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I. INTRODUCTION

Astrophysical evidences like galaxy rotation curves, gravitational lensing, large scale structure of the universe and
anisotropies in Cosmic Microwave Background Radiation (CMBR) hint towards the existence of an unknown form of
non-luminous matter, called dark matter (DM) in our Universe [1, 2]. However they imply only about the gravitational
property of DM, whose relic abundance is precisely measured by the satellite borne experiments such as WMAP [3]
and PLANCK [4] to be Qpyh? = 0.1199 + 0.0027. However, the microscopic nature of DM is still a mystery. In fact,
none of the particles in the standard model (SM) mimics the properties of DM. This leads to a rich possibility of DM
model building in the beyond SM physics, though the WIMP (Weakly Interacting Massive Particle) paradigm is the
most popular one.

Another significant hint of physics beyond the SM came through the discovery of non-zero masses of left-handed
neutrinos in the last decade. Long baseline neutrino oscillation experiments [5, 6] confirmed that neutrinos have sub-
eV masses and they mix among themselves. This also has compelled particle physicists to explore structures beyond
the SM. There are two major issues involving neutrinos: (i) their nature, Dirac or Majorana, (ii) mass hierarchy,
normal or inverted. A popular solution for non-zero Majorana masses of active neutrinos is to introduce the seesaw
mechanisms [7-9] which are different realisations of the dimension five operator [10]: LLHH /A, where L and H are
the lepton and Higgs doublet of the SM and A is the scale of new physics. After electroweak (EW) symmetry breaking
the neutrino mass is given by M,, = (H)?/A. Thus for tiny neutrino mass M, ~ 0.1 eV, the new physics scale requires
to be pretty heavy A ~ 10'* GeV when the involved couplings are order 1. However, A can be reduced down to a
TeV scales if the couplings are assumed to be smaller.

In an attempt to bring dark matter and neutrino mass mechanisms under one umbrella (for some earlier attempts,
see [11-13] ), we consider a minimal type-1I seesaw extension of the SM by adding a TeV scale triplet scalar A with
hypercharge 2 and consider two vector-like leptons: one doublet N = (N° N7)T and a singlet x. A Z5 symmetry
is also imposed under which N and x are odd while all other fields are even. As a result the DM emerges out to
be a mixed state of singlet and neutral component of the doublet vector-like leptons. Such DM frameworks have
been discussed earlier; see for example, refs. [14-25]. However, the presence of the triplet adds to some interesting
DM phenomenology as we will discuss in this paper. Since the scalar triplet can be light, it contributes to the
relic abundance of DM through s-channel resonance on top of Z and H mediation. Moreover, it relaxes the strong
constraints coming from direct detection.

The triplet scalar not only couples to the SM lepton and Higgs doublets, but also to the additional vector-like
lepton doublet N. The Majorana couplings of A with N, L and H is then be given by fNANN + fLALL+ uAtHH.
Note that if the triplet is heavier than the DM and leptons, it can be integrated out and hence effectively generating
the dimension five operators:

LLHH NNHH
( AT ) ’

where A ~ Ma. After EW symmetry breaking A acquires an induced vacuum expectation value (vev) of O(1) GeV
which in turn give Majorana masses to light neutrinos as well as to N?. Since NV is a vector-like Dirac fermion,
it can have a Dirac mass too. As a result N splits up into two pseudo-Dirac fermions, with a mass splitting of
sub-GeV order, whose elastic scattering with the nucleon mediated by Z-boson is forbidden. This feature of the
model leads to a survival of larger region of parameter space from direct search constraints given by the latest data
from Xenon-100 [26] and LUX [27]. On the other hand, the Higgs mediated elastic scattering of the DM with the
nucleon gives an excellent opportunity to detect it at future direct search experiments such as XENONIT [28]. It is
harder to see the signature of only DM production at collider as they need to recoil against an ISR jet for missing
energy. However, the charged partner of the DM (which is next-to-lightest stable particle) can be produced copiously
which eventually decays to DM giving rise to leptons and missing energy. More interestingly, the charged companion
can also give large displaced vertex signature as we will elaborate.

The paper is arranged as follows: in section II, we discuss model and formalism, mixing in fermionic and in scalar
sector; in section ITI, we explain non-zero neutrino mass in a type II see-saw scenario; relic abundance of DM is
illustrated in section IV; inelastic scattering of DM with the nucleus for direct search is presented in section V;
section VI is devoted for direct detection through elastic scattering and limits on model parameter space; displaced
vertex signature of the charged partner of DM is discussed in sec VII. With a summary of the analysis, we finally
conclude in section VIII.



II. THE MODEL

As already been stated in the introduction, we extend the standard model (SM) by introducing two vector like
fermions N7 = (N N7) (1,2,-1) and x° (1,1,0) and a scalar triplet A (1,3,2). The numbers inside the parenthesis
are quantum numbers under the SM gauge group SU(3). x SU(2)r, x U(1)y. A Z; symmetry is imposed under which
x" and N are odd, while other fields are even. The relevant Lagrangian involving the additional fields is given by:

Luew = NN + xXO9x° + (D" A)N(D,A) + MyNN + M xx° + Lyur — V(A H), (1)

where D, is the covariant derivative and is given by :

g Y
D, =0, — Z§T.W# - zg/5

B, .
The scalar potential in Eq. (1) is given by
V(AH) = —MEH'H + A\g(H'H)? + pA (ATA) + Aa(ATA)?

+ Aga(HTH)(ATA) + % [WATHH +hel] , (2)

where A in matrix form is
At A+
2 A
A= (wg N) . (3)
V2

We assume that p% is positive. So it doesn’t acquire a vacuum expectation value (vev). But it gets an induced vev
after EW phase transition. The vev of A is given by

A) = up ~ p” 4
S T ) W

where v is the vev of Higgs field and its value is 174 GeV.
The Yukawa interaction in Eq. (1) is given by:

1 — S -
Ly = 5 [(fo)apLoiTaALy + fnNoiTsAN +hoc] + [YNHXO +hel (5)

which importantly inherit the source of neutrino masses and DM-SM interactions.

A. Singlet-doublet fermion mixing

After electroweak phase transition vev of Higgs field introduces a mixing between N° and x°. The mass matrix is
given by
MX mp
M = (6)

mp MN

where mp = Yv. Diagonalizing the above mass matrix we get two mass eigenvalues:

2
m
M, ~M, — —L2
PN My — My
2
m
My~ My + —2L— 7
2NN A Q

where we have assumed mp << My, M,. The corresponding mass eigenstates are given by:

Ny = cosOx" + sin§N®
Ny = cos N —sin 6y, (8)



where the mixing angle is given by:

2mD
tan20 = —— . 9
an My — M, (9)
Due to the imposed Zs symmetry, the lightest odd particle remains stable. We choose this to be Vi and hence
becomes a viable candidate of DM. The next-to-lightest particle is the Zs odd charged lepton N~ whose mass in
terms of My, My and 6 is given by:

M=* = M;sin? 0 + My cos® 0 ~ My . (10)
From Eq. 9, we see that Y and sin are not two independent parameters. They are related by:

AM sin 20

Y=—— (11)
with AM = My — M;. We use sin @ as an independent parameter in our analysis. We will see that the mixing angle
plays a vital role in the DM phenomenology. In particular, the relic abundance of DM gives an upper bound on the
mixing angle to be sinf < 0.2. For larger mixing angle the relic abundance is less than the observed value in all
parameter space. We also found that a lower bound on sin f comes from the decay of N, and N~ after they freeze out
from the thermal bath. In principle these particles can decay on, before or after the DM (N7) freezes out depending
on the mixing angle. In the worst case, No and N~ have to decay before the onset of Big-Bang nucleosynthesis. In
that case, the lower bound on the mixing angle is very much relaxed and the out-of-equilibrium decay of Ny and N~
will produce an additional abundance of DM. Therefore, in what follows, we demand that N, and N~ decay on or
before the freeze out of DM (N7). As a result we get a stronger lower bound on sinf, which of course depends on
their masses.

If the mass splitting between N~ and N is larger than W®-boson mass, then N~ decay preferably through the
two body process: N~ — N; + W ~. However, if the mass splitting between N~ and Nj is less than W*-boson mass
then N~ decay through the three body process: N~ — N1£~ ;. For the latter case, we get a stronger lower bound
on the mixing angle than the former. The decay width of N~ is given by [14]:

G%.sin?0
2473

where G is the Fermi coupling constant and I is given as:

I = MR T (12)

_ 1 1/2 2 12 2a
I= Z)\ (1,a%,b%)Fi(a,b) + 6F2(a,b)In Tr L)) (13)

In the above Equation Fj(a,b) and Fs(a,b) are two polynomials of a = My /My and b = my/My, where my is the
charged lepton mass. Up to O(b?), these two polynomials are given by

Fi(a,b) = (a®—2a° —Ta*(1+b*) + 10a®(b* — 2) 4 a*(126> — 7) + (30 — 1))
Fy(a,b) = (a®+a*+d®(1—20%)) . (14)

In Eq. (13), A\Y/2 = /1 + a* +b* — 2a% — 202 — 2a2b? defines the phase space. In the limit b = m;/My — 1 —a =
AM/My, A/2 goes to zero and hence I — 0. The life time of N~ is then given by 7 = I'~!. We take the freeze out
temperature of DM to be Ty = M;/20. Since the DM freezes out during radiation dominated era, the corresponding
time of DM freeze-out is given by :

t;=0.301g; /220 (15)

T

where g, is the effective massless degrees of freedom at a temperature Ty and mp; is the Planck mass. Demanding
that N~ should decay before the DM freezes out (i.e. 7 Sty) we get

1.375 x 1075\ /% /200GeV\*? / g, \V4[/ M
sinf > 1.1 1075 (=220 hasiAd - ). 1
Sinf 2 1178910 < i > ( My > (106.75) (180GeV) (16)

Notice that the lower bound on the mixing angle depends on the mass of N~ and V7. For a typical value of My = 200
GeV, M; = 180 GeV, we get sinf > 1.17 x 107°. Since 7 is inversely proportional to M3, larger the mass, smaller
will be the lower bound on the mixing angle. We will come back to this issue while calculating the relic abundance
of DM in section IV.



B. Doublet-triplet scalar mixing

In the scalar sector, the model constitutes a doublet and a triplet. The quantum fluctuations around the vacuum

isgivenas:
1 1
0 0, +¢0 0 0, -0
(ZS = U+h +1 ,A = —(u +5 +1

The mass matrix is given as :

po/2 MX
where M3 = p3 + Agav?/2. The two neutral Higgs fields (CP - even) mass eigenstates are given by
H; = cosOph? + sin 08, Hy = — sin Oyh® + cos 0yd°

where H; is the standard model like Higgs and Hs is the triplet like Higgs. The mixing angle is given by

I

200 = —— .
tan 26, (MX*MEI)

The corresponding mass eigenvalues are My, (SM Higgs like) and My, (triplet like) and are given as :
2 a2 (p/ 2)2

(pv/2)?

M}~ MR+ —5———.
=T g g

(17)

(18)

(19)

(20)

(21)

Since the addition of a scalar triplet can modify the p parameter, which is not differing from SM value: p =

1.00037 £ 0.00023 [29], so we have a constraint on the vev ua as:
ua < 3.64GeV.

(22)

For different values of Ma we have shown p as a function of sinfy in Fig. (1). From Eqgs.(20), (4) and (22) we see
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FIG. 1: Contours of different values of Ma (in GeV) in the plane of y versus sin 6y

that there exist an upper bound on the mixing angle

sinfy < 0.02 (174GeV> 1

1 — 0.3931/125GeV)?
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We also get a constraint on sinfy from the decay of SM Higgs branching fractions for different channels. For
example let us take the decay of H; to 7 leptons. The decay width is given by :

My, m? am2 \ >/ )
I = 871:1 TZT <1 — MQT> (1- sin? o) (24)
H,

Comparing with the experimental branching fraction Br(H; — 77) = 6.272 x 1072, we found that sinfy = 0.176.
So any value less than this will be allowed by the experiment. Thus we see that the bound obtained on the mixing
angle is less constraining than the bound from p parameter. Therefore, we will use the constraint on the mixing
angle, obtained from p parameter, while calculating the DM-nucleon elastic scattering in section (VI). Since the
doublet-triplet scalar mixing is found to be small we assume that the flavour eigenstates are the mass eigenstates
and treat Mg, = My, My, = Ma through out the calculation.

We assume that there is no mixing between the neutral CP-odd states as well as in the charged states. So that the
£Y is absorbed in the unitary gauge by the gauge bosons after the symmetry breaking and the charged triplet scalar
fields will remain as the mass eigen fields.

III. NON ZERO NEUTRINO MASS

The coupling of A to lepton and Higgs doublets combinely break the lepton number by two units as given in Eq.
(5). As a result the AL,Lg coupling gives Majorana masses to three flavor of active neutrinos as:

2

(Mo = V2(S1)as(8) = ()as g (25)
A

Taking p ~ Ma ~ O(10*) GeV, we can explain neutrino masses of order 0.1eV with a coupling strength fr = 1.
However, the scale of Ma can be brought down to TeV scales by taking the smaller couplings.
To get the neutrino mass eigen values, the above mass matrix can be diagonalised by the usual Upjsnyg matrix as :

dia T
M, = Upnins M" 9 Upyns » (26)
where Upyns is given by
C12C13 S512€13 S13€
_ i5 is
Upmns = | —812C23 — €12523513€"°*3  c1aca3 — 81252351313 sazciz | .Upn s (27)
i s
512823 — €12€23513€"°13  —C12823 — 512€23513€'°1%  C23C13
with ¢;;, s;; stand for cos f;; and sin 6;; respectively and U, is given by
Upn = Diag (e 7, e7"72,1) . (28)

Where 71, 72 are two Majorana phases.

IV. RELIC ABUNDANCE OF DM

The lightest particle Ny, which is stabilized by the imposed Z5 symmetry, serves as a viable candidate of DM.
The relic abundance of N; can be obtained through its interaction with N~ and Ns. The main processes which
contribute to the relic abundance of DM without involving triplet scalar are [14] :

N\N, - HH,ZHW*W~,ZZ, ff
N\Ny - HH, ZH W*W~,ZZ, ff
NoNy, - HH,ZH W*W =, ZZ, ff
N\N* - Wy WEH W*Z, f'f
NoN* — Wy WEH W*Z, f'f
NENE 5 WEWE, ZH, 42,77, 22, f |

In presence of the light scalar triplet A, there will be additional s-channel processes through A® mediation as well
as processes involving A particles in the final states. The relevant processes are :



NNy A fF HH WW=, 22

NiN, — ATHA ATA-AOAC WHAE AOH A0Z
- 0 _

NNy &5 ffHHWAW =, 22

NNy — AtHA== ACAQ A+A— WEAT AH, A7

NIN*t = A=A+ W-ATH ACA+ HAY, ZAH, AAT, W+HA?
- 0 _

NoNy 25 ff, HH,WHW =, 22

NoNy — ATHA=" ATA-AAY WEAE AH A Z

NoN*t s A=A+ W-ATT ACA+ HAY, ZAH, AAT, WHA?

NENE 5 ATFA— AtA—, W+A~, ZA°

Relic density for Ny is given by [30]

1.09 x 10%Gev—t 1

1/2

QN] h2 = 9
g Tl J(xy)

(29)
where J(zy) is given by
J(xg) = / lolthen 4, (30)

where (o|v|)eg is thermal average of annihilation and coannihilation cross-sections of the DM particle. The expression
for effective cross-section can be written as :

2
(|0]) et =20 (N1 N1) + 22292 5 (Ny Ny ) (1 + w)3/ 2eap(—aw)
s Yeorr
+ 2%0’(]\]1]\77)(1 + w)?2exp(—zw)
eff
> 81)
+ Q%J(NQN_)(]. + w)3exp(—2zw) + ggTza(NgNg)(l + w)derp(—22w)
eff eff
2
+ ;T:‘U(N*N*)(l + w)?erp(—2zw).
eff

In this equation g1, g2, g3 represent spin degrees of freedom for particles N1, No, N~ respectively and their values
are 2 for all. w stands for the mass splitting ratio, given by w = M'%lMl, where M; is the mass of Ny and N*. The
effective degrees of freedom denoted by geg, and is given by

got = g1 + g2(1 4+ w)3/2eacp(—:1cw) +g3(1+ w)3/2eacp(—:1cw) (32)

To calculate the relic density we use the code micrOMEGAs [31]. We have plotted in fig. 2 the relic density of DM
as a function of its mass keeping the mass difference My — M; = 500 GeV, for three different values of the mixing
angle: sinf = 0.1,0.2,0.3, shown as red, green, purple respectively in the plot. In the left panel of the fig. 2 we use
Ma = 200 GeV, whereas in the right panel of fig. 2 we use Ma = 1000 GeV. The black horizontal line corresponds
to the observed relic density: Qpyh? = 0.1199 4 0.0027 by PLANCK [4]. From fig. 2, we notice that there is a
sharp decrease in relic density near three different points. These three points correspond to the resonant annihilation
of DM to the SM particles via the s- channel processes mediated by Z , h and A, From these figures it is clear
that as sin @ increases relic density decreases. It is due to the fact that the Z and A mediated cross-section increases
for increase in sin @, and hence yield a low relic density. For both the plots in fig 2 we fix the ratio of Majorana
L

couplings to be: J{— = 1072, From the plots in the fig. 2, we conclude that the A field is contributing to the relic

N

density only near the resonance points. Therefore, we can not expect any change in the parameter space if we vary
the ratio of Majorana couplings: }c—fv The cross-sections involving the scalar triplet in the final states does not affect

the relic abundance since in this region of parameter space (M; > Ma) the cross-sections involving gauge bosons in
the final state dominate. As the mass splitting between N; and Ns is taken to be very large in the above cases, only
annihilation channels contribute. Coannihilation channels are Boltzmann suppressed due to this large mass splitting.
We can also see that the triplet effect is also reduced when its mass is 1000 GeV. This is because the total cross-section
is dominated by Ny N; — WTW — and the delta mediated s-channel contribution is suppressed due to the large triplet
scalar mass present in the propagator.
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FIG. 2: Relic density of DM as a function of its mass M; for different values of sinf = 0.1,0.2, 0.3, shown by red, green and
purple respectively. The value triplet mass: Ma = 200,1000GeV is fixed respectively for left and right panel. All these plots
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FIG. 3: Scatter plot for correct relic density, shown by red and green colored points for sin @ = 0.1, 0.2 respectively in the plane
of My and Ms. The triplet mass Ma = 200,1000 GeV is taken respectively for the left and right panel plots. We fixed the
value of Majoranan coupling: fz/fx = 1072 in both the figures.

Now we will try to show the effect of mass-splitting between N7 and N, on dark matter relic density. For this, in
fig. 3, we have shown a scatter plot for correct relic density in the plane of M; and Ms. Red and green points satisfy
the constraint of relic density for sinf = 0.1, 0.2 respectively. Let us first consider the green points satisfying the relic
density. The points on the vertical bar are coming from annihilation channels. In this region of parameter space the
coannihilation cross-sections are Boltzmann suppressed due to large mass splitting. As the mass splitting decreases
the co-annihilation channels also contribute equally as the annihilation channels. For singlet-doublet fermion mixing:
sinf = 0.1 (Red points), we get the correct relic density for DM mass all the way to 800 GeV. However, as the mixing
increases, say sinf = 0.2 (Green points), large contribution from Ny N; — W+ W~ dominates and hence we get a
limited parameter space for correct relic density in the low mass region by keeping large mass splitting between Ny
and Ny. For the same reasosn, we don’t get any parameter space which satisfy the correct relic density with further
increase of singlet-doublet mixing. The top left points, near DM mass 100 GeV in fig 3 are due to the A? mediated
s- channel annihilation processes because the cross-section is exactly the required one for relic density. We are not
getting any such points for Ma = 1000 GeV, because the cross-section is not meeting the relic density criteria at the
resonance point which can be clearly seen from fig. 2.

The AM dependency on the relic density for a specific choice of mixing angle is shown in Fig. 4. In the left panel we
use sin § = 0.1 and that in the right panel sin § = 0.0001. We plot different slices with constant AM = 10, 20, 30, 40, 100
GeV as shown in Blue, Green, Orange, Purple, Red respectively. We note here that with larger AM, the annihilation
cross-section increases due to enhancement in Yukawa coupling Y oc AM. However, co-annihilation decreases due to
increase in AM as o < e~*M . Note that in the small sin § limit the dominant contribution to relic density comes from
the channels involving only N, and N7 in the initial state going to SM gauge bosons, as mentioned in the beginning
of this section. The processes involving Ny N; — SM particle are heavily suppressed with small sinf. As a result,
we first get relics of No and N~ which subsequently decay to N; before N; freezes out. In particular, if the mass
splitting between N~ and N7 is more than 80 GeV, then N~ decays through two body process: N~ — Ny + W~.
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However, if the mass splitting between N~ and Nj is less than 80 GeV, than the former decays through the three
body process, say N~ — Ny + {~ + 7. Notice that the mixing angles sinf = 0.1,0.0001 used simultaneously in the
left and right-panel of Fig. (4) are much larger than the lower bound obtained on the singlet-doublet fermoin mixing
angle as given in eq. 16 by considering the 3-body decay of N~, namely sinf > O(107°).

For large AM the co-annihilation cross-sections decrease, which are expected to be dominant processes in the small
sin @ limit. As a result the relic abundance increases for a particular value of M;. Hence we need a larger AM for
larger DM mass so that the relic density will be in the observed limit.

V. DIRECT DETECTION OF DM THROUGH INELASTIC SCATTERING WITH THE NUCLEI

The Lagrangian relevant to kinetic, mass terms and interaction with the Z boson of the DM can be rewritten as :

Lpyu D iNy (P+ig. Z,y") N
_ 1 — 1 _
~MiNIN: = 5 fn (NICPLNl + h.c) A= > fx (NICPRNl + h.c) A, (33)

where g, is the coupling strength with Z boson and M; can be identified as Dirac mass for DM. When A gets a vev,
the DM gets small Majorana mass m = fyua. The mass matrix is written as :

_ m M1
Mpm = (M1 m) (34)
The presence of small Majorana mass terms for the DM split the Dirac state into two Majorana states Nj and NJ.
The mass eigen values are :
M, =M +m (35)

and the mixing angle is n = 7/4 which is the maximal mixing. The Lagrangian with gauge field Z in terms of the
new eigenstates is given as

1— 1 — 1— 1 -
Lon D GN{in"0uN] — 5 MININ] + 5 Njin 0Ny — 5 MyNN; + ig- Ny N Z,, (36)

From the above expression the dominant gauge interaction is off-diagonal, and the diagonal interaction vanishes.
As a result there will be inelastic scattering possible for the DM with the nucleus. The mass splitting between the
two mass eigen states is given by:

5M=M5—M{ :2m:fNuA. (37)

In this case, the minimum velocity of the DM needed to register a recoil inside the detector is given by [32-36] :

1 mnER
min — oM ’
v a2y, S B ( o + ) (38)
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where Eg is the recoil energy of the nucleon and pu.. is the reduced mass. If the mass splitting is above a few hundred
keV, then it will be difficult to excite N4 with the largest possible kinetic energy of the DM. So the inelastic scattering
mediated by Z-boson will be forbidden. As a result the constraints coming from direct detection can be relaxed. This
in an important consequence in presence of the scalar triplet A.

VI. DIRECT DETECTION OF DM THROUGH ELASTIC SCATTERING WITH THE NUCLEI
N

NS

H; s H;

0 0°0

FIG. 5: Feynman diagrams for direct detection of N1 DM via Higgs mediation.

We shall now point out constraints on the model parameters from direct search of DM via Higgs mediation. The
relevant diagrams through which N7 interacts with the nuclei are shown in Fig. (5). In particular, our focus will be on
Xenon-100 [26] and LUX [27] which at present give strongest constraint on spin-independent DM-nucleon cross-section
from the null detection of DM yet. In our model, this in turn puts a stringent constraint on the singlet-doublet mixing
angle sin @ for spin independent DM-nucleon interaction mediated via the H; and Hs-bosons (see in the Fig. (5)).
The cross-section per nucleon is given by [37, 38]

1 2 2
os1 = mﬂr\/\/ﬂ (39)

where A is the mass number of the target nucleus, p, = Mym,,/(M; + m,) &~ m,, is the reduced mass, m,, is the
mass of nucleon (proton or neutron) and M is the amplitude for DM-nucleon cross-section. There are two t-channel
processes through which DM can interact with the nucleus which is shown in the fig 5. The amplitude is given by:

M= [Zf+(A-2)f}] (40)

i=1,2

where the effective interaction strengths of DM with proton and neutron are given by:

’ n) i Mpn 2 n i Mp.n
DI A ek DI (4)
q=u,d,s Mq q=c,t,b Mq
with
Y sin 20 cos® 6y /m
1 0 q
_ q 42
= (o) 42)
Y sin 20sin% 6y /m
2 _ 0 q
- () (43)

In Eq. (41), the different coupling strengths between DM and light quarks are given by [1] }IL) = 0.020 + 0.004,
£ = 0.026+0.005, £ = 0.118+0.062, £ = 0.01440.004, £\ = 0.0360.008, £\ = 0.118+0.062. The coupling
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of DM with the gluons in target nuclei is parameterized by

(p,n) (p,n)
T =1- 0 fyY (44)
g=ud,s
43 . . : : 43
~44 -44
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FIG. 6: Spin Independent direct detection cross-section for DM as a function of DM mass for sinf ={0.05-0.1} (Purple),
sin # ={0.1-0.15} (Lilac), sin# ={0.15-0.2}(Green),sin § ={0.2-0.25} (Gray), sin # ={0.25-0.3}(Orange),sin § ={0.3-0.35}(Red).
Black curves are the data from LUX and XENON 1T prediction. Value of AM = 100GeV is fixed while Ma = 200GeV is
used. The scalar mixing angle sin 6y = 0.05 is fixed for the calculation.

We have plotted the spin independent direct detection cross-section as a function of DM mass in the Fig.6 by
taking the value of Ma = 200GeV. The plot is generated using different values of the singlet-doublet mixing angle:
sin# ={0.05-0.1} (Purple), sin® ={0.1-0.15} (Lilac), sin# ={0.15-0.2}(Green),sin § ={0.2-0.25} (Gray), sin§ ={0.25-
0.3}(Orange),sin§ ={0.3-0.35}(Red). Two Black lines are drawn in the same figure, which shows the experimental
limit on the SI nuclei-DM cross-section with DM mass as predicted from LUX 2016 and XENON 1T. We see that the
constraint from XENON 100 is very loose on the parameter space.

Since the mixing between A —h is small: sinfy < 5x 1072 , the contribution to the cross-section by the H, mediated
diagram is suppressed. This is also further suppressed by the large mass of Ma present in the propagator. For this
reason we will not getting any difference in cross-section for the higher values of Ma as the cross-section is dominated
by Hi mediation only. It is also noticed from the figure that most of the parameter space is allowed for sinf < 0.15
except for small values of DM mass.

VII. DECAY OF N~ AND THE DISPLACED VERTEX SIGNATURE

The phenomenology of the charged partner of DM is quite interesting. If the mass splitting between N* and N; is
less than mass of W~ | then N~ will decay via three body suppressed process: N~ — Nifvy and N~ — Np+di — jets.
The relevant Feynman diagrams for the decay is shown in Fig. 7. However the right figure is suppressed due to the
small coupling of triplet A with the leptons and the large mass Ma present in the propagator. So the dominant
contribution for decay of N~ is coming from the left diagram of Fig. 7. The decay rate for the process N~ — N1lv,
is given in Eq.12.

In the left panel of Fig. 8, a scatter plot is shown taking relic abundance as a function of DM mass keeping the
mass splitting less than 50 GeV. We have also shown the correct relic abundance as allowed by the PLANCK data
with a horizontal solid black line. We choose those set of points from the relic abundance data which will be allowed
by the PLANCK result and use them to calculate the displaced vertex signature of N* in the right-panel of Fig. (8).
We observe that the displaced vertex becomes very small for larger values of M*, as the inverse of decay width I'~*
is inversely proportional to the mass of decaying charged particle. In Fig. 8, we fix the singlet-doublet mixing angle
to be sinf = 3 x 10~%. The important point to be noted here is that to get a large displaced vertex we need a small
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FIG. 7: Feynman diagrams for 3 body decay of N~.
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FIG. 8: Left panel: Scatter plot showing relic abundance as a function of DM mass with mass splitting less than 50 GeV. Black
solid line shows the correct relic abundance as allowed by PLANCK data. Right panel: Displaced vertex as a function of M +
Value of mixing angle sin = 3 x 10™% is used for calculation.

mixing angle between the singlet and doublet. In fact, the small mixing angle is favored by all the constraints we
discussed in previous sections, such as correct relic abundance and null detection of DM at direct search experiments.
However, from Eq. (16) we also learnt that the singlet-doublet mixing can not be arbitrarily small and therefore, the
displaced vertex can not be too large.

VIII. SUMMARY AND CONCLUSION

We explored the possibility of a singlet-doublet mixed vector-like fermion dark matter in presence of a scalar triplet.
The mixing angle: sin @ between the singlet and doublet plays an important role in the calculation of relic abundance
as well as direct detection. We found that the constraint from null detection of DM at direct search experiments and
relic abundnace can be satisfied in a large region of parameter space for small mixing angle: sin6 < 0.2. If the scalar
triplet is light, say Ma < 500 GeV, then it contributes to relic abundance only near the resonance. On the other
hand, if Ma 2 1 TeV, then it decouples and hence does not contribute to relic abundance of DM.

The scalar triplet couples symmetrically to lepton doublets as well as to the doublet component of the DM.
Therefore, when the scalar triplet acquires an induced vev, it not only gives Majorana masses to the light neutrinos
but also induce a sub-GeV Majorana mass to the DM. As a result the DM, which was originally a vector-like Dirac
fermion splits into two pseudo-Dirac fermions with a mass separation of sub-GeV order. Due to this reason the
Z-mediated inelastic scattering of the DM with nucleon is suppressed. However, we found that the spin independent
direct detection of DM through the SM Higgs mediation is in the right ballpark of Xenon-1T. The absence of Z
mediated DM-nucleon cross-section relaxes the constraint on mixing angle sinf as we can go as high as sinf = 0.3
for DM mass M; > 400 GeV. But this high value of sin § is not allowed by the correct relic abundance. So the bound
on spin independent direct detection cross-section does not put stronger constraint on the mixing angle than we got



13

from relic abundance.

The p parameter in the SM restricts the vev of scalar triplet to ua < 3.64 GeV. This in turn gives the mixing
between the SM Higgs and A to be sinfy O(1072) even if the Ma < 500 GeV. Therefore, A does not contribute
significantly to the spin independent direct detection cross-section.
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FIG. 9: Summary of all constraints in the plane of M; — M> using sinf = 0.1.

We summarize the constraints on the parameters in Fig. 9, where we have shown the allowed values in the plane of
My — M using sinf = 0.1. The green points are allowed by the relic abundance of DM by taking the constraint
from PLANCK data. However there are small regions which are disfavoured by various experimental searches. For
example, the region in cyan color is disfavoured by the collider search of N* and hence the allowed values are given by
M* ~ My > 100GeV. The mass of N; (DM), i.e., My > 45 GeV, is required in order to relax the severe constraints
from the invisible Z boson decay [14]. It is important to note that the direct search of DM does not give any constraint
on the parameter space spanned by M; — Ms for sinf = 0.1.

The charged partner of the DM gives interesting signatures at colliders if M* — M; < 80 GeV. As a result the two
body decay of N* is forbidden. The only way it can decay is the three body decay. For example, the notable one is
N~ — N1¢~ 7. In the small singlet-doublet mixing limit we get a displaced vertex of 10 cm for M* ~ 100 GeV and
a mass splitting of few tens of GeV while satisfying the constraint from observed relic abundance.
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