density of WIMP matches to a good accuracy with the

experimental value of relic density obtained by PLANCK.

The weak interaction property of WIMP DM is currently

under investigation at direct search experiments such as

LUX [10], PANDA [11], XENON1T [12] as well as

collider search experiments such as [13,14].

At present the SM of particle physics is the best theory

to describe the fundamental particles and their inter-

actions in nature. After the Higgs discovery, the particle

spectrum of the SM is almost complete. However, the

SM does not possess a candidate that can mimic the

nature of DM inferred from astrophysical observations.

Moreover, the SM does not explain the sub-eV masses of

the active left-handed neutrinos which is required to explain

observed solar and atmospheric oscillation phenomena
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1
The other possible candidates for DM may also come from

feebly interacting massive particle (FIMP) [8], or strongly
interacting massive particle (SIMP) [9] with limited experimental
probe.
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[15]. Therefore, it is crucial to explore physics beyond the

SM to incorporate at least nonzero masses of active

neutrinos as well as dark matter content of the Universe.

It is quite possible that the origin of DM is completely

different from neutrino mass. However, it is always

attractive to find a simultaneous solution for nonzero

neutrino mass and dark matter in a single platform with

a minimal extension of the SM [16,17].

To date, the only precisely measured quantity related to

DM known to us is its relic density. The microscopic nature

of DM is hitherto not known. Amongst many possibilities to

accommodate DM in an extension of SM, a simple pos-

sibility is to extend the SM with two vectorlike fermions:

χ0ð1; 1; 0Þ and ψð1; 2;−1Þ, where the numbers inside the

parentheses are the quantum numbers under the SM gauge

group SUð3ÞC × SUð2ÞL ×Uð1ÞY [18–21]. The lightest

component in the mixture of the neutral component of the

doublet ψ and the singlet χ0 gives rise to a viable DM

candidate. The stability of the lightest component can be

ensured by an added Z2 symmetry. The singlet-doublet

mixing, defined by sin θ, plays an important role in probing

the DM at direct and collider search experiments. A large

singlet-doublet mixing (sin θ > 0.1) introduces a larger

doublet component and hence strongly constrained by the

Z-mediated DM-nucleon scattering at direct search experi-

ments, while small mixing (sin θ < 10−5) leads to over

production of DM after big bang nucleosynthesis (BBN) by

the decay of the next-to-lightest-stable particle (NLSP) ψ�,
the charged component of doublet ψ . Therefore, the singlet-

doublet mixing in a range: 10−5 < sin θ < 0.05 [18] is

appropriate to give rise to correct relic density of the DM

while being compatible with the latest bound from direct

search experiments such as. It is important to note that due to

the small mixing, the annihilation cross section of the DM is

not enough to acquire correct relic density, which requires

contribution from coannihilation with NLSP resulting to a

small mass splitting between NLSP and DM. The collider

search of such a framework is therefore narrowed down to

only a displaced vertex signature of the NLSP: ψ�.
In this paper we study the detector accessibility of the

singlet-doublet DM in the presence of a scalar triplet

Δð1; 3; 2Þ, where the quantum numbers are with respect

to the SM gauge group SUð3ÞC × SUð2ÞL ×Uð1ÞY . We

demand that the scalar triplet should not acquire any

explicit vacuum expectation value (vev) as in the case of

type-II seesaw [22,23]. However, after the electroweak

phase transition the Δ can acquire an induced vev of sub-

GeV order in order to be compatible with precision

electroweak data ρ ≃ 1 in the SM. As a result the sym-

metrical coupling of Δ with the SM lepton doublet L
can give rise to sub-eV Majorana masses for the active

neutrinos. Moreover, we show that the scalar triplet widens

up the allowed parameter space through pseudo-Dirac

splitting of the DM, which makes the direct search

through inelastic Z mediation harder. Aided by that,

the model can acquire correct density and still obey direct

search constraints for larger singlet doublet mixing as

well as with larger mass splitting between NLSP and

DM. This can yield leptonic signature excess through

hadronically quiet opposite sign dilepton (OSD) at LHC.

The model also has the advantage of searching for the

NLSP ψ� decaying to DM through the same OSD

channel at the ILC. The complementarity of the discov-

ery potential of the model at the LHC and the ILC, in

comparison to that of direct search, is analyzed in detail

in this paper.

The doubly charged Higgs belonging to the scalar triplet

is known to produce hadronically quiet four lepton signal at

LHC and ILC [24,25]. Therefore, in addition to hadroni-

cally quiet dilepton channel, four lepton will also be a

signature of the model in the presence of a scalar triplet.

Here we point out that whenever the scalar triplet mass is

heavier than twice of the vectorlike fermion mass, a

sizeable branching fraction of the doubly charged scalar

allows it to decay to two charged vectorlike lepton and

thereafter produce hadronically quiet four lepton (HQ4l)

signature through charged lepton decay. This feature not

only allows the four lepton signature of our model

distinguishable from SM background, but also it segregates

our case from the usual four lepton event rates of scalar

triplet in Type II seesaw scenario.

The paper is organized as follows: in Sec. II, we discuss

the important aspects of the model. Section III deals with the

constraints on the model parameters. Then we discuss the

DM phenomenology in Sec. IV, where we demonstrate

the model parameter space compatible with the observed

relic density and latest direct search experiments. Section V

is then devoted to find relevant collider signatures.

Section VI elaborates how the presence of the vector like

fermions in our model modify the usual collider signature of

scalar triplet at LHC. In Sec. VII, we discuss the comple-

mentarity of the discovery potential of the model at the LHC

and the ILC while being compatible with DM constraints.

Finally we conclude in Sec. VIII.

II. THE MODEL

A. Fields and interactions

We extend the Standard Model (SM) by introducing

two vectorlike fermions (VLF): one singlet (χ0) and a

doublet ψ . In addition to that we introduce a scalar triplet

(Δ) with hypercharge Y ¼ 2. A discrete Z2 symmetry is

imposed on top of the SM gauge symmetry, under which

the VLFs are odd, while other fields, including Δ, are even

to stabilize the DM from decay. The charges of the new

particles as well as that of the SM Higgs under SUð3Þc ×
SUð2Þ × Uð1ÞY × Z2 are given in Table I. The Lagrangian

for this model is given as:

L ¼ LSM þ Lf þ Ls þ Lyuk; ð1Þ
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where Lf is the Lagrangian for the VLFs, Ls involves

the SM doublet and the additional triplet scalar, and Lyuk

contains the Yukawa interaction terms. The interaction

Lagrangian for the VLFs is given by [19,20]:

Lf ¼ ψ̄=Dψ þ χ0=∂χ0 −Mψ ψ̄ψ −Mχχ
0χ0; ð2Þ

where Dμ is the covariant derivative under SUð2Þ ×Uð1Þ
and is given by:

Dμψ ¼ ∂μψ − ig
σa

2
Wa

μψ þ i
g0

2
Bμψ ; ð3Þ

where g and g0 are the gauge couplings corresponding to

SUð2Þ and Uð1ÞY and a ¼ 1, 2, 3, for the generators of

SUð2Þ. Wμ and Bμ are the gauge bosons corresponding

to SM SUð2Þ and Uð1ÞY gauge groups. Similarly, DM

realization as an admixture of fermion singlet and triplet

[26], as well as a doublet and triplet have also been

addressed [27]. Lagrangian of the scalar sector involving

SM Higgs doublet (H) and the additional scalar triplet (Δ)

can be written as [28]:

Ls¼ðDμHÞ†ðDμHÞþTr½ðDμ
ΔÞ†ðDμΔÞ�−VðH;ΔÞ: ð4Þ

The covariant derivatives of the scalars are

DμH ¼ ∂μH − ig
σa

2
Wa

μH −
ig0

2
BμH;

DμΔ ¼ ∂μΔ − ig

�

σa

2
Wa

μ;Δ

�

−
ig0

2
YΔBμΔ: ð5Þ

Δ is written in the adjoint representation of SUð2Þ as

follows:

Δ ¼
�

Δ
þ=

ffiffiffi

2
p

Δ
þþ

Δ
0 −Δþ=

ffiffiffi

2
p

�

: ð6Þ

The most general scalar potential for this model with

scalar triplet (Δ) of hypercharge Y ¼ 2 can be written

as [28]:

VðH;ΔÞ ¼ −μ2HH
†H þ λ

4
ðH†HÞ2 þ μ2

Δ
TrðΔ†

ΔÞ

þ ½μðHTiσ2Δ†HÞ þ H:c:�
þ λ1ðH†HÞTrðΔ†

ΔÞ þ λ2ðTr½Δ†
Δ�Þ2

þ λ3Tr½ðΔ†
ΔÞ2� þ λ4ðH†

ΔΔ
†HÞ: ð7Þ

Finally, the Yukawa interaction is given by [19]:

−Lyuk ¼
1
ffiffiffi

2
p ½ðyLÞijL̄c

iiσ
2
ΔLj þ yψ ψ̄

ciσ2Δψ þ H:c:�

þ ðYψ̄ H̃ χ0 þ H:c:Þ; ð8Þ

where in the first parenthesis we have the interaction

between the triplet scalar (Δ) with the SM lepton doublet

(L) proportional to yL where the indices (i, j) run over three
families and also the Yukawa interaction with the VLF

doublet (ψ) proportional to yψ . In the second parenthesis

we have the VLF-SM Higgs Yukawa interaction propor-

tional to the coupling strength Y, where H̃ ¼ iσ2H�.
The electroweak symmetry breaking (EWSB) occurs

when the SM Higgs acquires a VEV (vd) given by:

hHi ¼
�

0

vd
ffiffi

2
p

�

: ð9Þ

We assume that Δ does not acquire any explicit vev.

However, the vev of SM Higgs induces a small vev to the

scalar triplet Δ (vt) given by:

hΔi ¼
�

0 0

vt
ffiffi

2
p 0

�

: ð10Þ

The alignment of the two vevs may not be same.

Therefore, it is convenient to define v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2d þ 2v2t

q

¼
246 GeV. After minimization of the potential in Eq. (7),

one arrives at the following necessary conditions [28]:

μ2
Δ
¼ 2μv2d −

ffiffiffi

2
p

ðλ1 þ λ4Þv2dvt − 2
ffiffiffi

2
p

ðλ2 þ λ3Þv3t
2

ffiffiffi

2
p

vt

μ2H ¼ λv2d
4

−
ffiffiffi

2

p
μvt þ

ðλ1 þ λ4Þv2t
2

: ð11Þ

B. Mixing of the doublet and triplet scalar

In the scalar sector, masses of the doubly and singly

charged fields corresponding to the triplet can be found in

[28] and are as follows:

TABLE I. Relevant particle content of the model and their

charges under SM × Z2.

Particles SUð3Þc SUð2Þ Uð1ÞY Z2

ψT∶ðψ0;ψ−Þ 1 2 −1 −1

χ0 1 1 0 −1

Δ 1 3 2 þ1

H 1 2 1 þ1
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m2

H�� ¼
ffiffiffi

2
p

μv2d − λ4v
2

dvt − 2λ3v
2
t

2vt
;

m2

H� ¼ ðv2d þ 2v2t Þð2
ffiffiffi

2
p

μ − λ4vtÞ
4vt

: ð12Þ

The neutral scalar sector consists of CP-even and

CP-odd mass matrices as:

M2

CPeven
¼

�

P Q

Q R

�

; M2

CPodd
¼

�

2vt −vd

−vd v2d=2vt

�

;

ð13Þ

where

P ¼ λ

2
v2d; Q ¼ vdð−

ffiffiffi

2

p
μðλ1 þ λ2ÞvtÞ and

R ¼
ffiffiffi

2
p

μv2t þ 4ðλ2 þ λ3Þv3t
2vt

: ð14Þ

The CP-even mass matrix is diagonalized using the

orthogonal matrix:

U ¼
�

cos θ0 sin θ0

− sin θ0 cos θ0

�

; ð15Þ

where θ0 is the mixing angle. Upon diagonalization, we end

up with the following physical CP-even eigenstates:

H1 ¼ cos θ0hþ sin θ0ζ
0; H2 ¼ sin θ0hþ cos θ0ζ

0;

ð16Þ

where h and ζ0 are the real parts ofH0 andΔ0 fields, shifted

by their respective VEVs as:

H0 ¼ 1
ffiffiffi

2
p ðvd þ hþ iη1Þ; Δ

0 ¼ 1
ffiffiffi

2
p ðvt þ ζ þ iη2Þ:

ð17Þ

As it is evident from Eq. (16), under small mixing

approximation, H1 acts like SM Higgs, while H2 behaves

more like a heavy Higgs. We call H2 heavy as we have not

observed any such neutral scalar in experiments yet and is

therefore limited by a lower mass limit as we discuss next in

the constraints section. The mixing angle in the CP-even
scalar sector is given by:

tan 2θ0 ¼
2Q

P − R
: ð18Þ

TheCP-odd mass matrix, on diagonalization, gives rise to a

massive physical pseudoscalar (A0) with mass:

m2

A0
¼ μðv2d þ 4v2t Þ

ffiffiffi

2
p

vt
; ð19Þ

and another massless Goldstone boson. Therefore, after

EWSB, the scalar spectrum contains seven massive physi-

cal Higgs bosons: two doubly charged (H��), two singly

charged (H�), two CP-even neutral Higgs (H1, H2), and a

CP-odd Higgs (A0). All the couplings, which can be casted

in terms of the physical masses appearing in the scalar

potential are listed in B.

C. Mixing of the VLFs

The neutral components of the doublet (ψ0) and singlet

(χ0) mix after EWSB thanks to the Yukawa interaction

[Eq. (8)]. The mass matrix can be diagonalized in the usual

way using orthogonal rotation matrix to obtain the masses

in the physical basis ðψ1;ψ2ÞT :
�

Mψ1
0

0 Mψ2

�

¼ UT

�

Mψ m

m Mχ

�

U; ð20Þ

where the nondiagonal mass term is obtained by m ¼
Yvd=

ffiffiffi

2
p

, from Eq. (8) and the rotation matrix is given by

U ¼ ð cos θ
− sin θ

sin θ
cos θ

Þ. The mixing angle can be related to the

mass terms as:

tan 2θ ¼ 2m

Mψ −Mχ

: ð21Þ

Therefore, the physical eigenstates (in mass basis) are the

linear superposition of the neutral weak eigenstates and are

given in terms of the mixing angle:

ψ1 ¼ cos θχ0 þ sin θψ0; ψ2 ¼ − sin θχ0 þ cos θψ0:

ð22Þ

The lightest electromagnetic charge neutral Z2 odd particle

is a viable DM candidate of this model and we choose it to

be ψ1. The charged component of the VLF doublet ψ�

acquires a mass as (in the small mixing limit):

Mψ� ¼ Mψ1
sin2θ þMψ2

cos2θ ≈Mψ2
: ð23Þ

From Eq. (21), we see that the VLF Yukawa is related to

the mass difference between two physical eigenstates and is

no more an independent parameter:

Y ¼ ðMψ2
−Mψ1

Þ sin 2θ
ffiffiffi

2
p

vd
¼ ΔM sin 2θ

ffiffiffi

2
p

vd
: ð24Þ

Therefore, to summarize the model section, we see that

the model provides with a fermion DM (ψ1) which is an

admixture of the doublet and singlet VLFs, with additional
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charged and neutral heavy fermions which all have Yukawa

and gauge interactions with SM. On the other hand, the

scalar sector is more rich with the presence of additional

triplet which not only provides additional charged and

neutral heavy scalar fields but also, have interactions to the

dark sector through the Yukawa coupling. The model has

several independent parameters and they are as follows:

fMψ1
;ΔM;sinθ;yL;yψ ;mH2

;mA;mH� ;mH�� ;sinθ0g ð25Þ

We vary some of these relevant parameters to find relic

density and direct search allowed parameter space of the

model to proceed further for discovery potential of the

framework at collider.

III. CONSTRAINTS ON MODEL PARAMETERS

In this section we will discuss the possible constraints

appearing on the parameters of this model from various

theoretical and experimental bounds.

A. Stability

In order the potential to be bounded from below, the

quartic couplings appearing in the potential must satisfy the

following copositivity condition [28,29]:

λ>0; λ2þλ3>0; λ2þ
λ3

2
>0

λ1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λðλ2þλ3Þ
p

>0; λ1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λ

�

λ2þ
λ3

2

�

s

>0

ðλ1þλ4Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λðλ2þλ3Þ
p

>0; ðλ1þλ4Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λ

�

λ2þ
λ3

2

�

s

>0

ð26Þ

B. Perturbativity

The quartic couplings (λi) and the Yukawa couplings

appearing in the theory need to satisfy the following

conditions in order to remain within perturbative limit:

jλij<4π; jyψ j<
ffiffiffiffiffiffi

4π
p

; jYj<
ffiffiffiffiffiffi

4π
p

; ð27Þ

where λi ¼ λ; λ1;2;3;4.

C. Electroweak precision observables (EWPO)

T-parameter puts the strongest bound on themass splitting

between mH�� and mH� , requiring: jmH�� −mH� j≲50GeV

[24]. Here we have assumed a conservative mass difference

of 10 GeV.

D. Experimental bounds

Since the addition of scalar triplet can modify the

ρ-parameter, hence a bound on the triplet Higgs VEV

can appear from the measurement of the ρ parameter ρ ¼
1.0008þ0.0017

−0.0010 [15]. Theoretically this can be expressed as:

ρ ≃ 1 −
2v2t

v2d
¼ 1þ δρ; ð28Þ

which further translates into: vt ≤ 3 GeV assuming v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2d þ 2v2t

q

¼ 246 GeV, which enters into the expression

for the known SM gauge boson masses. For a small triplet

VEV vt ≲ 10−4 GeV, stringent constraint on mH�� has

been placed by CMS searches: mH�� > 820 GeV at

95% C.L. [25] and also by ATLAS searches: mH�� >

870 GeV at 95% C.L. [30]. For vt ≲ 10−4 GeV, direct

search bound from LHC also constraints other nonstandard

Higgs masses: mHþ > 365 GeV and mH2;A0
> 150 GeV

[31]. For a larger triplet VEV, however, these constraints

are significantly loosened [32,33]. In our analysis we have

kept vt ¼ 1 GeV, where all these bounds can be over-

looked [32]. We have still maintained a particular mass

hierarchy amongst different components of the triplet:

mH�� > mH� > mH2;A
;

which is dubbed as “Negative scenario” [24]. The mixing

between the CP-even scalar states is also constrained from

Higgs decay measurement. As obtained in [19], sin θ0 ≲
0.05 is consistent with experimental data of H1 → WW�

with mH1
¼ 125 GeV.

E. Neutrino mass constraint

Light neutrino mass is generated due to the coupling

of the SM leptons with the scalar triplet through Yukawa

interaction. As the triplet gets a nonzero VEV, one can write

from Eq. (8) [34]:

ðmνÞij ¼
1

2
ðyLÞijhΔi ≃ ðyLÞij

μv2d

2
ffiffiffi

2
p

μ2
Δ

; ð29Þ

where fi; jg ¼ f1; 2; 3g are the family indices. We can then

generate small neutrino masses through a small value of

triplet VEV, i.e., by having a large triplet scalar mass through

type II seesaw. Interestingly, the triplet scalar also interacts

with the VLFs via Yukawa coupling yψ as described in

Eq. (8). Thus, the VEVof Δ induces a Majorana mass term

(m) for the VLFs on top of the Dirac mass term as follows:

m ¼ 1

2
yψ sin

2θhΔi: ð30Þ

If we trade hΔi from Eq. (29), then from Eq. (30) we

obtain the following relation between light neutrino mass

and Majorana mass term for the DM:

ðmνÞij ¼
� ðyLÞαβ
yψsin

2θ

�

m: ð31Þ
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Now, due to the introduction of the Majorana mass, the

Dirac state ψ0 splits into two pseudo-Dirac states with a

mass difference δ ¼ 2m. This plays a very important role in

direct search of the DM, which we shall explore further in

Sec. IV B 1. We shall show, in order to avoid Z-mediated

direct detection of the DM δ≳Oð100Þ keV. Therefore, if
we consider, the light neutrino mass ∼Oð0.1 eVÞ and the

Majorana mass ∼Oð100 keVÞ to forbid Z-mediation, then

from Eq. (31) we immediately get:

R ¼
� ðyLÞαβ
yψsin

2θ

�

≲ 10−6: ð32Þ

This shows that the coupling of the scalar triplet to the

SM sector is highly suppressed compared to the DM sector.

Although we have chosen yψ ¼ 1 for our analysis in order

to have contribution from the triplet, but the constraint from

Eq. (32) has also been followed in order to ensure that the

model also addresses correct neutrino mass. It is important

to note that unlike the usual type-II seesaw scenario, where

the correct neutrino mass predicts very heavy triplet scalars

beyond any experimental reach, the presence of VLFs alter

the situation significantly by allowing the triplet scalar

within experimental search while addressing correct light

neutrino masses.

F. Relic abundance constraint

The PLANCK-observed relic abundance puts a stringent

bound on the DM parameter space as it suggests, for CDM:

ΩDMh
2 ¼ 0.1199� 0.0027 [35]. the effect of this con-

straint on the parameter space of the model will be explored

in detail in our analysis.

G. Invisible decay constraints

When the DMmass is less than half of Higgs or Z Boson

mass, they can decay to a pair of the VLF DM (ψ1). Higgs

and Z invisible decays are however well constrained at the

LHC [15,36], which therefore constrains our DM model in

such a mass limit. Both Higgs and Z invisible decay to DM

is proportional to VLF mixing angle sin θ (These have been

explicitly calculated and tabulated in Appendix A). We will

show later that DM direct search constraint limits the

mixing to small sin θ regions which therefore naturally

evades the invisible decay width limits.

IV. DARK MATTER PHENOMENOLOGY

As mentioned earlier, ψ1 is the DM candidate in this

model and in the following subsections we shall analyze the

parameter space allowed by observed relic abundance of

DM and also from direct detection bounds. Relic density

and direct search outcome of the VLF DM as an admixture

of singlet-doublet has already been studied elaborately

before [18]. The case in the presence of scalar triplet has

also been studied briefly [19]. We would therefore elabo-

rate on the effect of scalar triplet in the DM scenario.

A. Relic abundance of DM

Relic abundance of ψ1 DM is determined by its

annihilation to SM particles and also to scalar triplet, if

the DM is heavier than the triplet. Such processes are

mediated by SM Higgs, gauge bosons, and scalar triplet.

As the dark sector has charged fermions (ψ�) and a heavy

neutral fermion (ψ2), the freeze-out of the DM will also be

affected by the coannihilation of the additional dark sector

particles. This important feature makes this model survive

the strong direct search limits, as we will demonstrate. All

the Feynman graphs for freeze-out are shown in

Appendix C. Relic density can then be calculated by:

dn

dt
þ 3Hn ¼ −hσvieffðn2 − n2eqÞ; ð33Þ

where

hσvieff ¼
g2
1

g2eff
hσviψ1ψ1

þ 2g1g2

g2eff
hσviψ1ψ2

�

1þ ΔM

Mψ1

�

3

2

e
−x ΔM

Mψ1

þ 2g1g3

g2eff
hσviψ1ψ

−

�

1þ ΔM

Mψ1

�

3

2

e
−x ΔM

Mψ1

þ 2g2g3

g2eff
hσviψ2ψ

−

�

1þ ΔM

Mψ1

�

3

e
−2x ΔM

Mψ1

þ g2
2

g2eff
hσviψ2ψ2

�

1þ ΔM

Mψ1

�

3

e
−2x ΔM

Mψ1

þ g2
3

g2eff
hσviψþψ−

�

1þ ΔM

Mψ1

�

3

e
−2x ΔM

Mψ1 ; ð34Þ

with n ¼ nψ1
þ nψ2

þ nψ� . In the above equation, geff is

defined as effective degrees of freedom, given by:

geff ¼ g1 þ g2

�

1þ ΔM

Mψ1

�

3

2

e
−x ΔM

Mψ1 þ g3

�

1þ ΔM

Mψ1

�

3

2

e
−x ΔM

Mψ1 ;

ð35Þ

where g1, g2, and g3 are the degrees of freedom of ψ1, ψ2

and ψ− respectively and x ¼ xf ¼ Mψ1

Tf
, where Tf is the

freeze out temperature. For the numerical analysis we

implemented the model in LANHEP [37] and the outputs

are then fed into MICROMEGAS [38] to obtain relic density.

All the relevant Feynman graphs for annihilation and

coannihilation channels of the DM are shown in

Appendix C: Annihilation and coannihilation in presence

of Higgs triplet, through Figs. 22–28.

In the top panel of Fig. 1 we have shown how the relic

abundance of the DM varies with its mass for some chosen

singlet-doublet VLF mixings. In the left-hand side (LHS)

of the top panel, ΔM is fixed at 10 GeV, while in the right-

hand side (RHS) it is kept fixed at a larger value 500 GeV.

First of all we see three different kinds of resonance drops:

one at half of the Zmass ∼45 GeV, the second at half of the
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Higgs mass ∼62.5 GeV and the third at the half of the

triplet scalar mass ∼150 GeV (the triplet scalar masses are

kept fixed around ∼300 GeV). The first resonance is

prominent, the second one is mild, while the third one is

only visible for smaller sin θ and large ΔM (right hand side

of the top panel). Finally at around 300 GeV, a new

annihilation channel to the triplet scalar opens up and

correspondingly we observe a drop in relic density.

Importantly, for small ΔM, coannihilation plays an impor-

tant role. This can be seen on the top left panel, where the

relic density drops, particularly for small sin θ, while for

large ΔM such effect is subdominant. With the increase in

DM mass, the relic density finally increases suggesting

decrease in annihilation cross section due to unitarity. Note

that the relic density decreases, i.e., the annihilation cross

section rises with larger sin θ (for a fixed ΔM) due to larger

FIG. 1. Top left: Variation of relic abundance of ψ1 with its mass Mψ1
for different singlet-doublet mixing: sin θ ¼ 0.05 (blue),

sin θ ¼ 0.1 (orange), and sin θ ¼ 0.5 (green) keeping ΔM ¼ 10 GeV. Top right: Same with ΔM ¼ 500 GeV. In both cases yψ ¼ 1.0

and vt ¼ 1 GeV. Middle left: Variation of relic abundance with DM mass for three different choices of the Yukawa yψ∶f0.01; 0.1; 1.0g
in red, green, and blue, respectively for ΔM ¼ 5 GeV and sin θ ¼ 0.1. Middle right: Same with ΔM ¼ 100 GeV and sin θ ¼ 0.1.

Bottom Left: Variation of relic abundance of the DM with DM mass for different choices of the VLF-triplet Yukawa coupling yψ with

the triplet VEV vt ¼ 1 GeV. Bottom right: Same for three different values of the triplet VEV for yψ ¼ 1.0. In each case the black dashed

line shows the right order of observed relic abundance.
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gauge (Z) mediated contribution. We have kept yψ ¼ 1,

vt ¼ 1 GeV for plots in the top panel, while for all the plots

in Fig. 1 other physical masses are kept fixed at: mH�� ¼
310 GeV, mH� ¼300GeV and mA;H2

¼280GeV. In the

middle panel of Fig. 1 we have illustrated how the relic

abundance behaves with the triplet-VLF coupling yψ for a

fixed sin θ ¼ 0.1 and ΔM (5 GeV in the left panel and

100 GeV in the right panel). The effect of yψ is only

observed in the annihilation to triplet final state (i.e., for

DM mass > triplet mass which is kept at 300 GeV). As we

increase yψ , more annihilation to triplet state is expected,

which causes the relic density to further decrease. Again

the effect of coannihilation is apparent for small ΔM in the

left panel where relic density drops due to such effects,

which, for large ΔM is not visible in the right hand panel.

Lastly, we show the effect of triplet VEV vt as a function of
DM mass in the bottom panel of Fig. 1 for two different

choices of ΔM. Again, the effect can be realized for DM

annihilation to triplet final states and therefore lies in the

region where DM mass ≳ triplet mass. As the triplet final

state (charged or neutral) diagrams are proportional to

ðyψ=vtÞ2 (see Appendix B), for a fixed yψ ¼ 1, increasing

vt reduces the annihilation cross section, resulting in

overabundance.

Now, once we have identified the important physics

aspects of the variation of relic abundance with different

parameters, we are in a position to find the relic density

allowed parameter space. The independent DM parameters

that we vary for this model are

fMψ1
;ΔM; sin θg; ð36Þ

while the effects of triplet scalar parameters likeMΔ, yψ , vt
are also important, which we have kept at fixed values. We

have scanned the relic density allowed parameter space in

the following region:

Mψ1
∶f10–1000g GeV; ΔM ¼ f1–1000g GeV;

sin θ ¼ f0.01–0.5g: ð37Þ

We would like to remind once more that, other param-

eters are kept fixed throughout the scan at the following

values:

yψ ¼ 1.0; vt ¼ 1 GeV; mH�� ¼ 310 GeV;

mH� ¼ 300 GeV; mA;H2
¼ 280 GeV;

which evade the constraints discussed in Sec. III.

LHS of Fig. 2 in the top panel shows the relic density

allowed parameter space of the model in Mψ1
− ΔM plane

for a range of sin θ varying within: f0.01 − 0.5g (shown in

different colors). Both DM mass and ΔM have been varied

up to 1 TeV for the scan. Now, the plot shows several

interesting features. The most important effect is observed

in the vicinity of Mψ1
∼ 300 GeV, which is the value

chosen for the triplet scalars in the analysis. Therefore for

Mψ1
≳ 300 GeV, the annihilation to triplet channels open

up (see the Feynman graphs in Appendix C). Annihilation

to triplet is guided by gauge mediation and Higgs media-

tion, where the former dominates over the latter. For low

sin θ ≤ 0.1 however, annihilation to triplet is not substantial

through gauge mediation due to very small doublet

component present in DM. Therefore, for such points

(sin θ ≤ 0.1 shown by red dots), the additional annihilation

channel to triplets can be accounted by taming the

coannihilation processes with larger ΔM and yields just

a step in the vicinity ofMψ1
∼ 300 GeV, forΔM ∼ 10 GeV

to 50 GeV. When we choose a larger range of sin θ ∼

f0.1 − 0.2g, the annihilation to triplet final states become

much more effective both through gauge mediation (which

is solely dictated by sin θ) and through Higgs mediation

(where the Yukawa is proportional to both sin θ and ΔM).

Therefore points with sin θ ∼ f0.1 − 0.2g requires a sharp

increase in ΔM to reduce coannihilation for Mψ1
∼

300 GeV and ends up with the vertical column with green

dots in this region. For even larger sin θ ∼ f0.2 − 0.3g (blue
dots in the top LHS plot) shows two half circles as allowed

relic density points in the vicinity of Mψ1
∼ 300 GeV. In

order to understand this feature, we explore the exact relic

density allowed points (in blue) with under abundant points

(in green) and overabundant points (in red) for a fixed

sin θ ¼ 0.2 in top RHS panel of Fig. 2.

In the top RHS panel of Fig. 2, first of all, we see that

the relic density allowed half circles span either Mψ1
<

300 GeV orMψ1
> 300 GeV. With larger sin θ ∼ 0.2 as we

have here, the annihilation to triplet is quite large and

therefore it always ends up with underabundant (geen)

points for Mψ1
∼ 300 GeV. Hence with smaller Mψ1

,

when the triplet channel is not open, or with larger Mψ1
,

where the annihilation to triplet is further subdued by 1

m2

DM

suppression, one can achieve correct relic. Now, the lower

arc of the allowed half circle comes from the existence of

annihilation plus coannihilation with coannihilation taking

a larger share with small ΔM. As we increase ΔM, the

coannihilation effect gets subdued, however the annihila-

tion through Higgs becomes important with larger Yukawa

(proportional to ΔM). Therefore, for a fixed Mψ1
, there are

two different ΔM where one can observe correct density:

(i) a small ΔM region, where coannihilation plays crucial

role with annihilation, (ii) a larger ΔM, where coannihi-

lation gets suppressed but larger annihilation through Higgs

mediation provides correct relic. This is explicitly demon-

strated in the bottom panel of Fig. 2, where we plot relic

density versus ΔM for different fixed values of DM masses

(with sin θ ¼ 0.2) and the above feature is clearly observed.

We would also like to explain the overabundance of DM

(red dots) within the allowed half circle in the top RHS plot.

This is simply, because in this region, the coannihilation
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effect is reduced with largeΔM, while the increase in Higgs

mediated annihilation is not able to cope up. Apart, we also

see three resonance allowed relic density regions at Mψ1
¼

mZ

2
, Mψ1

¼ MH1

2
and Mψ1

¼ MH2

2
corresponding to Z-boson,

SM Higgs and the triplet Higgs mediation.

Another noteworthy feature is in Fig. 3, where have

shown how the relic density allowed parameter space

changes pattern for different choices of the VLF-triplet

Yukawa coupling yψ (in Eq. (8) for 0.01 ≤ sin θ ≤ 0.1. For

yψ ¼ 0.01, there is almost no contribution from the triplet

scalar. In that case, coannihilation plays vital role in

producing the correct relic abundance and hence one needs

to resort to smaller ΔM, as shown by the blue curve. For

larger DM mass the curve bends down due to 1=M2
ψ1

suppression coming from the cross section (unitarity). As

yψ is increased to 0.1, the triplet starts playing role. This

can be understood by the rise of the red and green curves

atMψ1
∼ 300 GeV. Now, as the triplet gets into the picture,

it provides enough annihilation channels and as a result

coannihilation plays a subdominant role here. This is again

evident from the larger values of ΔM for both yψ ¼ 0.1 and

FIG. 3. The figure shows the effect of triplet-VLF Yukawa

coupling in Mψ1
− ΔM plane satisfying relic density con-

straint for three different choices of yψ : f0.01; 0.1; 1.0g shown

in blue, red, and green, respectively. The triplet scalar VEV is

fixed at vt ¼ 1 GeV.

FIG. 2. Top left: Parameter space allowed by relic density in Mψ1
-ΔM plane for different choices of the singlet-doublet VLF mixing:

sin θ∶f0.01 − 0.1g (red), sin θ∶f0.1 − 0.2g (green), sin θ∶f0.2 − 0.3g (blue), and sin θ∶f0.4 − 0.5g (magenta). Top right: In the same

plane the underabundant (green) and overabundant (red) regions are shown together with observed relic density (blue) region for

sin θ ¼ 0.2. Bottom: Variation of relic abundance with ΔM for different choices of DM mass Mψ1
for sin θ ¼ 0.2.
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yψ ¼ 1.0 curves. The drop in the high DM mass region is

again due to unitarity.

B. Direct search of DM

In this section we shall investigate the effect of spin-

independent direct search constraints on the DM parameter

space. Our goal is to find how much of the parameter space,

satisfied by PLANCK-observed relic density, is left after

imposing the upper limit from XENON1T. The pivotal role

in this regard is played by the triplet scalar. As we shall

see in the following subsection, due to the presence of the

triplet, the Z-mediated inelastic direct search is forbidden

for sin θ ≲ 0.1 for DM mass up to 1 TeV.

1. Emergence of pseudo-Dirac states and

its effect on direct search

The presence of the triplet scalar plays a decisive role in

determining the fate of this model in direct search experi-

ment as discussed in [19]. Since the VEV of the neutral

component of the triplet scalar induces a Majorana mass

term [as seen from Eq. (8)], it splits the Dirac spinor ψ1 into

two pseudo-Dirac states ψ
α;β
1

with mass difference propor-

tional to the VLF-mixing angle and VEV of Δ0 (already

mentioned in Sec. III E):

δ ¼ 2m ¼ yψsin
2θhΔ0i: ð38Þ

Now, the Z-mediated direct detection interaction of the

DM is given as:

L ⊃ iψ̄1ð=∂ − igzγμZ
μÞψ1; ð39Þ

where gz ¼ g
2 cos θw

sin2 θ, θw being the Weinberg angle. In

presence of the pseudo-Dirac states, this interaction takes

the form:

L ⊃ ψ̄α
1
i=∂ψα

1
þ ¯
ψ
β
1
i=∂ψ

β
1
þ gzψ̄

α
1
γμψ

β
1
Zμ: ð40Þ

As one can notice, the Z-interaction is off-diagonal,

i.e., Z is coupled to ψα
1
and ψ

β
1
, unlike the diagonal

kinetic terms. This therefore induces inelastic Z mediated

scattering for the fermion DM in the presence of a

triplet. Such an inelastic scattering is kinematically allowed

if [39]:

δmax <
β2

2

Mψ1
MN

Mψ1
þMN

; ð41Þ

where βc ¼ vDM can be within: 220 km=s≲ β:c <
650 km=s, where the lower limit corresponds to the DM

velocity in the local DM halo and the upper limit refers to

the escape velocity (vesc) of DM particles in the MilkyWay,

and MN is the nucleus mass. Now, the present strongest

bound on spin-independent direct detection cross section

comes from XENON1T, which we abide by for the

available parameter space of the model. Then, using Xe

nucleus mass MN ¼ 130 amu and following Eq. (41), we

can have an upper limit on δmax as a function of DM mass,

below which Z-mediated inelastic scattering is allowed.

This is shown in the upper left panel of Fig. 4, where the

shaded region allows such inelastic scattering. The solid

and black dashed lines show the limit beyond which

Z-mediated inelastic scattering is disallowed corresponding

to the lower and upper limit of DM velocity βc. As one can
see, Z-mediated cross section is forbidden for δ≳ 240 keV

for DM mass of ∼1 TeV corresponding to the upper limit

on βc. This constraint can be viewed also in a different way.
The minimum velocity of the DM which produces a recoil

energy ER in the detector through inelastic scattering takes

the form [39]:

vmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2MNER

s

�

MNER

μr
þ δ

�

; ð42Þ

where μr is the reduced mass of the DM- nucleus system.

Equation (42) will also yield a similar constraint on δ

(as obtained in top left figure of Fig. 4) but for a given recoil

energy (ER) specific to a detector used for the DM direct

search. For ER ∼ 30 keV, the conclusions are roughly

the same.

If this constraint on δ [derived from Eq. (41)] is

implemented in our model, we can have a relation between

the mixing sin θ and the triplet Yukawa yψ from Eq. (38).

This is depicted in the top right panel of Fig. 4, where

we have shown the Z-mediation forbidden region of the

parameter space in sin θ-yψ plane for two different choices

of the triplet VEVs: vt ¼ f0.1; 1g GeVs shown in purple

and pale blue, respectively. As the splitting is proportional

to vt, larger the vt, larger is the Z-forbidden region. For

this plot we have used a liberal limit of maximum possible

DM velocity of 650 km= sec to avail the maximum splitting

δ. We can see from the top right figure that with yψ < 1,

in order to avoid Z-mediated direct search, one has to

choose sin θ ≳ 0.05 for DM mass of 1 TeV. The bound on

sin θ is even more conservative to allow Z mediation

(sin θ ≳ 0.02) for vt ¼ 1 GeV (shown by the pale blue

region). A similar plot as in top right panel, is plotted in the

bottom left panel to show the Z forbidden region for the

minimum and maximum permissible DM velocities for

vt ¼ 1 GeV. Lastly, in the bottom right panel of Fig. 4,

we have illustrated a situation [following Eq. (38)] where

Z-mediated inelastic scattering is possible for a fixed DM

mass of Mψ ¼ 300 GeV. If we choose vDM ≤ 650 km=s,

this yields a bound on δ (following the top left figure) and

is shown by the red solid line below which Z-mediation

is possible. Once we choose a specific yψ ¼ 1 and
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vt ¼ 0.1 GeV, a bound on sin θ is also obtained, and

is shown by a black dashed line. On the left side of this

line Z-mediation is possible. If we now consider the

splitting that the model can generate following Eq. (38),

for the chosen values of yψ ¼ 1 and vt ¼ 0.1 GeV, we

obtain a specific relation between the splitting δ to sin θ,

shown by the diagonal solid black line. To summarize, the

olive colored region allows Z mediated interaction, and the

part of the black line within this can be realized in our

model framework. Wewould however be interested to work

in the parameter space where Z mediation is forbidden,

which crucially alters the direct search allowed parameter

space of the model in the presence of a scalar triplet.

2. Spin-independent direct detection constraint

From the previous section, we see that for a moderate

choice of yψ ≃ 1, the Z mediated inelastic scattering for the

DM will have no contribution if we choose sin θ ≳ 0.05

limit (as seen from Fig. 4). Therefore the DM particles

can recoil against the nucleus, giving rise to direct search

signature as shown in Fig. 5 only through Higgs (H1;2)

FIG. 4. Top left: The grey region is where inelastic scattering of the DM via Z-mediation is allowed as derived from Eq. (41).

The solid black line corresponds to DM velocity β ¼ 220 km=s, while the dashed black line corresponds to β ¼ vesc ≃ 650 km=s.
Top right: The purple region shows the choices of sin θ and yψ which shall forbid the Z-mediated direct detection for vt ¼ 1 GeV as

obtained from Eq. (38), the blue region underneath is the same for vt ¼ 1 GeV assuming β ¼ vesc. Bottom left: Same as top right but

for a particular vt ¼ 1 GeV with two regions corresponding to the lower (light green region) and upper (green region) limit on DM

velocity. Bottom right: Z-mediation allowed region in δ vs. sin θ plane satisfying Eq. (38), for DM mass of 300 GeV, vt ¼ 1 GeV,

and yψ ¼ 1. We use vDM ≤ 650 Km= sec.
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mediation. The spin-independent (SI) direct detection cross

section per nucleon is given by [40]:

σSI ¼ 1

πA2
μ2jMj2; ð43Þ

where A is the mass number of the target nucleus, μ ¼
Mψ1

MN

Mψ1þMN
is the DM-nucleus reduced mass and jMj is the

DM-nucleus amplitude, which reads:

M ¼
X

i¼1;2

½Zfip þ ðA − ZÞfin�: ð44Þ

The effective couplings in Eq. (44) are

fip;n ¼
X

q¼u;d;s

f
p;n
Tq

αiq
mp;n

mq

þ 2

27
f
p;n
TG

X

Q¼c;t;b

αiQ
mp;n

mQ

; ð45Þ

with

α1q ¼
Y sin 2θ cos θ2

0

m2
H1

mq

v
ð46Þ

α2q ¼ −
Y sin 2θ sin θ2

0

m2
H2

mq

v
: ð47Þ

FIG. 5. Feynman graph showing scattering of DM particle

against the nucleus. This can be mediated both by the SM Higgs

H1 and the triplet Higgs H2.

FIG. 6. Top: Relic density allowed parameter space satisfied by spin-independent direct detection in direct search plane. Different

colored regions correspond to different singlet-doublet VLF mixings: sin θ ¼ f0.01 − 0.1g in red, sin θ ¼ f0.1 − 0.2g in green, sin θ ¼
f0.2 − 0.3g in blue and sin θ ¼ f0.4 − 0.5g in magenta. The black dashed line corresponds to exclusion limit from XENON1T. Bottom

left: Net parameter space left after satisfying relic density and direct detection constraints (color codes are same as that of left figure).

Bottom right: Parameter space allowed by relic abundance and XENON1T exclusion limit but without the triplet scalar included.
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Different coupling strengths between the DM and the

light quarks are given by [41]: f
p
Tu

¼ 0.020� 0.004, f
p
Td

¼
0.026� 0.005, f

p
Ts
¼0.118�0.062, fnTu

¼ 0.014� 0.004,

fnTd
¼ 0.036� 0.008, fnTs

¼ 0.118� 0.062. The coupling

of the DM with the gluons (through one loop graphs) in

the target nuclei is taken into account by the effective form

factor:

f
p;n
TG

¼ 1 −
X

q¼u;d;s

f
p;n
Tq

: ð48Þ

The upper panel of Fig. 6 shows the parameter space

allowed by the spin-independent (SI) direct detection cross

section in Mψ1
-σDD plane. As one can see, the allowed

region of parameter space that lies below the exclusion

limit of present XENON1T data corresponds to sin θ∶

f0.015 − 0.2g (shown in red and green). In the bottom left

panel we have shown the net parameter space satisfied

by both relic abundance and direct search. One should

note here, large ΔM ≳ 100 GeV can be achieved for small

sin θ∶f0.015 − 0.1g near Higgs and Z resonance region

and also for Mψ1
∼ 300 GeV. Why such regions are

available from relic density constraint, has already been

elaborated before. The reason, that they are not forbidden

by direct search can be attributed to forbidden Z mediation,

which is possible only when the triplet scalar is present in

the model. The case of relic density and direct search

allowed parameter space for the DM model without the

scalar triplet is shown in the right side of bottom panel of

Fig. 6. Here we can see, the maximum splitting one may

achieve is ΔM ∼ 10 GeV with small sin θ satisfying both

relic density and direct search bounds. This serves as a

crucial ingredient to discover such a model at the upcoming

Large Hadron Collider (LHC).

Before moving on to the collider section, we shall choose

a few benchmark points (BP) which satisfy relic density,

direct detection exclusion bound and all the constraints

mentioned in Sec. III. These are tabulated in Table II, where

the input parameters and also relic density and direct search

outcomes have been mentioned. The BPs are chosen based

on different choices of ΔM, where large ΔM can be probed

at the LHC, while smallΔM are better suited for ILC search

as we demonstrate. BP1-BP4 can therefore be probed at

the LHC because of large ΔM. Due to small ΔM, BP5 and

BP6 can be seen at very early run of ILC, while BP7 and

BP8 can only be probed at ILC with
ffiffiffi

s
p ¼ 1 TeV. Note

that, a lower limit on pair-produced charged heavy vector-

like leptons have been set by LEP: mL > 101.2 GeV at

95% C.L. for L�
→ νW final states [42]. So, our bench-

mark points are safe from LEP bounds.

We also note here that some of the above benchmark

points are subject to the choice of the scalar triplet mass,

which is taken as ∼300 GeV in this analysis. Such a choice

helps us getting interesting DM phenomenology for DM

mass in the vicinity of the scalar triplet mass and allows a

larger available parameter space. However scalar triplet

mass of this order is little fine tuned when neutrino mass is

concerned, where the Yukawa coupling required turns out

to be exceedingly small. While, one may choose a heavier

scalar triplet and achieve a larger singlet doublet mixing

(sin θ), a largeΔM (as in BP7) would have to be shifted to a

higher DMmass accordingly. We will also then be deprived

of collider signature of the scalar triplet.

V. COLLIDER PHENOMENOLOGY

In this section we shall discuss the possibility of probing

the model at the ongoing and future collider experiments.

As we have already seen, due to the presence of the scalar

triplet, large ΔM is allowed by relic abundance and direct

detection bounds in the vicinity of the Z and Higgs

resonance. Apart from that, moderate ΔM can also be

achieved near the triplet resonance and at Mψ1
≃MH2

. We

shall see, in the following sections, large ΔM (and hence

larger missing energy) is always favorable at the LHC, au

contraire, ILC search is more favored for smaller ΔM
regions (missing energy peaks at small values). Thus, due

to the presence of the triplet scalar, this model provides a

scope of being probed both at LHC and ILC searches,

which correspond to complementary ΔM regions of the

parameter space. As we have examined, in order to unveil

this model at the collider experiments, a high luminosity is

required for LHC, while the model may show up in the

early runs of ILC at a much lower luminosity. In Sec. VA

we have elaborated the LHC analysis with important

kinematic distributions and event rates for both signal

(BP1-BP4) and dominant SM backgrounds for
ffiffiffi

s
p ¼

14 TeV. In Sec. V B the same is done from ILC perspective

for both
ffiffiffi

s
p ¼ 350 GeV, corresponding to an early ILC run

and
ffiffiffi

s
p ¼ 1 TeV, corresponding to future prediction.

A. Sensitivity of the signal at the LHC

The charged companion of the VLF doublets can be

produced at the LHC via Z, γ mediation. These charged

particles can decay to DM (ψ1) viaW
�, producing missing

TABLE II. Choices of the benchmark points used for collider

analysis. Masses, mixings, relic density, and direct search cross

sections for the DM candidate are tabulated.

Benchmark

point sin θ ΔM (GeV) Mψ1
(GeV) σDD (cm2) Ωh2

BP1 0.08 161 60 10−46 0.117

BP2 0.07 252 60 10−46 0.118

BP3 0.06 272 44 10−46 0.117

BP4 0.05 332 61 10−46 0.119

BP5 0.07 64 47 10−48 0.117

BP6 0.24 13 90 10−47 0.117

BP7 0.10 47 312 10−47 0.122

BP8 0.20 57 140 10−46 0.117
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energy in the final state. Note here, for the BPs chosen

for LHC [i.e., BP(1-4)], the decay happens on-shell as

ΔM > mW . The charged W-bosons further decays into

leptons and jets, which are registered in the detector, and

also to neutrinos which escape the detector and adds to

missing energy. The model, in general, can give rise to three

different final states:

(i) Hadronically quiet opposite sign dilepton (OSD)

with missing energy (lþl− þ ET).

(ii) Single lepton, with two jets plus missing energy

(l� þ jjþ ET).

(iii) Four jets plus missing energy (jjjjþ ET).

As the hadronic final states are infested with SM back-

ground, particularly at LHC, while leptonic channels are

cleaner, we shall only analyze the OSD final states with

missing energy (Fig. 7).

1. Object reconstruction and simulation

strategy at the LHC

We have used LANHEP [37] to implement the model

framework and used CALCHEP [43] in order to generate the

parton level events. These events then showered through

PYTHIA [44] for hadronization. All events have been

simulated at a center of mass energy of
ffiffiffi

s
p ¼ 14 TeV,

using CTEQ6l [45] as the parton distribution function.

To mimic the collider environment, the leptons and jets are

re-constructed using the following criteria:

(i) Lepton (l ¼ e, μ): Leptons are identified with a

minimum transverse momentum pT > 20 GeV and

pseudorapidity jηj < 2.5. Two leptons are isolated

objects if their mutual distance in the η − ϕ plane is

ΔR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

≥ 0.2, while the separation

between a lepton and a jet has to satisfy ΔR ≥ 0.4.

(ii) Jets (j): All the partons within ΔR ¼ 0.4 from the

jet initiator cell are included to form the jets using

the cone jet algorithm PYCELL built in PYTHIA.

We demand pT > 20 GeV for a clustered object to

be considered as jet. Jets are isolated from unclus-

tered objects if ΔR > 0.4. Although our signal

events (hadronically quiet OSD) do not carry jets,

the definition of jet turns out to be important in order

for the signal to be identified with zero jet veto.

(iii) Unclustered objects:All the final state objects which

are neither clustered to form jets, nor identified as

leptons, belong to this category. All particles with

0.5 < pT < 20 GeV and jηj < 5, are considered as

unclustered. Again, unclustered objects do not enter

into our signal definition, but is important in

identifying missing energy of the event.

(iv) Missing energy (=ET): The transverse momentum of

all the missing particles (those are not registered in

the detector) can be estimated from the momentum

imbalance in the transverse direction associated to

the visible particles. Missing energy (MET) is thus

defined as:

=ET ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

X

l;j

px

�

2

þ
�

X

l;j

py

�

2

s

; ð49Þ

where the sum runs over all visible objects that

include the leptons, jets, and the unclustered com-

ponents.

(v) Invariant dilepton mass ðmllÞ: We can construct the

invariant dilepton mass variable for two opposite

sign leptons by defining:

m2

ll
¼ ðplþ þ pl−Þ2: ð50Þ

Invariant mass of OSD events, if created from a

single parent, peak at the parent mass, for example,

Z boson. As the signal events (Fig. 7) do not arise

from a single parent particle, invariant mass cut

plays a crucial role in eliminating the Z mediated

SM background.

(vi) HT : HT is defined as the scalar sum of all isolated

jets and lepton pT’s:

HT ¼
X

l;j

pT : ð51Þ

Of course, for our signal, the sum only includes the

two leptons that are present in the final state.

It is very important for collider analysis to estimate the

SM background that mimic the signal. All the dominant

SM backgrounds have been generated in MADGRAPH [46]

and then showered through PYTHIA.

2. Event rates and signal significance at the LHC

We have shown the variation of production cross section

σpp→ψþψ− at LHC for
ffiffiffi

s
p ¼ 14 TeV with ΔM for different

DM masses ranging between Mψ1
∶f1–65g GeV in Fig. 8.

As expected, with larger ΔM the cross section for ψþψ−

falls due to phase space suppression with Mψ� ¼ Mψ1
þ

ΔM. The production cross section for the benchmark pointsFIG. 7. OSDþ ET final state at the LHC.
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(BP1-BP4), relevant for the LHC search are also indicated

in the same plot. We see that, BP2 and BP3 fall on each

other as they have almost equal production cross section.

LEP exclusion for the charged fermion is also shown by the

shaded grey region (Mψ� > 101.2 GeV).

In Fig. 9, the MET and HT distribution for the BPs

(along with the SM dominant backgrounds) are shown in

top and bottom panels, respectively. The cross section for

all the SM backgrounds have been calculated up to next-

to-leading order using appropriate K-factors [46]. Since

the background dominates over the signal, we have

employed ET and HT cuts to distinguish the signal

region from the background. For the background the

only source of missing energy is the SM neutrinos, while

for the signal, along with the SM neutrinos, MET also

comes from the DM produced during the decay of the

charged VLFs. With larger ΔM the MET distribution gets

flattened as more pT is being carried away by the DM.

This is what is seen from the MET distributions,

particularly we see that BP1 with least ΔM is almost

falling on top of SM background. So, the efficiency of

using an MET cut to select the signal is also the least

here. It is therefore obvious that the other BPs like BP5-

BP8 (not shown in this distribution) will not be able to

survive any large MET cut. HT distributions are almost

similar to that of MET. We have finally employed

following cuts (with zero jet veto) in order to separate

the signal from the background:

(i) ET > 300 GeV is employed to kill all the back-

grounds. Although, as it can be seen from Fig. 9,

ET > 150 GeV is good enough to separate the

FIG. 8. Variation of production cross section σpp→ψþψ− at LHC

with ΔM for
ffiffiffi

s
p ¼ 14 TeV. DM mass is varied between Mψ1

∶

f1–65g GeV. Different benchmark points (BP1-BP4, see

Table III) are also indicated in blue. BP2 and BP3 are super-

imposed on each other as they have almost the same production

cross section. LEP limit on charged fermion mass is also shown

by the shaded region.

FIG. 9. Top: Missing energy distribution for OSDþ =ET final state for the benchmark points are shown in red. Those of the

dominant SM backgrounds are also shown with different colors. Bottom: HT distribution for the same. The simulation is done

assuming LHC with
ffiffiffi

s
p ¼ 14 TeV.
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signal from the background, but the WþW− back-

ground will still persist, hence we chose a hard cut

on MET.

(ii) HT > 100 GeV is used to reduce the background

further, without harming the signal events.

(iii) Invariant mass cut over the Z-window jmz − 15j <
mll < jmZ þ 15j is required to get rid of the ZZ
background to a significant extent.

Next, we would like to see the number of signal and

corresponding background events using the cuts men-

tioned above. In Table III, we have tabulated the number

of events for the signal at a future luminosity of L ¼
100 fb−1 with all the cuts incorporated. The cross

sections are also quoted in each case and a set of two

different MET cuts have been illustrated to demonstrate

the cut-flow. With larger MET cut the number of final

state signal events get diminished as expected. The

effective number of events at a particular luminosity

(L) as has been mentioned in Table III is obtained from

the simulated events in the following way:

Neff ¼
σp × n

N
× L; ð52Þ

where σp is production cross section as shown in Fig. 8,

n is the number of events generated out of N simulated

events (after putting all the cuts and showering through

PYTHIA) and L is the luminosity, which we have

considered to be 100 fb−1.

Table IV enlists the number of events coming from

dominant SM backgrounds after using the same set of cuts

mentioned before. Events from tt̄ and ZZ can be eliminated

to a significant extent by demanding zero jet veto and

putting a high MET cut (along with the mll cut for ZZ
events in particular). The hard MET cut also helps to get rid

off the WþW− background. The only background that

remains (although with only one event) is that from

WþW−Z. But the cuts employed also eliminate some of

the signal events, making the significance is low.

The discovery potential of hadronically quiet OSD

signal for different BPs are shown in Fig. 10, as a

function of luminosity. We have chosen ET > 300 GeV

and HT > 100 GeV to compute the signal significance so

that the SM background is minimum. As one can see

from Table III, the number of signal events left after

imposing the cuts are more or less the same for all the

benchmark points. This is also reflected in Fig. 10, where

we can see all the BPs reach a 5σ discovery at a

luminosity L ∼ 800 fb−1. Here we would like to remind

once more, the possibility of getting a signal excess in

hadronically quiet OSD channel is due to the presence of

the scalar triplet, without which the model would have

failed to produce any such signature at the LHC. We will

later discuss the possibility of seeing a displaced vertex

signal and this adds to the complementarity of the search

strategy of this model.

TABLE III. Signal events with
ffiffiffi

s
p ¼ 14 TeV at the LHC for

luminosity L ¼ 100 fb−1 for the benchmark points (BP1-BP4) in

Table II.

Benchmark

point σψ
þψ−

(fb) =ET (GeV) σOSD (fb)

NOSD
eff @

L ¼ 100 fb−1

BP1 218.19 >200 0.13 13

>300 0.04 4

BP2 74.80 >200 0.15 15

>300 0.04 4

BP3 71.80 >200 0.17 17

>300 0.04 4

BP4 35.93 >200 0.13 13

>300 0.03 3

TABLE IV. Events for dominant SM backgrounds with
ffiffiffi

s
p ¼

14 TeV at the LHC for luminosity L ¼ 100 fb−1. The cross

sections are quoted in NLO order by multiplying with appropriate

K-factors (see text).

Backgrounds σproduction (pb) =ET (GeV) σOSD

NOSD
eff @

L ¼ 100 fb−1

tt̄ 814.64 >200 <0.81 0

>300 <0.81 0

WþW− 99.98 >200 1.99 199

>300 <0.49 <1

WþW−Z 0.15 >200 0.04 4

>300 0.01 1

ZZ 14.01 >200 <0.07 0

>300 <0.07 0

FIG. 10. Signal significance for different BPs, where we have

used ET >300GeV and HT > 100 GeV. The solid red and

dashed red lines correspond to 3σ and 5σ discovery limits

respectively.
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B. Sensitivity of the signal at the ILC

The VLFs can also be produced at the ILC via gauge

mediation as shown in Fig. 11. The model thus can be

probed at the ILC in the same lþl− þ ET final state as that

of the LHC. However, one may note that unlike LHC, the

jet rich final state signal at the ILC is not disfavored due to

smaller SM background contribution due to absence of

QCD processes like tt̄. Therefore, we are still left with the

SM gauge boson productions to potentially mimic our

signal. One can still analyze the single lepton plus jet

channel or dijet channel at the ILC, but to show the

complementarity of the hadronically quiet dilepton final

state signature at the LHC and the ILC, we analyze this

particular channel in details here. The main goal is to show

sensitivity of the signal for different choices ofΔM that can

be probed at the ILC, which can not be probed at the LHC.

We shall demonstrate, because of smaller ΔM, BP5-BP8

are suitable for ILC searches. Of the four BPs, BP5 and

BP6 can be probed at the early run of ILC with
ffiffiffi

s
p ¼ 350 GeV, while BP7 and BP8 need higher

ffiffiffi

s
p

.

1. Object reconstruction and simulation

strategy at the ILC

As before, we have generated the parton-level signal

events in CALCHEP and showered them through PYTHIA,

while the relevant background events are generated via

MADGRAPH. Now, for event reconstruction, we have used

the following criteria [47]:

(i) Leptons are required to have pTðlÞ > 10 GeVwhere

l ¼ μ, e with pseudorapidity jηj < 2.4. Two leptons

are said to be isolated if ΔR ≥ 0.2, while a lepton

and a jet can be identified as separate objects

if ΔR ≥ 0.4.

(ii) Jets are reconstructed using the cone jet algorithm

in-built in PYTHIA. Objects with pTðjÞ > 20 GeV

and jηj < 3.0 are considered as jets. Again, this is

required so that we select events for the desired

signal with zero jet veto.

Now, ILC will be providing highly polarized electron

beam (Pe−∶80%) and moderately polarized positron beam

(Peþ∶20%) [48]. We have usedþ sign for right polarization

and − for left polarization. In order to minimize the SM

background, we have looked into three different polar-

izations of the incoming beam:

(i) 80% left polarized e− and 20% right polarized eþ

beam (½Pe− ; Peþ �∶ ½−80%;þ20%�).
(ii) 80% right polarized e− and 20% left polarized eþ

beam (½Pe− ; Peþ �∶ ½þ80%;−20%�).
(iii) Unpolarized incoming beams (½Pe− ;Peþ �∶ [0%, 0%]).

2. Event rates and signal significance at the ILC

Production cross section of the dominant SM back-

grounds with different beam polarizations are tabulated in

Tables V and VI for
ffiffiffi

s
p ¼ 350 GeV and

ffiffiffi

s
p ¼ 1 TeV

respectively. One can notice that all the SM background

cross sections are minimum for ðPe− ; PeþÞ ¼ ðþ80%;
−20%Þ. This is because left handed particles form a doublet

under SUð2Þ, boosting the SM gauge boson production for

dominantly left polarized beams. On the other hand, right

handed electrons are singlet under SUð2Þ and therefore,

dominantly right polarized beams will suppress the SM

gauge boson production. The case of unpolarized beam

falls in between the two extreme cases described here. The

signal cross section will also change similarly due to the

choice of beam polarization. However, the final state

fermions being vectorlike, the change will only appear at

the SM vertex (left vertex of Fig. 11) due to change in

polarization. Therefore, the change in cross section for the

signal due to change in polarization of the electron beam

will be milder. The signal ψþψ− production cross section

with the polarization of the beams is tabulated in Tables VII

and VIII for
ffiffiffi

s
p ¼ 350 GeV and

ffiffiffi

s
p ¼ 1 TeV respectively.

We have therefore chosen dominantly right polarized

beams i.e., ðPe− ; PeþÞ ¼ ðþ80%;−20%Þ for the maximum

signal sensitivity of the model at ILC.

It is important to note here, all the cross sections,

irrespective of the signal or the SM background,

diminish significantly at higher center-of-mass energy with

FIG. 11. OSDþ ET signal at the ILC.

TABLE V. Dominant SM background cross sections for differ-

ent polarization of the e−eþ beams at
ffiffiffi

s
p ¼ 350 GeV at the ILC.

Pe− Peþ σðWþW−Þ (pb) σðWþW−ZÞ (pb) σðZZÞ (pb)
−80% þ20% 24.37 0.026 1.08

þ80% −20% 1.90 0.002 0.49

0% 0% 11.31 0.012 0.67

TABLE VI. Dominant SM background cross sections for differ-

ent polarization of the e−eþ beams at
ffiffiffi

s
p ¼ 1 TeV at the ILC.

Pe− Peþ σðWþW−Þ (pb) σðWþW−ZÞ (pb) σðZZÞ (pb)
−80% þ20% 5.87 0.12 0.23

þ80% −20% 0.43 0.009 0.11

0% 0% 2.65 0.05 0.15
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ffiffiffi

s
p ¼ 1 TeV. This is simply due to the fact that the cross

section diminishes as 1

s
. This is shown for the ψþψ−

production cross section with M�
ψ ¼ 100 GeV in Fig. 12.

Now, once we have chosen the right combination of the

beam polarization to suppress SM background, we are in a

position to analyze a favorable cut flow for the signal

events. We plot, the main kinematic variables: METandHT

distribution for all the BPs, along with the SM backgrounds

in Fig. 13. This is done for both
ffiffiffi

s
p ¼ 350 GeV in the

upper panel and for
ffiffiffi

s
p ¼ 1 TeV in the lower panel of

Fig. 13. We see that our benchmark points (BP5-BP8)

produce a sharp peak in METandHT at lower values, while

the SM background distribution is flatter. This is because,

in signal events, the mass difference (ΔM) between the

charged fermions to that of the DM is small. This

essentially dictates that momentum available for the DM

or for those of the SM leptons are on the smaller side.

On the other hand, due to large mass difference between

the produced SM gauge boson and the SM leptons, the

available momentum for the leptons can be much larger.

Therefore, we can safely choose a judicious upper cut on

MET and HT to retain such signals and diminish SM

backgrounds further. In order to show this dependence

of MET on ΔM explicitly, we have compared the MET

distribution for BP3 (with ΔM ¼ 272 GeV) and BP7 (with

ΔM ¼ 47 GeV) in Fig. 14. As already pointed out, due to

larger ΔM, BP3 produces larger missing energy and MET

distribution becomes flatter and gets submerged into the

SM background. BP7, with smallerΔM, peaks at lower end

of the distribution. We choose therefore the following

selection cuts for selecting signal events:

(i) MET cut of ET < f100; 50g GeV, which retains

most of the signals while killing majority of the

background for
ffiffiffi

s
p ¼ 1 TeV, while for

ffiffiffi

s
p ¼

350 GeV the MET cut is even milder: ET <
f30; 20g GeV.

(ii) A HT cut of HT < 150 GeV to reduce the back-

ground further for
ffiffiffi

s
p ¼ 1 TeV. For

ffiffiffi

s
p ¼ 350 GeV

we employed: HT < 50 GeV.

(iii) An invariant mass cut around Z-window: jmz−15j<
mll< jmZþ15j helps to get rid off the Z-dominated

background in both cases.

We have finally tabulated the number of signal and

background events at the ILC for both
ffiffiffi

s
p ¼ 350 GeV and

ffiffiffi

s
p ¼ 1 TeV for the chosen polarization ðPe− ; PeþÞ ¼
ðþ80%;−20%Þ. In Tables IX and X, we have shown the

variation in signal events with the cuts applied for
ffiffiffi

s
p ¼

350 GeV and
ffiffiffi

s
p ¼ 1 TeV, respectively. The same for the

dominated SM background are also tabulated in Tables XI

and XII for
ffiffiffi

s
p ¼ 350 GeV and

ffiffiffi

s
p ¼ 1 GeV, respectively.

In order to find the discovery potential of such signals at the

ILC we have again computed the signal significance. This

is shown in Fig. 15. As one can see, for
ffiffiffi

s
p ¼ 350 GeV a

5σ discovery reach is possible at a very low luminosity (left

panel of Fig. 15): L ∼ 8 fb−1 for BP5. For
ffiffiffi

s
p ¼ 1 TeV the

same can be reached for BP7 at a luminosity L ¼ 30 fb−1

as shown in the right panel of Fig. 15. This tells us, there is

a chance that this model might show up at a very early run

of the ILC, compared to that of LHC which demands a

much higher luminosity to be probed.

We conclude this section by again pointing out that small

ΔM, i.e., smallmass difference between the charged fermions

and DM, can only be probed at the ILC through hadronically

quiet OSD events, thanks to the absence of tt̄ and Drell Yan

type background events.While this has been established with

some benchmark points (BP5-BP8) in the presence of a scalar

triplet, the feature can also be captured for the same fermion

DMmodel [18] in absence of scalar triplet. The scalar triplet

rather paves the way for probing the model at higher ΔM
region at the LHC. The complementarity of the LHC and the

ILC searches for the model is an interesting noteworthy

feature of this analysis.

TABLE VII. Variation of ψþψ− production cross section at
ffiffiffi

s
p ¼ 350 GeV with different choices of polarization of the

incoming beam at the ILC for benchmark points BP5 and BP6.

Pe− Peþ σðBP5Þ (fb) σðBP6Þ (fb)
−80% þ20% 1225.7 1252.5

þ80% −20% 690.32 705.13

0% 0% 958.01 978.56

TABLE VIII. Variation of ψþψ− production cross section

at
ffiffiffi

s
p ¼ 1 TeV with different choices of polarization of the

incoming beam at the ILC for benchmark points BP5, BP6, BP7,

and BP8.

Pe− Peþ σðBP5Þ (fb) σðBP6Þ (fb) σðBP7Þ (fb) σðBP8Þ (fb)
−80% þ20% 156.44 155.48 136.9 155.17

þ80% −20% 90.46 90.41 79.16 89.55

0% 0% 123.45 123.48 108.27 122.44

FIG. 12. Variation of production cross section for the signal

ψþψ− with
ffiffiffi

s
p

at ILC. Mψ� ¼ 100 GeV is chosen as an

illustration.

BARMAN, BHATTACHARYA, GHOSH, KADAM, and SAHU PHYS. REV. D 100, 015027 (2019)

015027-18



VI. ROLE OF VECTORLIKE LEPTON IN

COLLIDER SIGNATURE OF SCALAR TRIPLET

The scalar triplet sector itself can produce rich phenom-

enology at collider, being equipped with single (H�) and
doubly charged (H��) scalars as we have demonstrated in

Sec. II. Collider phenomenology of scalar triplet has

already been elaborated in many references before

[24,25]. Our aim is definitely not to repeat the same

exercise here. We would however like to point out to an

interesting feature of this model, where the signature of the

doubly charged scalars get affected by the presence of

FIG. 13. Top left: MET distribution for OSDþ =ET final state at
ffiffiffi

s
p ¼ 350 GeV for BP5 and BP6 (shown in red). Corresponding

dominant SM backgrounds are also shown with different colors. Top right: HT distribution for the same. Bottom left: MET distribution

for OSDþ =ET final state at
ffiffiffi

s
p ¼ 1 TeV for BP7 and BP8 (in red). Corresponding dominant SM backgrounds are also shown with

different colors. Bottom right: HT distribution for the same.

FIG. 14. Comparison of MET distribution of BP3 and BP7 at

the ILC with
ffiffiffi

s
p ¼ 1 TeV.

TABLE IX. Signal events with
ffiffiffi

s
p ¼ 350 GeV at the ILC.

Benchmark point σψ
þψ−

(fb) =ET (GeV) σOSD (fb)

BP5 690.32 <30 6.27

<20 3.64

BP6 705.13 <30 3.11

<20 3.09

TABLE X. Signal events with
ffiffiffi

s
p ¼ 1 TeV at the ILC.

Benchmark point σψ
þψ−

(fb) =ET (GeV) σOSD (fb)

BP7 79.16 <100 2.04

<50 1.85

BP8 89.55 <100 1.84

<50 1.24
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VLFs as we have in our model. The Feynman graphs for

producing doubly charged scalars and their subsequent

decay to produce hadronically quiet four lepton (HQ4l)

signature is shown in Fig. 16 at LHC (top panel) and ILC

(bottom panel). In the left panel we show the decay

branching of doubly charged scalars through charged

vectorlike lepton (ψ�
→ ψ0 þ l

� þ νl) and in the right

panel, we show the branching through usual W mediation

to produce HQ4l. In absence of vectorlike fermion, the

diagrams on the right panel only contribute to HQ4l

signature. We will be interested in exploring the distinction

of such a situation from the usual case of scalar triplet for

example, Type II seesaw, if any.

In Fig. 17, we first show the production cross section of

singly charged and doubly charged scalar at LHC (left) and

at ILC (right). We see that, naturally the production cross

section of doubly charged scalar is larger than the singly

charged scalar. We also point out that the production of

doubly charged scalar at LHC for the chosen benchmark

point of our analysis with mH� ¼ 300 GeV and mH�� ¼
310 GeV is quite high ∼30 fb. We will analyze the final

state signal of HQ4l produced by these processes, and

highlight only on the cases where the vectorlike lepton can

enter into the decay chain. Now, with our chosen BPs

(Table II), ψ� can be produced from the decay ofH�� only

for BP5 and BP6 as for other BPs:mH�� < 2mψ� . For these

two benchmark points, the branching ratios of the doubly

charged scalar is tabulated in Table XIII, which shows that

H�� dominantly decays to charged vectorlike lepton pair

over WW.

We now follow the same strategy for collider signal

analysis as elaborated in Sec. VA and Sec. V B for doubly

charged scalar production and their subsequent decay

to HQ4l.

In Fig. 18, we have shown the missing energy (MET)

distribution for the benchmark points BP5 and BP6, along

with dominant SM background for ILC with
ffiffiffi

s
p ¼ 1 TeV

(left) and LHC with
ffiffiffi

s
p ¼ 14 TeV (right). In case of

ILC (left), we see a similar behavior of MET distribution

as obtained for hadronically quiet dilepton channel in

Sec. V B, where the distribution is essentially guided by

ΔM. Therefore smaller ΔM (BP6) peaks at a lower value

of MET compared to BP5 and both can easily be distin-

guished at low MET from SM background. However, the

distribution is more flattened for the case without VLF

(i.e., the usual type-II seesaw model), where the missing

energy distribution becomes almost identical to that of SM

background, naturally as the decay of doubly charged

scalar occurs through WW channel. Thus, in our model,

where doubly charged scalar can decay through VLF

and the charged VLF has small mass splitting with DM,

FIG. 15. Left: Signal significance for BP5 and BP6 at the ILC for
ffiffiffi

s
p ¼ 350 GeV. Right: Significance of BP7 and BP8 at

ffiffiffi

s
p ¼ 1 TeV. In both the plots the solid red and dashed red lines correspond to 3σ and 5σ discovery limits, respectively.

TABLE XI. Events for dominant SM background with
ffiffiffi

s
p ¼

350 GeV at the ILC.

Background σproduction (pb) =ET (GeV) σOSD (fb)

WþW− 1.90 <30 3.80

<20 1.88

WþW−Z 0.002 <30 0.001

<20 0.009

ZZ 0.49 <30 0.18

<20 0.11

TABLE XII. Events for dominant SM background with
ffiffiffi

s
p ¼

1 TeV at the ILC.

Background σproduction (pb) =ET (GeV) σOSD (fb)

WþW− 0.43 <100 4.97

<50 2.61

WþW−Z 0.009 <100 0.03

<50 0.01

ZZ 0.11 <100 0.13

<50 0.08

BARMAN, BHATTACHARYA, GHOSH, KADAM, and SAHU PHYS. REV. D 100, 015027 (2019)

015027-20



FIG. 16. Top left: Production and subsequent decay of the doubly charged scalars at the LHC in the presence of VLF. Top right: Same

for models without the VLFs (eg. type-II seesaw model). Bottom left: Production and subsequent decay of the doubly charged scalars at

the ILC in the presence of VLF. Bottom right: Same for models without the VLFs (eg. type-II seesaw model).

FIG. 17. Production cross section of single and double charged scalars belonging to scalar triplet, as a function of mass in Left: LHC at
ffiffiffi

s
p ¼ 14 TeV and on Right: ILC at

ffiffiffi

s
p ¼ 1 TeV. Our choice of benchmark with mH0 ¼ 300 GeV and mH�;�� ¼ 310 GeV and

corresponding production cross section is also indicated.
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(i.e., ΔM ≲mW , which occurs in a large DM allowed

parameter space), can be distinguished from the usual

signature of doubly charged scalar belonging to a triplet

(e.g., type-II seesaw models) and from SM backgrounds if

we use an upper cut on ET∶ET ≲ 100 GeV.

The MET distribution for the signals at LHC (shown in

the RHS of Fig. 18) have a similar behavior as that of ILC.

The SM background, however, is a bit different from what

we have seen before for hadronically quiet dilepton channel

in Sec. VA due to the absence of tt̄ and Drell-Yan

background. Therefore, it is important to note here that

HQ4l channel through scalar triplet production can probe

smaller ΔM regions (like BP5 and BP6) unlike the case of

dilepton channel with an upper cut on MET: ET ≲ 40 GeV

at LHC. A similar cut will also help us to disentangle the

presence of VLF from the usual type-II seesaw models.

In Tables XIV and XV, we have tabulated HQ4l event

cross sections for the benchmark points (BP5 and BP6) and

dominant SM backgrounds along with the case of scalar

triplet in absence of VLF (referred as type II seesaw model)

at the LHC environment. We have chosen 20 < ET <
40 GeV as the MET cut (guided by the MET distribution),

in order to separate the signal from the SM background and

from the usual type-II seesaw scenario. One can note from

Table XIV, without any MET cut, the number of HQ4l

events for BP5 is several times larger than that of BP6. This

happens due to the fact that BP5 has larger ΔM and

therefore the leptons emerging out of the decay has larger

probability of surviving the lepton pT cut. But due to

smaller ΔM, the peak of the distribution for BP6 is more

pronounced than BP5 at low MET region. As a result, with

the chosen MET cut: 20 < ET < 40 GeV, although BP5

loses more events than BP6, but still retains more events

than BP6. This is reflected in the final state cross section in

Tab. XIV. As a consequence, BP5 will have a larger

significance over BP6.

The numbers for HQ4l events from signal (BP5 and

BP6) at ILC is shown in Table XVI. Subsequently, MET

cut sensitivity of corresponding SM background and scalar

triplet frameworks without VLF is shown in Table XVII.

We have used MET cut of ET< 100 GeV to kill SM

background to a significant extent. In this case as well, like

that of LHC, BP5 retains more events than BP6 and hence

possesses higher significance. As one can understand from

both these tables, in order to obtain finite number

of final state signal events, we require high integrated

TABLE XIII. Branching fraction of H�� to ψþψþ and WþWþ

for the chosen benchmark points BP5 and BP6.

Benchmark Point BðHþþ
→ ψþψþÞ BðHþþ

→ WþWþÞ
BP5 0.989 0.011

BP6 0.992 0.008

FIG. 18. Missing energy distribution for HQ4l channel for benchmark points BP5, BP6 and type-II seesaw model (the case without

VLF) along with dominant SM background. On left: ILC search at
ffiffiffi

s
p ¼ 1 TeV and on right: LHC search at

ffiffiffi

s
p ¼ 14 TeV are shown.

TABLE XIV. Cross section for signal from doubly charged

Higgs production and its decays to HQ4l final state for
ffiffiffi

s
p ¼

14 TeV at the LHC for the benchmarks BP5 and BP6.

Benchmark

point σH
��

(fb) σ4l
�
(fb) (no ET) =ET (GeV) σ4l

�
(fb)

BP5 3.64 5.80 × 10−4

29.38 20–40

BP6 0.10 3.22 × 10−5

TABLE XV. Cross section for SM background and type-II

seesaw model for doubly charged Higgs production and its

decays to HQ4l final state for
ffiffiffi

s
p ¼ 14 TeV at the LHC.

SM backgrounds

Production cross

section (fb) =ET (GeV) σ4l
�
(fb)

WWWW 0.6 2.4 × 10−8

20–40

WWZ 150 1.047 × 10−5

type-II seesaw 29.38 1.17 × 10−6
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luminosity L ∼ 105 fb−1 at ILC, even if the SM back-

grounds are vanishingly small.

Together, the discovery potential for HQ4l events

through production of doubly charged scalars in our model,

where the decay for such scalars dominantly occur through

the charged VLFs, are shown in terms of luminosity in

Fig. 19 at ILC (in the left panel) and at LHC (in the right

panel). This clearly indicates that a judicious choice of

MET cut can not only make such signal distinguished from

the SM background, but can also segregate our model from

the usual scalar triplet models as in Type II seesaw

frameworks (compare the green line with blue and black

thick lines in Fig. 19). In conclusion, we can say the HQ4l

signature due production of the doubly charged scalars can

help us to distinguish this model from that of usual type-II

seesaw models both at the ILC and the LHC for very high

integrated luminosity.

VII. DISPLACED VERTEX SIGNATURE AND

COMPLEMENTARITY OF DIFFERENT

SEARCH STRATEGIES

Finally, we would like to highlight the displaced

vertex signature of this model, which is elaborated in

[19]. If the mass difference between ψ� and ψ1 is less

than that of W-mass, then the charged fermions will

decay via three body process. In such cases we can see a

displaced vertex signature for our model at the LHC,

provided the track length (which is inverse of the 3-body

decay width) is ∼Oð1 mmÞ. Now, the decay width is

given by [19]:

Γ ¼ G2
Fsin

2θM5
ψ

24π3
ξ; ð53Þ

where GF is the Fermi coupling constant and the

function ξ is given by:

ξ ¼ 1

4

ffiffiffi

α
p

ðx2; y2Þζ1ðx; yÞ

þ 6ζ2ðx; yÞ ln
�

2x

1þ x2 − y2 − α1=2

�

: ð54Þ

Here ζ1 and ζ2 are two polynomials of x ¼ M1=Mψ and

b ¼ ml=Mψ , where ml is the mass of charged leptons. Up

to order Oðy2Þ, ζ1;2 are given as:

ζ1ðx; yÞ ¼ ðx6 − 2x5 − 7x4ð1þ y2Þ þ 10x3ðy2 − 2Þ
þ x2ð12y2 − 7Þ þ 3y2 − 1Þ

ζ2ðx; yÞ ¼ ðx5 þ x4 þ x3ð1 − 2y2ÞÞ; ð55Þ

TABLE XVI. Hadronically quiet four lepton signal from

doubly charged Higgs production and its decays for
ffiffiffi

s
p ¼

1 TeV at ILC for the benchmark points BP5 and BP6.

Benchmark

point σH
��

(fb)

4l� events

(no ET ) =ET (GeV) σ4l
��

(fb)

BP5 27.36 0.0221

50.13 <100
BP6 1.31 0.0013

TABLE XVII. SM background cross section for HQ4l channel

and scalar triplet framework like type-II seesaw model in absence

of vectorlike lepton for
ffiffiffi

s
p ¼ 1 TeV at ILC.

SM backgrounds

Production cross

section (fb) =ET (GeV) σ4l
��

(fb)

WWWW 1.74 1.649 × 10−6

<100
WWZ 9.98 1.047 × 10−5

Type-II seesaw 50.13 5.711 × 10−5

FIG. 19. Left: Variation of significance with integrated luminosity at the ILC for hadronically four lepton final state where the red

dashed line is the 5σ significance. Right: Same for the LHC.
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where α ¼ 1þ x4 þ y4 − 2x2 − 2y2 − 2x2y2 is the phase

space. The length of the displaced vertex is given as cτ≡ c
Γ
,

where Γ can be obtained from Eq. (53).

In Fig. 20, we have shown two different parametrization

for a realizable displaced vertex signature produced in this

model. In the left panel, we plot the displaced vertex length

cτ as a function of ΔM for a fixed sin θ ∼ 10−4. We

illustrate three different choices of DM mass Mψ1
¼

f100; 150; 200g GeVs. The horizontal black dashed line

corresponds to displaced vertex length of 10−4 cm

(i.e.,1 μm). In the right panel, we show the limit on

sin θ for producing displaced vertex of cτ ≥ 10−4 cm as

a function of ΔM for two specific DM masses 100 and

150 GeVs. The upshot is, if we have to detect a measurable

displaced vertex length at collider, sin θ has to be extremely

small. However, with small sin θ, the allowed parameter

space behaves similar to that of sin θ ≲ 0.1, which has to

heavily rely on coannihilation effects to obtain correct relic

density and is allowed by direct search bounds. It is also

important to note that the presence of triplet scalar do not at

all alter the displaced vertex signature discussed before for

the fermion DM alone [18].

Finally, all the searches and constraints for this DM

model put together, allow us to visualize how all these

different searches are complementary to one another. Such

a summary plot is shown in Fig. 21. The green and red

points correspond to observed relic abundance that are

allowed by PLANCK data. XENON1T direct detection

limit as shown in Fig. 5, are indicated by the solid and

dashed black lines for sin θ ¼ f0.1; 0.2g respectively.

The blue shaded region for ΔM < MW can be probed at

the ILC, while the region above with ΔM > MW shown by

orange shaded region, can be probed at the LHC. It is

difficult to calculate the significance for the signal cross

section in this plane, and therefore the fading in the color

shades imply that the cross section diminishes with large

Mψ1
as well as with large ΔM. From the figure, first we

identify that, for small sin θ ≲ 0.1 there is a large region

(red points) that fall below the direct search exclusion,

which can be seen at future direct detection experiments for

almost all of the DM mass Mψ1
. Small sin θ region can

generally be probed as OSD signal excess at the ILC, while

FIG. 20. Left: Displaced vertex length (cτ in cm) versusΔM for three different choices of DMmassMψ1
¼ f100; 150; 200g GeVs for

sin θ ¼ 10−4. The horizontal black dashed line corresponds to displaced vertex length of 10−4 cm. Right: Limit on sin θ for producing

displaced vertex of cτ ≥ 10−4 cm as a function of ΔM for two specific DM masses 100 and 150 GeVs.

FIG. 21. Summary of the available parameter space in

Mψ1
− ΔM plane from relic density, direct search constraints,

and collider sensitivity. Red and green points correspond to

PLANCK-observed relic abundance satisfying region (same as in

LHS of Fig. 2); Black thick and black dashed lines correspond to

XENON1T upper bound for sin θ ¼ f0.1; 0.2g. The blue shaded
region can be probed at ILC, while the orange shaded region can

potentially be probed at LHC. We have assumed the triplet scalar

to have a mass ∼300 GeV.
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the small ΔM region can be probed via displaced vertex

signature at the LHC. Z andH-resonance regions for sin θ ≲
0.1 can only be probed through OSD signature at the LHC.

For larger sin θ, direct search allowed points again limit

within ΔM ≲ 50 GeV, and therefore favorable for the ILC

search. Displaced vertex signature (cτ ≲ 1 mm) requires

further suppressed values of sin θ ∼ 10−4 (as illustrated in

Fig. 20), and hence could not be shown in the plot.

VIII. CONCLUSIONS

The paper focuses on a beyond SM (BSM) framework

by introducing two vectorlike fermions: a singlet χ and a

doublet ψ , where the DM emerges as a lightest component,

ψ1, as an admixture of the neutral component of ψ and χ.

The phenomenology of the model crucially dictates small

singlet-doublet mixing (sin θ) to abide by the nonobserva-

tion of DM in direct search. Moreover, the observed relic

density of DM restricts the mass splitting between DM and

NLSP (ΔM) to less than 10 GeV due to which the model

can be probed at LHC only through displaced vertex

signature of the NLSP. In this analysis we show that the

ILC, however, can probe such model even in small mixing

limit through the production and subsequent decays of

the charged companion ψ� via hadronically quiet opposite

sign dilepton (OSD) channels. This is possible due to

primarily the nature of the missing energy distribution for

signal and background events at the ILC, which allows to

put an upper cut on missing energy for event selection,

while the possibility of utilizing the polarization of

fe−; eþg ¼ f80%;−20%g reduces SM background sig-

nificantly, retaining most of the signal events due to

vectorlike fermion nature.

The presence of a scalar triplet of hypercharge 2 in the

model can produce nonzero masses for the active neutrinos,

as required by solar and atmospheric oscillation data.

This also alters the DM phenomenology crucially. In

presence of the scalar triplet, the dark fermion ψ1 splits

into two pseudo-Dirac states ψα
1
and ψ

β
1
. As a result, the

Z-mediated DM-nucleon scattering at direct search experi-

ments become inelastic. Assuming the mass splitting

between the two pseudo-Dirac states to be of order

100 KeV, we showed that the DM-nucleon scattering

through Z mediation is forbidden. This helps to achieve

larger singlet-doublet mixing in the DM state. In fact, we

showed that the doublet component can be as large as 20%.

Moreover, the mass splitting between the DM and NLSP

can be chosen to be as large as a few hundred GeVs. These

are the two key factors which paved a path for detecting the

DM model at the LHC through hadronically quiet OSD

channel. However, the broadening of the mass splitting

cannot be obtained in all region of the parameter space,

rather it is specific to the Higgs, Z, and triplet scalar

resonance regions, as well as when the DMmass is equal or

slightly larger than the triplet scalar. So, the LHC search for

a signal excess can only be possible in such regions of the

DM mass parameter with large ΔM. On the other hand, if

we embed the singlet-doublet fermion DM in the presence

of an additional scalar singlet DM [20], the possibility of

exploring larger ΔM regions enhance significantly due to

DM-DM conversion and therefore signal excess of hadroni-

cally quiet dilepton channel at LHC spans a large range of

fermion DM mass range.

On the other hand, the doubly charged scalar present

in the scalar triplet can also be produced at the collider

(both LHC and ILC) through the Drell-Yan process, which

yields hadronically quiet four lepton signature. It is

interesting to note that in the presence of a vectorlike

lepton as we have in this model, the doubly charged

scalars attain a significant branching to the charged

vectorlike lepton, whenever kinematically allowed. This

in turn leaves its imprint in the missing energy profile.

A judicious choice of MET cut can therefore distinguish

our model from the usual case of scalar triplet scenarios,

like type-II seesaw. We also note here that in absence of

dominant tt̄ and Drell-Yan background for hadronically

quiet four lepton events, one can utilise an upper MET cut

or a small MET window to probe the low ΔM regions of

our vectorlike DM model at LHC, which is difficult for a

hadronically quiet dilepton channel.

The model naturally possesses another novel signature:

the displaced vertex of the charged vectorlike lepton. It is

however easily understood that the displaced vertex

signature of the NLSP not only requires small singlet-

doublet mixing, but also requires very small mass split-

ting ΔM between NLSP and DM. This is a natural

outcome of the singlet doublet DM in absence of scalar

triplet in DM allowed parameter space to respect direct

search bound. So, while adding a scalar triplet, we

enhance the possibility of seeing a dilepton signal excess

at LHC through enlarging the mass splitting ΔM at

certain resonance regions and particularly when the

DM mass is close but larger than the scalar triplet mass,

the displaced vertex signature gets washed off in all those

regions. While LHC favors large mass splitting between

NLSP and DM for the dilepton signal to be segregated

from SM background due to indomitable tt̄ background,
the “absence” of such a channel at ILC will favor the

cases of small mass splitting ΔM to yield a signal excess

over background. Thus, the model has a nice comple-

mentarity in its variety of signatures that can be probed at

upcoming experiments.
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APPENDIX A: INVISIBLE HIGGS

AND Z-DECAY

Here we have shown that the BPs chosen for LHC

analysis (Table II) are allowed by experimental bounds on

invisible Higgs and Z-decays. The SM Higgs can decay to

ψ1 pairs. Now, the combination of SM channels yields an

observed (expected) upper limit on the Higgs branching

fraction of 0.24 at 95% CL [36] with a total decay width

Γ ¼ 4.07 × 10−3 GeV. On the other hand, SM Z boson can

also decay to DM pairs and hence constrained from

observation: Γ
Z
inv ¼ 499� 1.5 MeV [15]. So, if Z is

allowed to decay into ψ1ψ1 pair, the decay width should

not be more than 1.5 MeV.

Since ΔM > 100 GeV for all the BPs, hence Higgs

or Z cannot decay to ψ2’s. Therefore, the expressions for

H1 → ψ1ψ1 and Z → ψ1ψ1 decay widths are given by:

Γ
higgs
inv ðH1 → ψ1ψ1Þ ¼

�

y2Nsin
4θcos2θ0

8π

�

mH1

�

1 −
4M2

ψ1

m2
H1

�

3=2

ðA1Þ

Γ
Z
invðZ → ψ1ψ1Þ ¼

mZ

48π

e2sin4θ

sin2θWcos
2θW

�

1þM2
ψ1

m2
Z

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
4M2

ψ1

m2
Z

s

: ðA2Þ

In Table XVIII we have tabulated the Higgs branching

ratio and Z-decay width for all the chosen benchmark

points. Constraint from invisible Z-decay is only applicable
for BP1 and BP5 which correspond to Mψ1

¼ 41 GeV and

Mψ1
¼ 45 GeV, respectively, while invisible Higgs decay

constraint is applicable for all the benchmarks.

APPENDIX B: LAGRANGIAN PARAMETERS

One can express all the couplings appearing in the scalar

potential 7 in terms of the physical masses. Apart from the

parameters μH and μΔ obtained through electroweak

symmetry breaking condition [See Eq. (11)], one can also

determine the following parameters:

λ1 ¼ −
2m2

A

v2d þ 4v2t
þ

4m2

H�

v2d þ 2v2t
þ
sin 2θ0ðm2

H1
−m2

H2
Þ

2vdvt
;

λ2 ¼
1

v2t

�

1

2
ðsin2θ0m2

H1
þ cos2θ0m

2
H2
Þ þ 1

2
:

v2dm
2

A

v2d þ 4v2t
−

2v2dm
2

H�

v2d þ 2v2t
þm2

H��

�

;

λ3 ¼
1

v2t

�

−
v2dm

2

A

v2d þ 4v2t
þ

2v2dm
2

H�

v2d þ 2v2t
−m2

H��

�

;

λ4 ¼
4m2

A

v2d þ 4v2t
−

4m2

H�

v2d þ 2v2t
;

λ ¼ 2

v2d
ðcos2θ0m2

H1
þ sin2θ0m

2
H2
Þ;

μ ¼
ffiffiffi

2
p

vtm
2

A

v2d þ 4v2t
:

APPENDIX C: ANNIHILATION AND COANNIHILATION IN THE PRESENCE OF HIGGS TRIPLET

Here we have gathered all the annihilation and coannihilation graphs in the presence of the triplet scalar.

TABLE XVIII. Invisible Higgs branching ratio and invisible Z
decay width for different benchmark points tabulated in Table II.

NA stands for “not applicable” for cases where Mψ1
> mZ=2.

Benchmark point Br
higgs
inv Γ

Z
inv (MeV)

BP1 1.116 × 10−3 NA

BP2 654.86 × 10−6 NA

BP3 5.738 × 10−3 1.201

BP4 80.24 × 10−6 NA
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FIG. 24. Coannihilation process of charged fermions ψ� to SM particles in final states.

FIG. 25. Additional annihilation ψ iψ̄ i, in the presence of scalar triplet.

FIG. 22. Annihilation (i ¼ j) and coannihilation (i ≠ j) of vectorlike fermion DM. Here (i, j ¼ 1, 2).

FIG. 23. Coannihilation process of ψ i (i ¼ 1, 2) with the charge component ψ− to SM particles.
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