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Abstract

We study a simplest viable dark matter model with a real singlet scalar, vector-like singlet and a doublet
lepton. We find a considerable enhancement in the allowed region of the scalar dark matter parameter
spaces under the influence of the new Yukawa coupling. The Yukawa coupling associate with the fermion
sector heavily dominant the dark matter parameter spaces satisfying the current relic density of the Universe.
Dilepton+£ 7 signature arising from the new fermionic sector can observe at Large Hadron Collider (LHC).
We perform such analysis in the context of 14 TeV LHC experiments with a future integrated luminosity of
3000 fb—!. We found that a large region of the parameter spaces can be probed by the LHC experiments. The
projected exclusion/discovery reach of direct heavy charged fermion searches in this channel is analyzed
by performing a detailed cut based collider analysis. The projected exclusion contour reaches up to 1050 —
1380 GeV for 3000 fb—! for a light dark matter O(10) GeV from searches in the pp — EliEfF, E?E —
IS — 1l + F7 channel.
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1. Introduction

Pieces of evidence from various astrophysical observations like gravitational lensing effects
in the bullet cluster, anomalies in the galactic rotation curves have confirmed the existence of
dark matter (DM) in the Universe. Since the SM does not have enough particle to play the role of
DM, we must go beyond the SM in search of new physics. The recent LHC Higgs signal strength
data [1,2] also suggests that one can have rooms for the new physics beyond the SM. In order to
address DM within BSM, various possibilities have been proposed in [3,4] and references therein.
Extension of the SM with new fields is widespread in the literature, under which the lightest and
stable particle due to the imposed discrete Z, and/or Z,-type (n > 2,integer) plays the role
of dark matter [5,6]. Rich literature on minimal models of DM considering scalar and fermion
multiplets are available today [7—11]. In particular, the addition of singlet scalar and fermion
singlet, as well as doublet in a minimal model, have rich demand in DM study. The mixing of
fermion doublet and singlets reduces the coupling to weak gauge bosons. This transform DM
from a Dirac into a Majorana particle, yielding the correct relic density with allowed direct
detection cross-section [12].

It is known that the direct detection experiments eliminate a significant portion of the parame-
ter space in the dark matter mass versus dark matter-nucleon cross-section plane. However, these
experimental constraints are marred by the uncertainties stemming from the assumption that the
Earth is flying through a uniform dark matter cloud of significant density. The clumpy nature
of dark matter leaves open the possibility that the density of dark matter in the cosmologically
tiny region surrounding the Earth, which has not been directly measured so far, is very small.
This makes the option that dark matter may be produced directly at a high-energy collider like
the LHC/ILC even more attractive. Weakly interacting massive particles (WIMPs), i.e., the dark
matter in this model can indeed be produced by the proton-proton collisions at the LHC which
escape the detector, leading to the celebrated missing energy signal. As backgrounds are some-
what better understood in a manmade laboratory, it is not unreasonable to argue that a collider
might be the best bet in revealing the true nature of DM particles. It is also possible to explain the
observations in various indirect dark matter detection experiments for some regions (low-mass)
of the parameter space. In this paper, however, we do not discuss such details, as such estima-
tions involve proper understanding of the astrophysical backgrounds and an assumption of the
dark matter halo profile which contain some arbitrariness. Concrete experimental signature of
existence of dark matter is hitherto unknown, however, recent Xenon-1T experiment [13] puts
stringent bounds on the dark matter portal interaction strength(s). In the basic hypothesis, there
exist non-negligible but little interaction between DM with the SM particles which assures that
DM is in equilibrium with a thermal bath. Eventually, it ‘freeze-out’ from the hot plasma of the
SM particles, and we can calculate the current relic density of the DM candidate. DM detection
experiments indicate that either dark matter may interact with the nucleus very feebly (detection
cross-section could reach beyond the line of neutrino floor [14,15]) or the interaction is ultimately
zero. Hence, the dark matter annihilation into the SM particles via s-channels may absent. On
the other hand, if Nature has only one-component dark matter, then the H- and Z-bosons portal
light dark matter models may not be the right one to give the exact relic density. It is already
clear from the literature [16—19] that in the presence of other particles one can get the exact relic
density via the co-annihilation channels. There may have interactions in such a way that the dark
matter can annihilate into the SM particles via ¢- or u-channels. This might help to modify the
effective annihilation cross-section to give the exact relic density. These types of scenarios can be
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achieved in the proposed minimal model, which gives the correct dark matter density satisfying
the other theoretical and experimental constraints.

In the model-building prospect, models that can address more SM shortfalls are much appeal-
ing and well-motivated also. A working model is said to be completed when it can simultaneously
explain light neutrino observable and dark matter [6,18,20-24]. The framework that is popular
in accommodating both dark matter and neutrino mass at loop level is known as the scotogenic
model. It was first proposed by E. Ma [11], where the dimension-5 operator is realized at the
one-loop level. The notable feature of this framework is the way it connects neutrino and DM.
Due to the additional Z, discrete symmetry, new fields that contribute to the loop to produce
sizable neutrino mass, acquire opposite parity to the SM fields. Hence, the new field becomes
stable and can be addressed as a viable dark matter candidate. Due to its impressive features
in addressing neutrino mass and dark matter, the scotogenic model has gained popularity over
time [25-30]. In order to get relic density of the singlet scalar dark matter and allowed from the
direct detection, one has to take the dark matter particle to be heavy or else take the Higgs portal
couplings to be small near the Higgs resonance region. This spoils the testability of the theory at
the collider. Hence, one need to extend the model with a vector-like fermion (to cancel effect of
the anomaly), which can be probed at the collider experiments. In this model we found a large
region of the dark matter parameter spaces in the presence of the vector-like fermions allowed
by the all theoretical and experimental constants. Here, we have not only introduced a viable
dark matter candidate but also comment on the possible explanation of tininess of neutrino mass
generation under a single framework with minimum particle content. Initially, we will be starting
with just a single generation of fermion doublet that interacts with the lepton doublet and check
whether it is sufficient to address both the neutrino parameters and dark matter or not.

Keeping these in view, we consider a minimal model of DM comprise of a vector-like singlet
and doublet lepton along with a singlet scalar. We introduce an additional Z, symmetry, under
which all new fields are assigned odd, which restricts its interaction with SM particles. The
viable DM candidate in the extended singlet scalar model is the lightest Z>-odd singlet scalar
S. In the presence of the Yukawa couplings, a considerable improvement to the region of the
dark matter parameter space is noticed in this present work. Depending upon the size of the
Yukawa couplings, one can get a dominant DM annihilation through #- and u-channels. The
interference between the s-channel and cross-channel (2-singlet,2-Higgs scalar vertex), and ¢, u-
channels played a crucial role in achieving the correct DM density. The co-annihilation channels
also played an essential role in getting a viable region of allowed dark matter parameter space.

The lepton flavor violating processes (i — ey ), electron and muon anomalous magnetic
moment are also a striking indication of BSM. As there is a discrepancy between the mea-
sured value and the SM predictions [31,32]: da, = aZXP — aEM = (2.74 £ 0.73) x 1072 and

Sa, =ag "’ — af’M = —(8.8 £3.6) x 10713, Among the popular works on the discrepancy of the

muon magnetic moment, some of them are due to the addition of extra Higgs boson [33,34], in-
troducing a light Z’ gauge boson associated with an extra U (1), .—L, symmetry [35], or a light
hidden photon [36], imposing discrete symmetries [37]. In those models, the muon magnetic mo-
ment is enhanced with a smaller coupling strength via loop mediator process. In this proposed
minimal model, we will also try to comment on the discrepancy of the muon anomalous magnetic
moment mediated via a vector-like fermion.

In the present paper, we have identified the parameter space relevant to dark matter, lepton
flavor violation and neutrino masses. In future, if this type of model turns out to be the dark
matter model realized in Nature, our study could help in estimating a better parameter space.
Moreover, the interaction of vector-like fermions with SM fields makes them more comfortable
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Table 1
Particle content and their charge assignments under
SU(2),U(1l)y and Z, groups.

Fields— S Fp Eg
Charges|,

SU(2) 1 2 1
U(ly 0 -1 -2
Z; -1 -1 -1

to probe in collider searches [22,38,39]. We look for collider signature for the lightest charged
fermion in the context of 14 TeV LHC experiments with a future luminosity of 3000 fb~! for
pp — EfEE T event processes which yield dilepton plus large transverse missing energy Er
(arising from the dark matter) in the final state. We get significant results from the collider
searches for the discovery of dark matter in future 14 TeV run with the said luminosity. The
projected exclusion/discovery reach of direct heavy charged fermion searches in this channels
is analyzed by performing a detailed cut based collider analysis. The projected exclusion con-
tour reaches up to 1050 — 1380 GeV for a light dark matter O(10) GeV from searches in the
pp —> E liE T E li — I*S — Il + E7 channel. To the best of our knowledge, detailed analysis
of this model has not yet been done in the literature, which motivates us to carry out the analysis.

The rest of the work is organized as follows. We have given the complete model description in
section 2. Constraints from various sources on this model are discussed in section 3. Numerical
analysis for dark matter, neutrino and collider searches are discussed under section 4. Finally, we
conclude our work in section 5.

2. Model framework

The model addressed here, contains (i) a real singlet scalar (S), (ii) a vector-like charged
fermion singlet E and (iii) a vector-like fermion (VLF) doublet, Fp = (X(l) EB)T [22,38,40].
The charge profile of the particle content are shown in Table 1. It is to be noted that these
additional fermions are vector-like, and hence, they do not introduce any new anomalies in the-
ory [41]. The chiral gauge anomaly free condition coming from the one loop triple gauge boson
vertex, which reads [41]:

> =Tr[{Tf THYTE1— Tri{TR. TRITE] =0. 2.1)
rep

Here, T denotes the generators for the SM gauge group and L, R denotes the interactions of left
or right chiral fermions with the gauge bosons. From Eq. (2.1) it is clear that the SM satisfies
the anomaly free condition because of the presence of a quark family to each lepton family
[41,42]. On the other hand, the additional vector-like fermions introduced here, have the left
chiral components transforming similarly to the right chiral ones under the SM gauge symmetry.
Therefore, the model is anomaly free.

All the BSM particles are considered odd under the discrete Z, symmetry, such that this BSM
field does not mix with the SM fields. As a result, the lightest and neutral particle is stable and
considered to be a viable dark matter candidate. Let us now elaborated on the model part in
detail. The Lagrangian of the model read as,

L=Lsm~+Ls+Lr+ Lins, (2.2)



P. Das, M.K. Das and N. Khan Nuclear Physics B 964 (2021) 115307

where,
_1 2 Lo 1 50 As g
CS—§|3;LS| _Ek”’ - msS —4—!5, (2.3)
Lr=Fpy"D,Fp+ Esy"D,Es—MnypFpFp — MysEgEs,
Lint=—YNFp@pEs—YLiFpS+h.c., (2.4)

D,, stands for the corresponding covariant derivative of the doublet and singlet fermions. The
SM Higgs potential is given by, VS¥ (¢) = —m?¢> + r¢*, with, ¢ = (G, HL\E"G)T is the
SM Higgs doublet. G’s stand for the Goldstone bosons and v = 246.221 GeV being the vacuum
expectation value of the Higgs H fields. The mass matrix for these charged fermion fields is
given by,

Myp Mx
M= ¥ , 2.5
( M}, MNS) @)

where, Mx = % The charged component of the fermion doublet (E ﬁ) and the singlet charged

fermion (Esi) mix at tree level. The mass eigenstates are obtained by diagonalizing the mass
matrix with a rotation of the (E % E Si) basis,

Ef—L [ cosp  sinf Ei 2.6)
E;C "\ =sinB cosp)\E5)’ '
The mixing angle 8 between the fermions can be written as,
2M
tan2f = ———
Mys—Mnyp

Diagonalization of eqn. (2.5) gives the following eigenvalues for the charged leptons (Mys —
Mnp > My) as,

2(My)?
Mps = Myp — — X"
1 Mys — Mnp
2(My)?
Mys = Mys + —M0"
2 Mys — Mnp

The masses of the neutral fermion scalar fields can be calculated as,

2 2
m< + kv
Myo = Mnp, Mi="5—""— and M} =2

Hence, in this model, neutral fermion can not be the DM candidate as M EE < M X9 <M EE Only
the scalar fields S for Mg < M g can behave as a viable DM candidate. We keep M EE = 1500
GeV and cos 8 = 0.995 fixed through out the analysis. We will provide a detailed discussion
on the new region of the allowed parameter spaces and the effect of the presence of additional
Z»-o0dd fermion in the dark matter section 4.1.

The parameter space of this model is constrained by various bounds arising from theoretical
considerations like absolute vacuum stability and unitarity of the scattering matrix, observation
phenomenons like dark matter relic density. The LHC also puts severe constraints on this model.
In the following section, we discuss constraints associated with the model.

5
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3. Constraints on these models

Scotogenic model parameter space is constrained from theoretical considerations like absolute
vacuum stability, perturbativity and unitarity of the scattering matrix. The direct search limits at
LEP and electroweak precision measurements put severe restrictions on the model. The recent
measurements of the Higgs invisible decay width and signal strength at the LHC put additional
constraints. The requirement that the dark matter (DM) saturates the DM relic density all alone
restricts the allowed parameter space considerably. Although some of these constraints are al-
ready discussed in the literature. We discuss a few constraints considered in our model in the
following subsections.

3.1. Constraints on scalar potential couplings from stability, perturbativity and unitarity

Most severe constraints come from the ‘bounded from below’ of the potential, which ensures
the absolute stability of the electroweak vacuum. The potential bounded from below signifies that
there is no direction in field space along which the potential tends to minus infinity. In unitary
gauge, for H, S >> v, the scalar potential of equation (2.3) can be further simplified as,

2
1 ) 1 20
V(H, S):Z{ﬁszL,/FSSZ} +Z{K+ TS}HZSZ.

The necessary conditions for the scalar potential are given by,

[20.(A)As(A)
AMA)>0, As(A)>0 and «(A)+ — > 0.

Here, all the coupling constants in this model are evaluated at a scale A using RG equations [43].
However, these conditions become non-functional if the Higgs quartic coupling A becomes nega-
tive at some energy scale to contribute to the electroweak vacuum metastable. In this situation, we
need to handle metastability constraints on the potential difference, shown in Ref. [44]. Besides,
for the radiatively improved Lagrangian of our model to be perturbative, we have [45,46],

AA) < 4%; [k(A)| < 8m; |As(A)| < 8m. 3.1

The couplings of the scalar potential (A, k and Ag) of this model are constrained by the unitarity
of the scattering matrix (S-matrix). At very high field values, one can obtain the S-matrix by using
various scalar-scalar, gauge boson-gauge boson, and scalar-gauge boson scatterings. Using the
equivalence theorem, we reproduced the S-matrix for this model. The unitarity demands that the
eigenvalues of the S-matrix should be less than 8. The unitary bounds are given by [46],

A <87 and ‘12)\ s £V 16K2 + (—12h + A5)?| < 327
3.2. LHC diphoton signal strength bounds

At one-loop level, the physical charged fermion E li and E;E add extra contribution to the
decay width as,

N(H—yy)= A‘ Z QI'ZYNiFl/Z(TEii) +C|, (3.2)
i

6



P. Das, M.K. Das and N. Khan Nuclear Physics B 964 (2021) 115307

where, A = %,
Mj;
M5
Higgs H coupling to ff and WW is denoted by yr and yw. ¥Yn1 = V2cos Bsin BYy and
Yn2 = —+/2cos B sin Y stand for corresponding couplings H E; + E;” (i = 1, 2) and the loop
function Fg,1/2,1)(t) can be found in Ref. [47]. In this analysis, we find that M EE, > 200 GeV

C is the SM contribution, C = Zf N‘f' szyfF]/z(‘L'E_i) + yw F1(tw) and

Ty = . QO denote electric charge of corresponding particles and N}’ is the color factor.

L(H—>yy)su data.

for Yy = O(1) is still allowed from the LHC di-photon signal strength pt,,, = NGESTINY

3.3. Bounds from electroweak precision experiments

Bounds from electroweak precision experiments are added in new physics contributions via
self-energy parameters S, T, U from EW precision experiments does put bounds on new physics
contributions [48,49]. The S and T parameters allow the new physics contributions to the neu-
tral and the difference between neutral and charged weak currents, respectively. However, the
U parameter is only sensitive to the mass and width of the W-boson. Thus in some cases, this
parameter is neglected. The NNLO global electroweak fit results from the Gfitter group [48]
gives, ASpsy < 0.05+0.11, Tgsy < 0.09£0.13 and AUpsy < 0.011 £0.11. In this model,
a tiny mass difference AM ~ 20 GeV between the charged and neutral fermions of the doublet
Fp [39,49] with My p > 200 GeV and heavy singlet charged fermion mass O(1) TeV are consid-
ered to evade these bounds. We also keep fixed cos 8 = 0.995 and M Bt = 1500 GeV throughout

the analysis to avoid the bounds from the Electroweak Precision Parameters.
3.4. Dark matter

The lightest stable Z, odd particle, S behaves like a proper DM candidate in our model. As
per our choice of parameter space, DM relic density constraints should satisfy current results
from Planck and WMAP [50],

Qpyh? = 0.1198 + 0.0012. 3.3)

Recent direct-detection experiments like the Xenon-1T [13] and invisible Higgs decay width data
including indirect Fermi-LAT data [51] have restricted the arbitrary Higgs portal coupling and
the dark matter mass [44,52,53]. It is also possible to explain various observations in the indirect
DM detection experiments from this model. However, we do not discuss these here, as these
estimations involve proper knowledge of the astrophysical backgrounds and an assumption of
the DM halo profile, which contains some arbitrariness.

In our study, we use FeynRules [54] along with micrOMEGASs [55] to compute the relic
density of the scalar DM. We present a comprehensive discussion on dark matter in the numerical
analysis section.

3.5. Lepton flavor violation (u — ey ) and anomolus magnetic moment

It is a well-known lepton flavor violation (LFV) process that put severe constraints on the
LFV couplings and, in general, on the model parameter space. The size of the LFV is controlled
by the lepton number violating couplings Yy; (i =1, 2, 3). Since the observed dark matter abun-
dance is typically obtained for k = O(0 — 1) and Y; = O(0 — 1) through s-channel, -channel
annihilation and the combination of these two processes (co-annihilation, i.e., mass differences

7
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f)/

Fig. 1. Muon and electron anomolus magnetic moment and LFV process u — ey decay diagrams mediated by charged
particles E?: and E;:

can also play a crucial role). The lepton flavor observables are expected to give additional strin-
gent constraints on the parameter spaces. Among the various LFV processes, the radiative muon
decay I'(u — ey) is one of the popular and restrictive one, which in the present model is me-
diated by charged particles £ ?E, E;E present in the internal lines of the one-loop diagram 1. The
corresponding expression for the branching ratio is given by,

. FOMLM) F(M7./M3)
BR(u — ey) = ——=|cos’ Y}, Y %4-5111 YiYp—2 |,
(= e = Gz | PV n——pn PYp¥—p

(3.4)

3 2
x°—6x"+3x+2++xIn(x
where, F(x) = 6D &)

found in Ref. [56]. Throughout this analysis we keep fixed Y2 = O(1073) and put constraints
to the other parameters from the flavor violating decay [56] BR(ix — ey) < 4.2 x 10~13 at 90%
CL.

Due to the presence of vector-like fermion, the new contribution to anomalous magnetic mo-
ment can be written as [57],

. The most recent experimental bounds for LFV could be

m; mEiAf2<

Aaj = —=

s B_
- 3) + 256—2( - 3) (3.5)
1 2
where A y; = Yy;cos B and By; = Yy; sin B. The discrepancy between the theoretical SM predic-

tions and the experimental values are given by [31,32]: §a, = ay, o a =(2.7440.73) x 10~°

and 8a, =ag ¥ — SM —(8.843.6) x 10~13. With the choices of approprlate parameters in this

model, we can explam the electron anomalous magnetic moment, still not the muon anomalous
magnetic moment (we have da,, ~ 10~ '4) at the same time. The parameters which satisfy the
discrepancy of muon anomalous magnetic moment violates the LFV data. We will not focus on
this further.

3.6. Neutrino mass via one loop process

In this section, we will try to give a brief overview of the neutrino mass generation at the
one-loop level. The neutral Z,-odd scalar and fermion involved in the radiative neutrino mass
generation after the EWSB, which is shown in Fig. 2. Summing over all the two-point function
contributions, we arrive at the neutrino mass matrix component as [58],
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(H) , (H)
AN 7
\ /7
AN Ve
Y-
~ v ~
s, S
/ \
_ I \
Vi 1 N I VL
X0 Y X

Fig. 2. One-loop contribution to neutrino mass generation with a scalar S and fermion X?.

(My)ij = Y LY i) (o)) (M, Mp), (3.6)

! (
1672
where, i, j = 1, 2, 3 stand for the lepton generation index. M is the mass for the neutral heavy
fermion. 1 (My, Mpyy) is the loop function, defined as [58],

M2

)

2
MDM

M3, — M3 + My log(
I(Mn,Mpy) =4My

(MIZ)M - M]%,)z 3.7
To get the neutrino mass eigenvalues, we have to diagonalize the above mass matrix using the
well established PMNS matrix as: mpjqe = U;MNSMU Upmns. It is also essential to ensure that
the choice of Yukawa couplings, as well as other parameters involved in light neutrino mass, are
consistent with the current neutrino oscillation data.

From the above equations (3.6) and (3.7), light neutrino masses, and mixing angles can be
visualized by adjusting the coupling and mass parameters present in equation (3.6). For a few
hundred GeV dark matter and heavy neutral fermions, one can choose small  of @(1079) to get
the small neutrino masses. From Eq. (3.6) it is clear that, in the limit kv? = 0,1i ght neutrino mass
vanishes. This limit also signifies the fact that the vanishing neutrino masses are quite obvious as
k in the scalar potential breaks lepton number by two units, when considered together with the
SM-singlet fermions Lagrangian. Hence, the smallness of « is technically natural in the "t Hooft
sense [59], as adjusting k — 0 allows us to define global U (1) lepton number symmetry. At the
same time, by adjusting both the real and imaginary parts of the Yukawa couplings, the mixing
angles could be produced. This smallness of the Higgs portal coupling enhances the allowed
region of the parameter space, and the relic density could produce via the other channels, which
we will discuss in detail in the dark matter numerical analysis section. The analysis of neutrino
mass carried out in this work is more of a perfunctory rather than being comprehensive.

4. Numerical analysis
4.1. Dark matter

As pointed out in the previous section, the viable DM candidate in this model is the lightest
Z»-odd singlet scalar S. The production mechanism of this DM candidate depends upon the
Higgs portal couplings « through s- and cross-channels (see Figs. 3-(a), 3-(b) and 3-(c)). Itis
to be noted that in presence of the Yukawa couplings Y; and Yy, a huge improvement to the
region of the dark matter parameter space is noticed here. Depending upon the size of the Yukawa
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; S N v
N
S > N
~ N
~N
o - — -
//— H 4 H
- g //
S// 7 P \%
(a) (b)
S
\ /H
\ /
\ 7/
N , S - — _<_f/
Ny
//\\ Y = By, B, X
/ \
/ \
S/ \ H S ____ .
(c) (d)

Fig. 3. The DM annihilation diagrams give the relic density. V stands for gauge bosons W, Z, f’ represents the SM
leptons and f are SM leptons and quarks.

S\ Z
\ — T
N % V=w/2z f
\ Y =FE,FEy X
4 R —
%4
X v Y f
(a) (b)
X VWV 2
vy X
S _ - - G

Fig. 4. The Co-annihilation and annihilation diagrams of the DM and the other Z;-odd fermion fields. f are SM leptons
and quarks.

couplings Y¢;, one can get a dominant DM annihilation through ¢- and u-channels (see Fig. 3-
(d)) in our model. The interference between the s-channel, cross-channel and ¢, u-channels also
played a crucial role to achieve the correct DM density.' The co-annihilation channels (e.g., see

! 1t is to be noted that the Sommerfeld enhancement don’t play any role to enhance the current dark matter phenomenol-
ogy [4and M+ > Mpy.
1,2

10
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s—channel effect (SS - h » SM particles);
BSM Fermion interaction effect is neglected;
(Allowed by XenonlT data)

04

0.3

0.2
— 0h2=0.1198+0.0012 (30 band)

Higgs portal coupling

0.1

0:0 500 600 700 800 900 1000

Dark Matter Mass Mpy[GeV]

Fig. 5. The dark matter relic density through s- and cross- channels only, with direct detection and other theoretical and
experimental constraints. The 3¢ relic density Qh? =0.1198 +0.0012 constraint is shown as the blue band. The Yukawa
couplings Y¢; and Yy are taken to be zero.

0.35 T
t-channel effect (SS- SM particles through Elexf);
Only BSM Fermion interaction effect is considered;
0.30 (Not applicable under Direct detection Limit)
S
~ Mg£=1000 GeV;
o
= Mgz=1500 GeV;
8 025 g
2
=
s
Mgz=500 GeV;
3020 £ ©
3 Mgz=1500 GeV;
— 0h%=0.1198+0.0012 (30 band)
0.15

200 400 600 800 1000
Dark Matter Mass Mpy[GeV]

Fig. 6. The dark matter relic density through - channels only, with direct detection and other theoretical and experimental
constraints. The 3¢ relic density Qh? =0.119840.0012 constraint is shown as the blue band. The Higgs portal couplings
K are taken to be zero.

Fig. 4) also played an important role in getting a viable region of allowed dark matter parameter
space.

It is already evident that if we neglect the effect of other Z>-odd fermions, i.e., annihila-
tion through f-channels and other co-annihilation processes, a very small low-DM mass re-
gion around 55GeV < Mpy < 70 GeV for Higgs portal coupling « ~ 0.005 is giving the
exact relic density, allowed by the direct detection [13] and LHC data. The main dominant
channels for /ow-DM mass region are SS — bb. For Mpy > 100 GeV, SS — VV, where
V = W¥, Z gauge bosons [60] dominates over other DM annihilation channels. Under the ap-
proximation Mpy >> My, My, in the non-relativistic limit one can get the DM annihilation

cross-section as o (SS — WTW™) « M]‘; . The allowed relic density (dominated by s- and

DM
cross-channels only) for the 4igh-DM mass region in k — Mpys plane is displayed in Fig. 5. We
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Table 2

The benchmark points allowed by all the theoretical and experimental constraints. The density of the dark matter S is
dominated by either s- or ¢, u-channel annihilation processes. We consider Yy = Yy3 = Y to avoid flavor violating
decay processes.

Channel Mpm K M+ Yy Qpm n? Percentage
(GeV) (GeV)

o (S8 > WEWF) 47%
BP-al 570 0.1703 2000 0.0 0.1198 o(SS— HH) 24%

o(SS— ZZ) 23%

o(SS—1h) 6%

o(SS—vv) 98%
BP-bl 10 0.0 500 0.1665 0.1198 a(SS—=1) 2%

o(SS—vv) 98%
BP-b2 60 0.0 500 0.1640 0.1198 a(SS—=1) 2%

o(SS—vv) 98%
BP-b3 100 0.0 500 0.1677 0.1198 o(SS—1) 2%

- Y¢=0.05; Mg;=1500 GeV;

ated Region

Higgs portal coupling k

400 500 600 700 800 900 1000
Dark Matter Mass Mpy[GeV]

Fig. 7. The coupling ys = 0.05 and second charged fermion mass Mg+ = 1500 GeV are fixed. Mpyy, « and M+
’ 2 1

parameters are varied in this plot. These red points satisfy the relic density at 30 C.L. with Qh? =0.1198 +0.0012,
satisfying all the theoretical and experimental bounds.

also present corresponding benchmark points BP-1a and the percentage of different annihilation
channel’s contributions in the Table 2. As usual, the main dominant channels are SS — Y'Y with
Y =W, Z and H for the high-DM mass region. The 30 relic density QA% = 0.1198 +0.0012
constraint is shown as the blue band. One can get the exact relic density for the DM-mass
region 70 GeV< My p < 450 GeV, however, it is ruled out by the present direct detection
cross-section [13]. So far, we do not have any direct signature of DM in the direct detection
experiments, which suggest that we may have the dark matter with a tiny or zero Higgs por-
tal coupling. Furthermore, the remaining effective cross-section < o.¢rv > can be adjusted by
the other annihilation and co-annihilation processes to achieve the exact dark matter density.
In this model, we adopted such scenarios to achieve our goals. For example, various dark mat-
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0.10f - Mgz=500 GeV; Mgz=1500 GeV;

0.05

0.00

Higgs portal coupling k

-0.05

-0.10

0 100 200 300 400
Dark Matter Mass Mpy[GeV]
Fig. 8. The first and second charged fermion masses M p+ =500 GeV and M+ = 1500 GeV are fixed. Mpy, « and
1 2

yf parameters are varied in this plot. These red points satisfy the relic density at 3o of Qh? =0.1198 £0.0012 and pass
all the theoretical and experimental bounds.

0.15

- Mgz=500 GeV; Mg:=1500|GeV;,
1 2

Higgs portal coupling

-0.15

202 Z01 0.0 0.1 02
Yukawa Interaction Y;

Fig. 9. The first and second charged fermion masses M p+ =500 GeV and M+ = 1500 GeV are fixed. Mpy, « and
1 2

¥ parameters are varied in this plot. These red points satisfy the relic density at 30 of Qh? =0.1198 +0.0012 and
pass all the theoretical and experimental bounds. The core one gives the overabundant relic density on the other hand,
the outer ring gives the under-abundent relic density for the given dark matter mass. Here, for large «, it will violate the
direct detection cross section. It is to be noted that, the interference effect of the s-channel («) and t-channel (Y ) will
play important role in relic density calculation.

ter masses can get the exact density with vanishing Higgs portal coupling (k) by adjusting the
charged fermion mass and Yukawa couplings Y r;. We portrait such variation in Yy — M py plane
in Fig. 6 for two different values of charged fermion mass M EE = 500 GeV and M EE = 1000

GeV. We also consider Y71 = Y3 =Y and Y2 = O(1073) to avoid the flavor violating decay
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- Mgz=1000 GeV; Mg:=1500 GeV;

Higgs portal coupling k

200 400 600 800
Dark Matter Mass Mpy[GeV]

Fig. 10. The first and second charged fermion masses Mg+ = 1000 GeV and Mp+ = 1500 GeV are fixed. Mpyy, k and
1 2

¥ parameters are varied in this plot. These red points satisfy the relic density at 3o of Qh? =0.1198 £0.0012 and pass
all the theoretical and experimental bounds.

processes (see eqn. (3.4)). It can be noticed from Fig. 6 that one could get exact relic density for
the dark matter mass as low as Mpy = 10 GeV. As k = 0, the parameter space Mpy < % is
not restricted by the Higgs decay width and direct detection cross-section constraints. These data
points also passed through other experimental constraints such as Higgs signal strength, elec-
troweak precision test (EWPT) and theoretical bounds, viz., stability, unitarity, etc. The same 3o
relic density QA% = 0.1198 + 0.0012 constraint is shown as the blue band. The main dominant
t, u-channel annihilation processes are S§ — vv (see BP-b1,b2 and b3 in Table 2) and S§ — /1,
where l =e, T and v =v,, v only as Yyr = O(1073).

We now perform scans over the three dimensional parameter space. The mass parameter M EE
is varied from 200 GeV (to avoid the experimental constraints) to 1000 GeV with a step size 0.25
GeV and « from —0.35 to 0.35 with a step size 0.002. The dark matter mass Mpys from ~ 200
GeV to 1000 GeV with a step size 2 GeV. The effect is almost negligible for the second charged
fermion mass M EF = 1500 GeV with cos 8 = 0.995. We fixed the coupling Yy at 0.05 for the
region M E > 200 GeV to reduce the contributions through the ¢, # annihilation channel in the
relic density. For AM0 < 0.1Mpy [61] (AM* = Mz —Mpy and AM® = My —Mpy), the
co-annihilation channels (Fig. 4) play an important role for the dark matter density calculation.
In Fig. 7, we display the allowed parameters in the x — Mpjs plane. These red points satisfy
the relic density at 30 C.L. with QA% = 0.1198 +0.0012. The co-annihilation channels mainly
dominate the two middle bands close to k ~ £0.03 — £0.10. For example, we present two such
benchmark points (BP-c1 and BP-c2) and the corresponding contributions in Table 3. The other
two bands in Fig. 7 are mainly dominated by the dark matter annihilation through s + cross-
channels (see Fig. 3(a,b and c)). It also has small contribution from the dark matter annihilation
through ¢ +u-channels (see Fig. 3(d)). Large Higgs portal coupling, such as « = 0.148 (BP-c4) is
mainly dominated by the annihilation through s 4- cross-channels. However, the relic density for
the point BP-c3 is coming due to the combined contributions of s 4 cross-channels and ¢ + u-
channels. We also scan in the other three dimensional parameter space. The dark matter mass
Mpyy is varied from 5 GeV to 540 GeV and « from —0.35 to 0.35 with a step size 0.002 and
Yy from —0.35 to 0.35 GeV with a step size 0.005 GeV with fixed M= = 500 GeV. It is noted
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03[ Mgz=1000 GeV; Mg:=1500 GeV;

Higgs portal coupling
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Fig. 11. The first and second charged fermion masses M 1000 GeV and M4 = 1500 GeV are fixed. Mpy, «
2

Ef T
and y ¢ parameters are varied in this plot. These red points satisfy the relic density at 3o of Qh? =0.1198 £0.0012 and
pass all the theoretical and experimental bounds. The core one gives the overabundant relic density on the other hand,
the outer ring gives the under-abundent relic density for the given dark matter mass. Here, for large «, it will violate the
direct detection cross section. It is to be noted that, the interference effect of the s-channel («) and t-channel (Y y) will
play important role in relic density calculation.

that the co-annihilation effect is completely absent here as AM*0 > 0.1Mp),. We display the
allowed parameters k — M pys plane in Fig. 8. One can see, in the presence of DM annihilation
via ¢, u-channel as most of the region is giving the correct DM density, which is also allowed
by other experimental constraints. For k # 0, the s-channel annihilation dominates near Higgs
resonance region ~ @ This region gives overabundance of dark matter density in our study.
For a small k ~ 0, the t 4+ u-channels helps to get the correct relic density at 30 C.L. We show
the k — Yy plane in Fig. 9 for the same data points as in Fig. 8. We get two circular ring-type
structures here. The empty region violates one of the constraints, such as the relic density of
the dark matter, direct detection, and Higgs decay width for the DM mass < % Nonetheless,
in presence of the co-annihilation processes with/or a different choice of the M EE> the gaps
between these two circular rings could be filled. We also display similar plots in k — Mpys and
k — Yy planes in Figs. 10 and 11 for the M EE = 1000 GeV, where we change the variation for
DM mass Mpys from 5 GeV to 1000 GeV. We get a similar type of plot with a large region of
the parameter spaces allowed by all the experimental and theoretical constraints. Few BMPs and
their corresponding contributions are presented in Table 4. o (SS — vv) is mainly dominated by
the ¢ 4+ u-channel annihilation processes whereas o (SS — YY), Y =W, Z, H,t dominated by
the s 4 cross-channel annihilation processes.

4.2. Neutrino mass and mixing

In this minimal model, with the choice of parameter space we discuss some numerical in-
sights to neutrino phenomenology. Using equation (3.6), with the masses for subsequent fields
Mpy =110 GeV My = 800 GeV and choice of Yukawa parameters |Ysi| = 0.8, Y| =
1074, |Y r3] = 0.282, we get the sum of the neutrino masses of the order of sub-eV range (~ 0.03
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Table 3
The benchmark points allowed by all the theoretical and experimental constraints. The density of the dark matter S is
dominated by either annihilation or co-annihilation or combined effect of these processes. We consider Y¢] =Y¢3 =Yy
to avoid flavor violating decay processes.
Channel Mpum K M+ Yy Qp Mh2 Percentage
(GSV) (GC{/)
o (SS— WEWF) 4%
BP-cl 501 -0.0384 582 -0.05 0.1233 o(SS— HH) 2%
o(SS—Z2Z) 2%
o (EfEf —
WEWE)65%

o(EfET = ZH) 20%
o(EfEf — 1) 3%

o(SS—> WEWF) 19%
BP-c2 501 -0.087 586.2 20.05 0.1162 o(SS— HH) 10%

o(SS—>ZZ) 9%

o(SS—> 1) 3%

o (EfEf —

wEw)42%

o(ELET — ZH) 13%

+ -+ o
o(EfEf — 1) 2%

o (5SS > WEWF) 26%
BP-c3 501 -0.122 589.5 -0.05 0.1234 o(SS— HH) 15%
o(SS—ZZ) 13%
o(SS—tt) 4%
U(EliEfE»
+w=t
WEWE)30%
o(EYEF — ZH) 9%
+ -+ -
o(ETE] —tt) 1%

o(SS—> WEWF) 44%
BP-c4 501 -0.148 595 -0.05 0.1166 o(SS— HH) 26%

o(SS—Z7Z) 22%

o(§SS—tt) T%

eV) for Higgs portal coupling ¥ < 107°. This smallness of neutrino mass does satisfy current
upper bound on sum of the active neutrino masses [62,63], and the tiny « is also directly asso-
ciated with dark matter relic density via the 7-channel process. We are able to generate mixing
angles 01 = 32.7°, 013 = 8.4°, 6,3 = 44.71° and mass differences Am%l =7.44 x 1077 eV2
and Am%l =4.9 x 107* eV? with phases o = § = 45°. Although Am%l is within the present
30 bound yet, Am%l is deviate from the actual range for this choice of the parameters. For
the other choice of the parameters (mainly Yy2), we can get Am%1 is within the present 3o
bound yet, Am%1 is deviate from the actual range for this choice of the parameters. We have
also opted for Casas-Ibarra parametrization [64] extended to radiative model [65] to solve this
inconsistency, however, in that case also exactly similar kind of problem arises. As a conclu-
sive remark we obtained from this study is that, within the scotogenic model, it is unable to
explain all the neutrino oscillation parameters with just a single generation of fermion dou-
blet. One must introduce an additional field that interact with the lepton doublet to successfully
explain the neutrino mass. We are adding an extra fermion doublet F as ad hoc basis in the

16



P. Das, M.K. Das and N. Khan Nuclear Physics B 964 (2021) 115307

Table 4

The benchmark points allowed by all the theoretical and experimental constraints. o (SS — vv) is mainly dominated by
the ¢ 4+ u-channel annihilation processes whereas o (SS — YY), Y = W, Z, H,t dominated by the s + cross-channel
annihilation processes. We consider Y ¢ = Y r3 = Y to avoid flavor violating decay processes.

Channel Mpum K Mg+ Yy Qp Mh2 Percentage

(GeV) (GeV)

o (SS—>vv) 72%
BP-d1 325 0.05 1000 0.225 0.1173 o(SS— WiW¢) 12%
o(§SS— HH) 7%
o(§8S—Z7) 6%
o(SS—1t1) 4%

o(SS—vv) 88%
BP-d2 500 0.05 1000 0.250 0.1219 o (SS > WEWF) 5%

o(SS—>Z7Z) 3%

o(§S— HH) 3%

o(SS—>vv) 96%
BP-d3 675 0.05 1000 0.280 0.1169 o (SS > WEWF) 3%

o(SS—>Z27Z) 1%

o(§S— HH) 1%

model with mass Mr = 2500 GeV to test the inconsistency. The interaction Lagrangian of
Eq. (2.4) will be slightly modified as )~ Yy;;L;Fp;S. The Yukawa couplings are set as

=123, j=12
Y1l =0.1, Y12l =5 x 1074, [Y 131 =5 x 1073, |V 21| =4 x 1072, |V 22| =4.2 x 1073 and
|Yy23] =4.9 x 1072 to observed exact 3¢ bounds on the light neutrino parameters. These sets
of couplings give rise to Am%l =7.08 x 107> eV? and Am%1 =2.5 x 1073 eV? with phases
a =28.6479° and § = 42.9718°, which satisfies the current bound on the parameters space [66].
Even though the inclusion of this ad hoc particle with low mass could explain the neutrino pa-
rameters completely, anyhow it could also affect dark matter parameter space in this model itself.
However we check that the choice of My = 2500 GeV and with a small mixing parameters from
> YNijqu s has a very tiny effect on the relic density calculation. It will also have negligibly

j=1.2
small affect on the collider search results for first generation of heavy fermion. To get the collider
signature of this heavy particle we need a very large luminosity > 1 ab~! (ab=attobarn) at LHC

with energy /s = 14 TeV.
4.3. Collider searches

We perform a search for the lightest charged fermion E ft in the context of 14 TeV LHC
experiments with integrated luminosity of 3000 fb~! for event’s process pp — E liE . where
SM leptons [ is produced through decays of the charged fermion as E ft — [*5. Hence, in the
final state, events have two same flavors opposite sign (SFOS) leptons, including significant
missing transverse energy coming from the LSP S. Here, processes like pp — WW (W — [v),
pp — ZW (Z - U, W —Ilv)and pp - ZZ (Z — ll, Z — vV) can add to the SM background
if additional charged leptons get misidentified or remain unreconstructed. Also other reducible
backgrounds like pp — t7,t — Wb, W — [v may also produce two leptons and jets in the final
state. Similarly the Drell-Yan process pp — Z*, y* — Il jets (jets misidentified in our case)
can also contribute to the SM background. Multi-jets final state events would hugely affected by
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Fig. 12. Production cross-section for the heavy charged fermions pp — E itE T at the 14 TeV LHC experiment.

this background due to the large production cross-section. The additional cuts on number of jets
reduce these backgrounds to be less than one. This channel pp — EliEfF EljE —>*S > II+Er
is analyzed by performing a detailed cut based collider analysis. We will show the projected
exclusion/discovery reach of direct heavy charged fermion and dark matter as transverse missing
energy searches in these channels by performing a detailed cut based collider analysis.

We use FeynRules [54] to get the input codes for MadGraph-2.6.5 [67]. Using the
particle spectrum into the MadGraph-2.6.5, we calculate the production cross-section of
the heavy charged fermions. We also verified the results using SARAH-4 . 8.6 [68,69] includ-
ing SPheno-4.0.3 [70] mass spectrum into the MadGraph-2.6.5. We use MadGraph-
2.6.5 to generate the signal as well as background events and PYTHIA-8 .2 [71] for shower-
ing and hadronization. All generated signal and background events are processed through a fast
simulation package Delphes-3.4.1 [72] and we choose ALTAS configuration card for the
analysis.

The events are selected with two same flavors opposite sign (SFOS) isolated electron. Total
number of muon is very less in the final state events as Yy ~ 0. Anyways, we consider both
the electron and muon in the final state with transverse momentum pr larger than 30 GeV. The
charged lepton isolation requires that there is no other charged particle with pr > 0.5 GeV/c
within a cone of AR = /A®2 + An? < 0.5 centered on the cell-associated to the charged lep-
ton. Besides, the ratio of the scalar sum of the transverse momenta of all tracks to pr of the
lepton (chosen for isolation) is less than 0.12 (0.25) for the electron (muon). Here p7, ® and n
are the transverse momentum, polar angle and pseudo-rapidity of charged leptons respectively.
The charged lepton candidates are required to be within a pseudorapidity range of |n| < 2.5.
Number of light and b-jets in the final state are taken to be zero.

A variety of kinematic variables have been used to design the optimized signal regions. Out of
them, the invariant mass Mj; and transverse missing energy £ 7 can be a useful probe to search for
the charged fermion E li of this model. First and foremost, the invariant mass of the two final state
[, My = My, (I and [, represents the pr ordered leading and sub-leading [ in the final state) is
used to discriminate the background. For the signal process, the [ pair is produced from the decay
of the E li and thereby no peaks around ~ 110 — 115 GeV. On the other hand, the M;; distribution
for the most dominant ZZ /W Z background has a peak roughly around ~ 110 — 115 GeV and
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Table 5

The three optimized signal regions (SR-1, SR-2 and SR-3).

Signal region Various cuts

Mj; [GeV] E1 [GeV]

SR-1 100.0 100.0

SR-2 110.0 140.0

SR-3 120.0 200.0
Table 6

The cross-section for the process pp — Eli E?:, Eit — %S for three
benchmark points (BMP-1, BMP-2 and BMP-3).

BMPs Cross-sections [fb] Backgrounds Cross-sections [fb]

BMP-1  303.1 pp—>WW 282102
BMP-2  4.806 pp—>WZ 12.5581
BMP-3 291 pp— 227 30.0432

Table 7

The signal significance for the three benchmark signal points (BMP-1, BMP-2 and BMP-3) corresponding to the three
optimized signal regions (SR-1, SR-2 and SR-3) are shown. In addition, the total background yield and the total signal
yield is also given.

Signal Total Benchmark points: (M .+, M) in GeV
region number of 1
backgrounds BMP-1 (150, 50) BMP-2 (450, 300) BMP-3 (500, 30)
# events Significance # events Significance # events Significance
SR-1 5260.9856 52768.92 178.414 2296.05 23.42 1883.05 19.6
SR-2 2361.8417 10320.5 91.64 1613.35 25.5887 1718.07 26.9
SR-3 668.5 1909.42 37.6 705.755 19.038 1464.02 31.6978

the distribution smoothly falling after 115 GeV since the two [ are produced from the decay of
Z boson. The transverse missing energy £ can also be a useful probe to search for the charged
fermion E ]i of this model where the only contribution to £7 comes from the v produced by
the leptonically decaying W for the background and the dark matter itself behave as Fr for the
signal process.

Signal events have been generated for various combinations of M+ and Ms. M+ has been
varied from 150 GeV to 1600 GeV with a step size of 30 GeV, while Mg has been varied between
10 GeV to M E* with a step size of 30 GeV. It is to be noted that to avoid the bounds from the
Electroweak Precision Parameters S, 7 and U we took large cos 8 = 0.995 and M Ef = 1500
GeV and fixed Y = 0.165.

Three different signal regions are chosen, SR-1, SR-2 and SR-3 (see Table 5), aimed at max-
imizing the significance of signal events with small, intermediate and large mass difference,
respectively [73]. The selection cuts for SR-1, SR-2 and SR-3 have been chosen by performing a
cut based analysis for the three representative benchmark points: BMP-1: M B = 150 GeV,
Ms = 50 GeV, BMP-2: MEli =450 GeV, Mg = 300 GeV and BMP-3: ME]i =500 GeV,
Ms =30 GeV, respectively.
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Fig. 13. The invariant mass distribution of the two same flavor opposite sign (SFOS) leptons for the signal pp —
EEEET, Eit — IS - 1l + 7 and pp — VV,V = W, Z backgrounds. The distributions for BMP-1, BMP-2 and
BMP-3 have been illustrated as red, blue and magenta solid colors while the pp — V'V, V = W, Z background has been
shown in brown color.
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Fig. 14. The transverse mass energy distribution for the signal pp — EliElq:, Eli S IES > I+ Er and pp —
VV,V =W, Z backgrounds. The distributions for BMP-1, BMP-2 and BMP-3 have been illustrated as red, blue and
magenta solid colors while the pp — V'V, V = W, Z background has been shown in brown color.

We show the cross-section of the process pp — E liE [ for different mass in the Fig. 12. The
values of T pps EXEF E*1%s for BMP-1, BMP-2 and BMP-3 have been listed in Table 6. The

signal yield (S) has been computed as follows:
SZGppﬁEf:E?:,EIj:*)liSchgEff’ (41)

where, £ is the integrated future LHC luminosity (£ = 3000 fb~!) and &g rf represents the
efficiency of the signal region. ey is the ratio of the number of signal events which pass through
a certain signal region (Njpiia1) to the total number of generated signal events (Nfinal); €£ff =
Nfinal /Ninitial -
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Fig. 15. The exclusion plot for the signal pp — EliET Eli S I1ES > 11 +F7 and pp — VV,V =W, Z backgrounds
at 4/s = 14 TeV with integrated luminosity L = 3000 b1

The M, distribution for the signal benchmark points (BMP-1, BMP-2 and BMP-3) and the
total background pp — VV,V = W, Z has been shown in Fig. 13. The distributions for BMP-1,
BMP-2 and BMP-3 in Fig. 13 have been illustrated as red, blue and magenta solid colors while
the pp — VV,V = W, Z background has been shown in brown color. We show the transverse
missing energy £ r distributions in Fig. 14 for the same benchmark points.

The optimized selection cuts corresponding to SR-1, SR-2 and SR-3 are given in Table 5. The
signal yields for BMP-1, BMP-2 and BMP-3, along with the corresponding background yields
obtained after application of selection cuts listed in SR-1, SR-2 and SR-3, respectively, have also
been shown in Table 7. It should be noted that the signal significances have been obtained without
assuming any systematic uncertainty. The signal significance is computed as S/+/S + B, where
S and B are the signal and background yields. SR-1 results in a signal significance of 178.414
for BMP-1, while SR-2 and SR-3 has a signal significance of 25.5887 and 31.6978 for BMP-2
and BMP-3, respectively.

We also derive the projected exclusion limits in the M EE Mg plane from direct heavy
charged-fermion searches at 14 TeV LHC experiments with an integrated luminosity of 3000
fo~! in the 2/ + E search channel. The value of signal significance is computed for the three
optimized signal regions (SR-1, SR-2 and SR-3) and the maximum among them is considered in
deriving the projection regions. The projected exclusion and discovery region corresponds to the
sector with signal significance > 20 and > 50, respectively. They have been represented in light
blue and dark blue colors, respectively, in Fig. 15. It can be observed from Fig. 15 that in this
model, direct heavy charged-fermion searches at 14 TeV LHC experiments with an integrated
luminosity of 3000 fb~! in the 2/ 4+ F 1 search channel has a potential exclusion (discovery)
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Fig. 16. The exclusion plot for the signal pp — E;EET, E;E SIES > +ET and pp — VV,V =W, Z backgrounds
at /s = 13 TeV with integrated luminosity of 139 L.

reach up to ~ 1380 GeV (~ 1050 GeV) for the dark matter mass Mg < 10 GeV. It is to be
noted that the stransverse m7, [74,75] cut in this analysis is not included, and we also agree if
we include it may exclude larger region of the parameter space. The ATLAS [76] collaboration
done such analysis including m 7, cut from direct slepton searches in the [/ + £ 7 final state at
/s = 13 TeV with integrated luminosity £ = 3000 fb~! within a simplified R-parity conserving
Supersymmetry framework. It is also true that one can include further kinematic variables (such
as different pr, Any, Ay etc. in different region) and/or more signal regions to maximize the
exclusion contour on the same plane. Further analysis by including more number of cuts may
lead to a better and improved results. However in this simplified model, the minimum sets of cut
M;j; ans F 1 with three signal regions are enough to probe this model at future collider analysis.
It would also be good to see, how much this model is already probed by current data, following
the outline in the ATLAS search at /s = 13 TeV with integrated luminosity 139 fb=! [76].
Including the invariant mass Mj; and transverse missing energy £r, they used the stransverse
mra [74,75] and other cuts (see Table 2 of the Ref. [76]). They choose various final state. To
compare with our analysis, we stick with “SR-SF-0J” (same flavor opposite sign leptons without
jets) final state. We generate the events for different combinations of M E* and Mg. M E* has
been varied from 150 GeV to 800 GeV with a step size of 40 GeV, while Mg has been varied
between 10 GeV to M E* with a step size of 30 GeV. For the same signal region as in Table 2 of
the Ref. [76], one can also get the similar exclusion contour plot (shown in Fig. 16) for the direct
heavy charged-fermion searches at 13 TeV LHC experiments with an integrated luminosity of

22



P. Das, M.K. Das and N. Khan Nuclear Physics B 964 (2021) 115307

139 fb~!. We find the exclusion (discovery) reach up to ~ 700 GeV (~ 500 GeV) for the dark
matter mass Mg < 10 GeV.

5. Conclusion

In this work, we study the possibility of singlet scalar dark matter and neutrino mass in the
minimal scotogenic model. The structure of the model projected here uses a minimum number of
the field content. On the top of the SM field content, this model contains vector-like one neutral
and two charged fermions along with a singlet scalar field. With the minimal choice of field con-
tent, we are unable to afford all the neutrino oscillation parameters at the right ballpark. Hence,
one extra fermion doublet is added in the model as ad hoc basis to complete the neutrino frame-
work. In the presence of other particles, one can get the correct relic density via co-annihilation,
or one may have the interaction term such that the dark matter can annihilate into SM particles
through additional cross-channel, 7- and u-channels. The constructive or destructive interference
among these channels helps to modify the effective annihilation cross-section and give the right
relic density of the dark matter in our model.

The vector-like fermions have an interaction term with the Higgs scalar fields for which give
rise to a mass difference between the degenerate neutral and charged fermions of the doublet
at tree-level. The interaction term with singlet scalar helps to generate the neutrino mass and
mixing angles via a 1-loop level through the radiative seesaw mechanism. Both of these inter-
actions terms also help to get the exact relic density of the Universe for large ranges 0.1 — 100
TeV (Mpy 2 100 TeV violates the unitary bounds [77,78]) of the dark matter mass. The Higgs
portal coupling O(1073) along with these Yukawa couplings @(10~") can explain the neutrino
mass and mixing angles where the relic density is achieved via the - and u-channel annihila-
tion or other co-annihilation processes. These new Yukawa couplings also play the lead role in
explaining the discrepancy of the muon anomalous magnetic moment.

We also performed collider analysis to search the lightest charged fermion E ft in the context
of 14 TeV LHC experiments with integrated luminosity of 3000 fb~! for process pp — E liE F
where, SM leptons [ is produced through decays of the charged fermion as E li — ItS. We
have only analyzed the familiar 2/ 4+ £ 7 final states to get the signature at the future collider.
The leptonic final states produce relatively clean signals which are easy to identify in a hadron-
rich environment like the LHC experiment. We choose benchmark points that ensure the relic
density and neutrino parameters. We further optimized the selection cuts to enhance the 2/ +E 7
signal significance over the SM backgrounds. Our collider study showed that the dilepton final
state gives promising results for the discovery of the heavy charged particle at 14 TeV LHC
experiments with an integrated luminosity of 3000 fb~!, which may be an indication of the dark
matter at the collider. We have also shown the projected exclusion and discovery limits in the
M EE T Mg plane from direct heavy charged-fermion searches at 14 TeV LHC experiments with

an integrated luminosity of 3000 fb~! in the 2/ +F 7 search channel. The projected exclusion and
discovery region corresponds to the sector with signal significance > 20 and > 5o, respectively.
It can be observed that in this model, direct heavy charged-fermion searches at 14 TeV LHC
experiments with an integrated luminosity of 3000 fb~! in the 2/ + F7 search channel has a
potential exclusion (discovery) reach up to ~ 1380 GeV (~ 1050 GeV) for the dark matter mass
Mg < 10 GeV.

One can also put bound on the Yukawa coupling as larger Yukawa coupling may violate the
stability of the scalar potential any of the direction the scalar fields at any scale (at least up to

23



P. Das, M.K. Das and N. Khan Nuclear Physics B 964 (2021) 115307

the Planck scalar 1.22 x 10'® GeV). In this model, we work with such a choice of the Yukawa
couplings and « (especially L) so that there is no new minima arise along any of the scalar field
directions. In the future, we will elaborate on the details stability and/or metastability analysis
for various regions of the parameter space, which could also explain all the neutrino masses and
mixing angles, exact relic density and baryon-asymmetry of the Universe altogether.

In the concluding remark: if nature selects a single component WIMP dark matter candidate,
which interacts with the nucleus feebly through s-channel, helps to get the neutrino mass of
order O(0.1) eV. On the assumption that the relic density can achieve via 7-channel annihilation
processes and we may have to think of a new way to detect dark matter in the direct-detection
experiments. In that case, collider searches with high luminosity are better options to detect dark
matter.
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