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Abstract We propose a minimal model for the cosmic coin-
cidence problem Qpy/ 2p ~ 5 and neutrino mass in a type-
II seesaw scenario. We extend the standard model of particle
physics with a SU(2) singlet leptonic Dirac fermion x, which
represents the candidate of dark matter (DM), and two triplet
scalars A o with hierarchical masses. In the early Universe,
the CP violating out-of-equilibrium decay of lightest A gen-
erates anet B— L asymmetry in the visible sector (comprising
of SM fields), where B and L represents the total baryon and
lepton number respectively. A part of this asymmetry gets
transferred to the dark sector (comprising of DM y ) through
a dimension eight operator which conserves B — L. Above
the electroweak phase transition, the B — L asymmetry of
the visible sector gets converted to a net B-asymmetry by
the B + L violating sphalerons, while the B — L asymmetry
of the dark sector remains untouched which we see today
as relics of DM. We show that the observed DM abundance
can be explained for a DM mass about 8 GeV. We then intro-
duce an additional singlet scalar field ¢ which mixes with the
SM-Higgs to annihilate the symmetric component of the DM
resonantly which requires the singlet scalar mass to be twice
the DM mass, i.e. around 16 GeV, which can be searched at
collider experiments. In our model, the active neutrinos also
get small masses by the induced vacuum expectation value
(vev) of the triplet scalars Aj ». In the later part of the paper
we discuss all the constraints on model parameters coming
from invisible Higgs decay, Higgs signal strength, DM direct
detection and relic density of DM.
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1 Introduction

One of the most important aspects of beyond the standard
model (SM) of particle physics is dark matter (DM) phe-
nomenology. There are lots of astrophysical evidences which
ensure the existence of DM [1,2]. The prime among them are
the galaxy rotation curve, gravitational lensing and the large
scale structure of the Universe. Another important puzzle
in physics is why the Universe is baryon asymmetric. The
baryon asymmetry of the Universe is usually given in terms
of n = 28 = (6.12+0.04) x 10719[3], where n, is the
photon nurﬁber density in a comoving volume and is related
to entropy density s as s = 7.04n,,. Here np and nj are
respectively baryon and anti baryon densities. The baryon
asymmetry of the Universe is maximal today, i.e., n = 0.
As aresult 7 can be expressed in terms of baryon abundance
Yp as n = 7.04Yp, where Yp = np/s. The CP violation
within the SM is not adequate to explain the present baryon
asymmetry of the Universe. This is another reason why to
explore the physics beyond the SM (BSM).

Experimentally it has been observed that the relic density
of DM, given in terms of Qpm = ppy /0., 1S about five
times larger than the relic density of baryons in the present
Universe, i.e., 2pm ~ 5Q2p, where QDMh2 =0.12040.001
and Qph? = 0.0224 & 0.0001 [4,5]. This proportionality is
known to be cosmic coincidence problem. The observed DM
abundance in a comoving volume can be given as

npm —10 1GeV QDMh2
YoMm= —=4x10 _— . 1
DM == * (MDM 0.11 M)

Thus the ratio of the abundances of DM to baryons, i.e.,
Yom/Ys ~ O(1) for Mpy ~ 5GeV. However, the DM
mass can vary from a GeV to a TeV scale depending on
the amount of CP violation in visible and dark sectors. See
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Fig. 1 Pictorial presentation of thermal contact between the dark sector
and visible sector via scalar portal as well as higher dimension operator,
which conserves B — L symmetry and are in thermal equilibrium above
sphaleron decoupling temperature

for instance [6-8].! The idea of asymmetric DM is similar
to the baryon asymmetry of the present Universe, i.e., an
asymmetry in DM particle over its anti-particle [6-80] (Fig.
D).

In this article we propose a model to explain the cosmic
coincidence problem: Q2py/ 2p ~ 5in a simple extension of
the SM. We introduce two SU(2) triplet scalar fields (A1 2),
which decay to the SM lepton doublet and Higgs field [6—
8,81-85] in the early Universe as pictorially shown in Fig. 7.
The triplets decay satisfy all the Sakharov conditions [§6—89]
to give the lepton asymmetry in the SM sector [90]. An extra
scalar ¢ and a leptonic Dirac fermion y have been intro-
duced in the model. The leptonic Dirac fermion y is charged
under a global U(1)p symmetry which provides stability to
the DM and also forbids the Majorana mass term of the x, the
term which can spoil the asymmetry in the dark sector. The
asymmetry created in the leptonic sector transfers to the DM

: . X2(LH)?
sector through a dimension-8 operator Oy = 91
asy

94], which conserves B — L symmetry. Since the operator
Og conserves B — L, it redistributes the B — L asymmetry,
produced by A-decay, between SM leptons (visible sector)
and y (dark sector). Above the electroweak phase transitions,
the B + L violating sphaleron processes convert the B — L
asymmetry of the visible sector to a net baryon (B) asym-
metry that we observe today, while the B — L asymmetry
of the dark sector remains untouched which we see today as
DM abundance. We show that correct relic density of DM
requires its mass to be around 8 GeV. The symmetric com-
ponent of x gets annihilated resonantly via ¢ — H mixing,
which in turns requires the singlet scalar ¢ mass to be around
twice the DM mass. Note that the dimension eight operator
Og softly breaks the U (1)p global symmetry to a remnant
Z> symmetry under which x is odd and all other particles
are even. In this way, we ensure the stability to DM as well
as the theory escapes from having a Goldstone boson.

The advantages of considering an asymmetric DM in this
paper are as follows: (1) The hitherto null detection of WIMP

! In Refs. [6-8] an inert fermion doublet v was introduced which sym-
metrically couples to A. If i is odd under a remnant Z, discrete sym-
metry, then the neutral component of ¢ can be a candidate of inelastic
asymmetric DM.

@ Springer

DM (with a typical mass O(100) GeV and having a weak
interaction cross-section) at leading direct DM search exper-
iments like XENON1T [95] attracts many other experiments
probing DM at low mass regime, where XENONIT is insen-
sitive. The prime among them are CRESST-II [96], EDEL-
WEISS [97], CDMS-II [98], CoGeNT [99], DAMIC [100],
SuperCDMS low mass [101], CDMSlite with Ge [102],
PandaX-II [103], ZEPLIN-III [104], DarkSide-50 [105] etc.
These experiments will shed light on a low mass DM, typ-
ically mass less than 10 GeV as we have considered in this
paper. (2) The other advantage is the search of a light scalar
is under active consideration at LHC [106—111]. Therefore,
there exist a fair chance that future data can shed light to our
model. Since the DM and singlet scalar masses are corre-
lated in our case, the model thus in principle can be probed
in future.

The paper is organized as follows: in Sect. 2, we introduce
the model part. Section3 is devoted to explain the neutrino
masses in a type-II seesaw framework. We discuss the gener-
ation of lepton asymmetry in the visible sector and its transfer
to a dark sector in Sect. 4. In Sect. 4.1, we show the condition
for depletion of symmetric component of the DM. The con-
straints from invisible Higgs decay, Higgs signal strength, the
relic abundance of DM and its direct detection on the model
parameters are discussed in Sects. 4.2, 4.3, 4.4, respectively.
In Sect. 6 we conclude.

2 The model

Here we extend the SM of particle physics with a U(1)p
global symmetry. The additional particle content that we
introduce to the SM are: two triplet scalars Aj 7, a singlet
leptonic Dirac fermion x and a SU(2) singlet scalar ¢. The
latter mixes with the SM-Higgs H and provides interesting
low energy phenomenology as we discuss in following sec-

tions. The U(1)p global symmetry is softly broken by the
XA(LH)
M2,
symmetry under which the leptonic Dirac fermion x is odd
while all other particles are even. As a result yx is stable and
represents a candidate of DM. The details of dimension eight
operator Og will be discussed in Sect. 4. The particle content
of the model and the corresponding quantum numbers are
given in the Table 1.

The Lagrangian of our model can be written as:

dimension eight operator> Og = to a remnant Z;

L£> 71.7’#8/1,)( + (a,u(b) (3M¢) — MyXx — ADMX XD
—A(LOit’AL — V(H, ¢), 2

2 We have given a viable origin of dimension-8 operator in the Appendix
B.
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Table 1 Quantum numbers of the new particles under the imposed
symmetry

Fields SUQB3). SUR2). U(l)y U(D)p
A 1 3 +1 0
o 1 1 0 0
X 1 1 0 —1
where
2 ot i\ 2,2
V(H.¢) = 3 H H + oy (H'H) + M3
2
Fagdt + MEATA + s (A*A)
+ [M(HC)MA*H + h.c.]
19 (HH) + g (HTH) ¢
+026 (ATA) +hma(H H)(ATA)
Fhag (A*A) 0>, 3)

Here we assume the mass of A to be super heavy as we
need to explain the small neutrino masses (see Sect. 3) [82].
Therefore A does not play any role in the low energy phe-
nomenology. The necessary and sufficient conditions for the
vacuum stability of the potential are [112,113]:

it =0, hp >0, Aa=>0, @)
fl=%xm+Mzo, )
B = kot hig 20, ©)
B = oo+ iadg 2 0. ™

1
,/)LH)LA)L¢ + E)LHA,/A(P
1 1 ~ ~ ~
+§)\H¢\/ An + EKAW AH +4/201A243 > 0. ()

We assume Mé to be positive, so that ¢ does not acquire
any direct vev. However, the electroweak phase transition
induces a non-zero vev to ¢ due to the trilinear term
p1¢(H' H) as given in Eq. 3. We assume that (¢) = u << v,
where v is the SM-Higgs vev. The quantum fluctuation of
these fields around the minimum can be given as:

. )
H— <%,> and ¢ = “j;. ©)

Minimizing the scalar potential 3, we get the vevs

2 1 2 1
Wy — 2AH¢U” — —=p,u
b= v (10)
Al

and

2

P,V
w=— . a1
2\/§(M425 + %)\quvz)

Thus from the above equation we see that as p, — 0, the
induced vev u — 0. We note that the non zero vev of ¢ does
not affect the discussion in the following sections,> hence we
set it to be zero (i.e., (¢) = 0) for simplicity. As a result Eq.
9 can be rewritten as:

0 5
H=<M> and ¢ = ¢/V/2. (12)
2

Due to ¢ — h mixing we get the mass matrix:

2 pY
2 gV 7 13)
2

After diagonalising the mass matrix, given by Eq. 13, we get
the two mass eigenstates:

hi =hcosy + ¢siny
ho = —hsiny +¢~5005 y. (14)

We identify h; to be the SM-like Higgs with mass My, =
125.18 GeV, while h, remains as the second Higgs whose
mass is going to be determined from the required phe-
nomenology. In particular, we determine /4 mass from relic
abundance requirement. In Sect.4.1 we obtain it’s mass as
per the requirement of depletion of the symmetric compo-
nent of the DM to be Mj, ~ 2M, ~ 16GeV. The ¢ —h
mixing obtained from Eq. 13 is given by:

. 0,v/V2
siny & ! Py (15)
20— My — =5

FromEqs. 13 and 15 we see that M}, , M},, and sin y primarily
depend on p1, Ay, Agg. Without loss of generality we set
My = 0. In the right panel of Fig.2 we show the contours
of My, = 125 GeV (dashed lines) and M, = 16.425 GeV
(solid lines) and sin y = 0.16, 0.6 (dot-dashed lines) in the
plane of Ay versus p; for Ayy = 0.01 (meeting at point B)
and 0.1 (meeting at point A). Thus we see that a large range
of sin y is allowed to explain simultaneously the masses of
hi and h,. However, we shall show in Sects. 4.2—4.4 that
siny 2 0.2 is not allowed.

3 Non-zero vev of ¢ only modifies the mass of the dark matter which
ultimately fixed by cosmic co-incidence condition but all the other dis-
cussions will be the same. Moreover, the non-zero vev of ¢ does not
affect any low energy phenomenological calculations such as dark mat-
ter annihilation and direct detection, bound from the Higgs measurement
etc. Therefore, we set the vev of ¢ to be zero for simplicity.

@ Springer



1098 Page 4 of 14

Eur. Phys. J. C (2021) 81:1098

Fig. 2 Left: A.rr (GeV) asa 10 0.20F
function of sin y. Right: e
Simultaneous solution to the Mg=10"2 Siny=06
masses of i1 and h, for different 1 0151 :
set of values of siny and A g _ Aig=10"
> 0.100
% Aug=10" < o.100
j 0.010§
Ang=107° ; My, =125[GeV]
0.001 g 0.05F
107140'5 10“4 0.(501 0.(510 0.1‘00 1 v .
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siny o1

Now we write the effective coupling of hihyhs-vertex
which is relevant for the collider signature of %, studied in
Sect.5. Form Eq. 3, the i1 hyhy-vertex can be derived as:

A
Aeff = 3Ag vcosy sin? y + %v cos’ Yy + % sin’ y
_h sinycoszy — AHgV sinzy cos y. (16)

V2

In the left-panel of Fig.2 we show A.fr as a function of sin y
for different values of Ayy. One can see that Aefr is almost
independent of A g4 for siny 2 0.1. We will use it to obtain
the production cross-section of /> in Sect. 5.

3 Neutrino masses

This model also explains the sub-eV neutrino masses of light
neutrinos through the type-II seesaw [114—119]. The relevant
terms in the Lagrangian (2) are given as:

LD MIATA +A(LE)it> AL 4+ u(H)it>ATH + h.c..
(7

Since we assume Mi > 0, so A does not acquire any direct
vev. However, after electroweak phase transition, the trilinear
term w A" H H induces a non-zero vev to A as:

—pv?

A

Where v = (H) = 246 GeV. This can be verified by
minimising the scalar potential, Eq. 3. Note that the sign of
(A) in Eq. 18 is not important* as it gives an overall phase,
'™ (which is not a physical quantity), to the neutrino mass
through the relation

—v?
(My)op = Aap{A) = <)»aﬂ ) . (19)

2
MA

4 See for example: [81-85] for negative sign of (A) and[119,120] for
the positive sign of (A).

@ Springer

For A =~ O(1), to get observed light neutrino masses, we
choose 1 ~ Ma ~ 10'* GeV. Note that the electroweak p
parameter constrains the vev of A to satisfy the requirement
of

My 142x7

= ~ 20
M% cosf, 1+ 4x2 20)

p=

where x = w/v. This implies, w < O(1) GeV.

4 Triplet scalar leptogenesis and asymmetric DM

In the early Universe the triplet scalars are assumed to be in
thermal equilibrium at a temperature above their mass scales.
As the Universe expands and the temperature falls below the
mass scale of a triplet scalar, the latter goes out of thermal
equilibrium and decays through the processes: A — LL and
A — HH. These decay channels combinely violate B — L
by two units and hence lead to leptogenesis as we discuss
below. The decay rate of A is given by

1 uz
Ta=—[IM?+ = | Ma.
A 871(" Mi) A

2
The out of equilibrium condition of A is set by comparing I" o
with the Hubble expansion parameter H = 1.67 gi/ e / Mp;
at T ~ M, and it is given by

< ‘\/1.67 x 87 /& (Ma/Mp) — (W?/M3)|.  (22)

Here the g, and Mp are the total degrees of freedom and
the Planck mass respectively. For u < M =~ 1014 GeV, we
get |A| < O(1). The decoupling epoch can be different for
different mass scale of triplet scalars.

To get the CP asymmetry we need at least two copies of
triplet scalars. In presence of these triplet scalars interactions,
the diagonal mass Mi in Eq. 3 can be replaced by [82],

1 1
5AZ<Mi)abAb + E(Azﬁ(ME)abAz. (23)
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Fig. 3 The tree and one loop self energy diagrams in decay of &;

The trilinear couplings (H¢)it>A"H + h.c. in Eq.3 then
becomes Y _,_; » wa(HOiT2ATH + h.c..
The mass matrix in Eq.23 can be given as:

M12 —iCy —l'Citz
M2 = , (24)
—iCY M3;—iCxp

where Cf, = TapMp, Cp) = TF, My and Coq = TuaMa
with

Mlaﬂzb + M My Z)\laﬁ)\Taﬁ . (25)

1
CapMp = =
T o

Diagonalizing the above mass matrix Eq.24, we get two
mass eigenvalues M and M corresponding to the two eigen-
states €1i and Ezi. Note that the mass eigenstates & 1+ and &
are not CP conjugate states of each other even though they are
degenerate. Similarly $2+ and &, are not CP conjugate states,
but they are degenerate. Therefore, the decay of these states
can generate lepton asymmetry. We assume M| < Mj. As
a result the asymmetry created by ézi decay will be erased
by the lepton number violating process mediated by éli at
the temperature below the mass of Szi and finally we are left
with only éli which generate the lepton asymmetry of the
Universe.

The interference between tree and one loop self energy
diagram of the process & to L L€ gives the CP asymmetry as
shown in Fig. 3.

The asymmetry €, is estimated to be [6]

& — LL)-T (5f — L°L)

I
M,
(F_1> . (26)

Im (M1M§ 2 Maﬂk’fa,s>

— Otﬂ
8n2(M3 — M?)

where we assume M| K M>. As a result, below the mass

scale of &1, we get a net B — L asymmetry [121-124]:

eq
e, (T — o0)

(RB—L)rora) = €L 1S X ——— 0, 27)

where (n!/s)(T — 00) = 135¢(3)/(4%g,) is the rel-
ativistic equilibrium abundance of &;. The « is a washout

factor, arises via inverse decay and scattering processes and
s = (2% /45)g, T3 is the entropy density. Depending on the
strength of Yukawa coupling, the value of x can vary between
0to 1. By solving the Boltzmann equations one can precisely
calculate the value of « [6,7]. The evolution of X¢, = ng, /s
is given by the Boltzmann equation

2 eq?2
ngl . I'p <X Xeq> 'y, Xfl - XEI
i 6= X))~ |-

dz zH(2) ZH(2) X

&
(28)

Here the temperature dependent decay rate is given by:

Ki(z
I'p =TI} I(Z), where 'y
K> (2)
1 |my|M} 4 HE) H (T = M;) 29
=———— an )= —5——.
8w UZN/BLBH Z2

The By p are the branching ratios of £ — LL and §; —
H H respectively such that By, + By = 1. The K7 are the
modified Bessel functions. In Eq.28, Ty = ¥,/ n;’, where
the y,,’s are the scattering densities for various processes and
are given by:
M 6g* +5¢'")

128757

y / " dxEK (P,

min

y (T — ff) =

Mgt +¢'%/2)

4 (éf'él_ - HTH) - 512757

X / h dx/x K1 (z/)r,

min

T 64ndz

4.4 o0
y (514_51_ N W”Wb> _ Ml_g/ dx/xK1(z+/x)

min

24 1+r
x|:r(5+34/x) — x—z(x — 1)1n<1 r>]’

3M4 4 00
18 / dx /XK1 (24/)
X,

v (6760 > BB) = g

min

4 1+r
><[r(l—|—4/x)—)7(x—2)ln<1 )}

—r

(30)

where z = My/T,r = T—4/x and x = §/M? with § is
the Mandelstam variable, the center of mass energy. In Eq. 30,
g, g are the gauge couplings corresponding to SU(2), and

2
U(1)y respectively. The ng! = 4210 gy (My/T).

The abundance of Y¢, = (”Ef — nsr)/s, due to the decay
and inverse decay of & particles, satisfy the Boltzmann equa-

tion:

@ Springer
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Fig. 4 Left). The abundance of Yp_ | as a function of dimensionless variable z = M|/ T. We consider the parameter space By, = 0.99, By = 0.01,
€L ~ 1070, Right). The dependence of branching ratio, By, on Yp_; abundance

dy, I'p r

i T CRD Dl et 31
Z Z Ve i=B—L.H Z Z

where

Fip="Tp (X/X[") and Bi=Ti/T). (32)

Due to the conservation of hypercharge, the above Boltz-
mann equations satisfy the relation: 2Ye + >, ¥; = 0[6],
where i = B — L, H. The evolution of ¥; = n;/s, with
i = B — L, H, is then given by,

dY; r r
— = 2{ D [61 <X§1 - ng)] + Bi(—DYEI
dz zH(z) : zH (2)
ri ry Xg
——ID oy ) - 5 _ZSioy b (33)
ZH(2) ZH(2) X7
The I's = y;/ ngf is the scattering rate of lepton number

violating process, LL — HH.

In the left panel of Fig. 4 we show the B — L abundance
Yp_1 generated by the lightest triplet. We see that the B — L
yield agrees with the Planck observation [5]. In the right panel
of Fig. 4 we show the contribution of branching ratio By, to
the abundance of Yp_ . As the By, increases (which implies
increasing dilution factor) the Yp_; decreases gradually until
B; =~ 0.5. For By > 0.5, Yp_; increases due to I'j «
1/4/BL By as given in Eq.29.

Above electroweak phase transition a part of the B — L
asymmetry gets transferred to the baryon (B) asymmetry via
the B + L violating sphaleron transitions. The remaining
B — L asymmetry gets transferred to the dark sector by a
higher dimensional operator [93]:

O3 Y2(LH). (34)

asy

@ Springer

Note that this operator conserves B — L and remains in ther-
mal equilibrium above electroweak phase transition. As a
result, the operator Og, redistributes the B — L asymmetry
between visible (comprising of SM fields) and dark (com-
prising of x) sectors. Since the DM candidate x carries a
Lepton number, L = 1, we find that the lowest dimen-
sion operator allowed by the symmetry of our model that
can transfer asymmetry from visible sector to dark sector is
Og = 72(L H)? / Mfl‘sy. Other possible lower dimensional
operators, for example, dim-7, dim-6 and dim-5 allowed in
this model, are not able to transfer the asymmetry from one
sector to the other. So those operators will not alter the phe-
nomenology of the asymmetric dark matter. See for instance
Ref. [125].

The B — L asymmetry of the visible sector gets transferred
to a net baryon asymmetry via sphaleron transitions which
conserve B — L but violate B + L. The B — L asymmetry of
dark sector remains untouched and we see it as relics of DM
of the present Universe. The symmetric component of the
DM x gets annihilated to SM fields through ¢ — H mixing
which we study in the next section.

Note that the B — L transfer operator Og will decouple
from the thermal plasma at different temperatures, depend-
ing on the value of M,;y. The decoupling temperature can be
found by comparing the interaction rate of the operator with
the Hubble expansion parameter. At the decoupling temper-
ature Tp, the interaction rate I'p of the transfer operator Og
can be given as,

74\’
FD:< D ) Tp. (35)

By comparing I'p with the Hubble expansion parameter
H (T) at a temperature Tp we get

as

M3, > MpT}. (36)
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This condition also implies that the processes allowed by
the transfer operator will remain out of equilibrium below
electroweak phase transition. Note that when x mass is much
smaller than the decoupling temperature 7p, then only the
estimation of Eq. 36 holds.

Through out the above calculation we assume that the
mass scale of the triplet scalar should be high enough so that
the lepton asymmetry, generated by it, can be converted to the
baryon asymmetry via sphaleron transitions before the latter
processes decouple from thermal bath. That is the mass scale
of triplet scalar M should be greater than the sphaleron
decoupling temperature Tspn ~ 80 + 0.45M),, = 136.33 >
My [93,126-128]. This implies that Ma > Mwy. In our
case, we assume Tp = Tsph i.e., the asymmetry transfer oper-
ator decouples before sphaleron processes decouple, which
constrains M,y using Eq.36 to be Mgy > 0.9 x 10*GeV.

We assume that, the DM y is in thermal contact with the
visible sector until the Tspp > My through the higher dimen-
sional operator Og. Therefore we get the number density of
x asymmetry (see Appendix A), which is nothing but the
B — L number density in dark sector, to be

8
Anq (anL)vis . (37)

“2Mx = 391

ny = (B—L)dark =

We also get the baryon asymmetry generated by the CP-
violating out-of-equilibrium decay of & in the visible sector
as

30
ng = — (nB L)VIS (38)

97
Therefore, the total B — L number density of the Universe
generated by the CP-violating out of equilibrium decay of
the scalar triplet &, is the sum of np_;, in the visible and
dark sectors and is given by

(nB—L)otal = MB—L)yis + MB—L)dark

- 239 (nB L)vls (39)
Comparing Eq.39 with Eq.27 and using Eq.38, we get
the required CP asymmetry for observed lepton asymmetry
€L = 141.23(n/K)(s/n§?(T — 00)). Thus for k ~ 0.01 we

get €, ~ 107%, Using Eq.39 in Egs. 38 and 37, we get,
90 58
ng = % (nB L)[o[a] ) n)( = m (nB L)[()[al (40)

The present day ratio of DM relic density to baryon relic
density, given by WMAP and the PLANCK data [4,5], is
Qpmh?/ Qeh? = 5.3540.07. This implies from Eq. 40 that,

Qpmh?
M, =W(n3/nx) M, ~ 7.8 GeV (41)

where M), is the proton mass and ng/ny, = 90/58. Here
onwards we discuss the constraints on the annihilation cross-
section o (x x — SM) which depletes the symmetric com-
ponent of the x-DM, for M, ~ 7.8 GeV.

4.1 Depletion of symmetric component of the DM

The symmetric component of x can be efficiently annihilated
through the ¢ — H mixing portal to the SM particles. Due to
Breit-Wigner enhancement in the cross-section, when extra
scalar mass (Mp,) is twice of the DM mass, we get deple-
tion of the symmetric component of the DM candidate. The

annihilation cross-section of the process: xx — f f, where
f is a SM fermion, is given by,

/s — 4M%
167s./s
)LDM)% cos? y sin® y
2
2 2 2 2
(S Mhl) Mh1:| |:<S - Mhz) + thMhzi|
2
X [ZS (Mhl + Mh2>] + [F/,IM}“ + thMhz] }
X (s )(s—ZMf)—ZM% (S—ZM)%)

—2M> <s - 2M}) +4M> M}}, (42)

UX:

where /s is the center of mass energy and A y = M /v with
M y being the mass of SM fermion f. The decay width of £
is given by:

T}, = cos? yF + sin yl"XX + thhz, (43)
where F;EIM = 4.2 MeV and for F});(IX’ hth’ Iy, referto [124].

The thermal averaged annihilation cross-section of ¥y —
f f is then given by [129]:

1

(oyv) = ———F——
x 8MITK3(My/T)

X/;: oy (s—4M7)V/sK1(V/s/T)ds (44)
where K| and K, are modified Bessel functions of first and
second kind respectively and T is the temperature of thermal
bath.

As we discussed at the end of previous Sect.4, X x anni-
hilates dominantly to the pairs of bb, 7t and ¢c particles.
The unknown parameters which dominantly contribute to the
annihilation cross-section in Eq.42 are the mass of &>, i.e.
M, and ¢ — H mixing, i.e. sin y and the coupling of /1, with
X, 1.e. Apy. All these parameters are constrained by invis-
ible Higgs decay [130], relic abundance of DM measured
by Planck [5] and WMAP [4], and spin-independent direct
detection cross-section at XENON100 [131], LUX [132]
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Fig. 6 Xpys versus sin y parameter space. The region above the Blue,
Purple and Pink lines are disallowed by the spin independent dark matter
nucleon cross-section of 10~*3cm? at XENONIT [134] for DM mass
7.8 GeV, the invisible Higgs decay, i.e. Briny > 24% and the Higgs
signal strength for 1 = 0.79, 0.89, respectively. The region below the
bottom green line is not allowed (ov) < 2.6 x 10~2/GeV? because

and XENONIT [133,134], and the measurement of signal
strength of the Higgs particle at LHC [135,136]. As dis-
cussed in Sect.2, we set siny = 0.16. Moreover, we fixed
Apy = 2 x 1072 to estimate the value of cross-section
(oyv). We then plotted the thermal averaged annihilation
cross-section (o, |v) as a function of My, in Fig.5. Here we
fixed M, /T = 20 as we expect the maximum annihilation
of Xx — ff occurs atatemperature T = M +/20. From the
left plot of Fig. 5, we see that in most of the parameter space
(oy|v]) is less than the (o, |v])F = 2.6 x 107°/GeV?, but
near the resonance region, it satisfy the condition (o |v]) >
(oy [v]) F. Note that a large cross-section is required to com-
pletely annihilate the symmetric component of the DM and
it can be achieved near the resonance, where the mass of 4,
is nearly twice of the DM mass. Far from the resonance we
have (o, |v]) < (oy|v|)F. Therefore, we get an over abun-
dance of DM. In the right plot of Fig. 5, we have shown relics
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0.15 0.20 0.25

siny

0.05

it does not satisfy the full annihilation of the symmetric component of
the DM. The Left and Right panels correspond to Mj,=15.6 GeV and
16.7 GeV respectively. In both panels we fixed M, = 7.8 GeV. The
star corresponds to a point A py=2 x 1072 and sin y = 0.16. The Blue
dashed and dotted lines correspond to DM-nucleon cross-sections of
10~*cm? and 10~* cm? respectively for M, =7.8GeV

of symmetric component of x as a function of Mj,. We see
that the symmetric component of DM can be annihilated sig-
nificantly only when M, varies in the range 15.6 — 16.7
GeV. This shows that our result crucially depends on My, .
We will come back to this point while giving a summary plot
in Fig. 6.

4.2 Higgs signal strength

The Higgs signal strength is defined for a particular channel
h; — xx as

Opy Brh1—>xx
SM SM
Oy Brh1—>xx

MHhi—xx =

_ 45)
', ’
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where I, is given in Eq. 43. The oy, and o™ are Higgs
production cross section in BSM model and SM respectively.
Higgs signal strength measurement at LHC can constrain
¢ — H mixing in our model. Currently the combined Higgs
signal strength measured valueis © = 1.17£0.1 [135,136].
We have taken 20 and 3¢ deviations from the best fit value to
constrain our model parameters, the corresponding contour
lines are shown in Fig. 6.

4.3 Constraints from invisible Higgs decay

This model allows SM-like Higgs /1 to decay via invisible
channels through ¢ — H mixing: h1 — haha, h1 — X x.The
branching ratio for the invisible Higgs decay can be defined
as:

sin yFXX + [Br (hy = x0)] Fh2h2

hzhz

Briny = (40)

cos? I"SM+Sln yFXX +T,

Note that LHC gives an upper bound to the invisible Higgs
decay as Briny < 24% [130]. This bound on Higgs invisible
decay width constraint the Apy and sin y in our model as
shown in Fig. 6.

4.4 Constraints from direct detection of DM

In our setup, the ¢ — H scalar mixing allows the DM yx
to scatter off the target nucleus which can be checked at
terrestrial laboratories. The spin independent DM-nucleon
elastic scattering cross-section per nucleon can be written as
[137-143],

"
(TSI — r2
TA

[2f, + (A —2) ] (47)

where the A and Z are the mass and atomic numbers of the
target nucleus and p, is the reduced mass and is given by
wr = Mymy/(M, + my), where my is the mass of the
nucleon (proton or neutron). In Eq.47 f), and f, are the
effective interaction strengths of DM with proton and neutron
of the target nucleus and are given by:

n o Mpon
fp,n = Z f]l";”aq m, Z Olq g , (48)
q=u.d,s qg=c,t,b
where
=2A (mq) |: ! —1 :| sin y cos y (49)
q —_ DM 2 - 2 .
M; Mh1

In Eq.48, the f}; " are the quark mass fractions inside the
nucleons, defined as my fT'; " = (N|myGq|N) and their val-

uesare f7) = 0.02040.004, £17) = 0.026+0.005, f ¥ =

0.118 + 0.062, £ = 0.014 + 0.003, £") = 0.036 +
0.008, f(n)rs = 0.118 £ 0.062[124,143]. The coupling
strength of DM with the gluons in the target nuclei is param-
eterized as

fo=1- ) 1" (50)

q=u,d,s

In Fig. 6 we combined all the constraints coming from the
invisible Higgs decay, Higgs signal strength, direct detec-
tion of DM at XENONIT [134] and the relic abundance of
dark matter in the plane of Apy versus sin y. In the left-
panel of Fig. 6 we have taken Mj;,=15.6 GeV, while that
in the right panel Mj,=16.7 GeV. The Pink shaded region
shows the constraint from Higgs signal strength measurement
(u = 1.1710.1) [135,136], the Purple region shows the con-
straint from invisible Higgs decay (i.e., Briny > 24%) [130],
while the Blue region is disallowed by the spin indepen-
dent direct detection cross-section at XENONIT where we
have used DM-nucleon cross-section 10~*3cm? for a DM
mass 7.8 GeV, and the Green region is disallowed by the
constraint coming from the relic abundance of DM (i.e.,
(cv(ix — ff)) <2.6x1077/GeV?). Finally, we end up
with a white region of allowed parameter space in the plane
of Apm versus sin y. In the white region, the projected Blue
dashed and dotted lines, which correspond to a DM-nucleon
cross-section of 10~*cm? and 10~*cm? respectively for a
DM mass M, = 7.8 GeV, can be probed by future data.

5 Signature of light Higgs

In our model, apart from the SM Higgs boson /1, there exist
an extra scalar particle A7, which plays an important role in
the annihilation of symmetric component of the dark matter.
As discussed before, the mass of % is required to be around
16 GeV to annihilate the symmetric component of the dark
matter. Here we briefly discuss the collider signature of a
light Higgs pertinent to this model.

At LHC, the main production channel of /4, is through
the decay of SM Higgs h1, i.e. h1 — hah;. The branching
fractionof h; — hyhy is about3.58% (for a typical set of val-
ues: siny = 0.16, Apm = 0.01, Az = 0.129, Agy = 0.01,
Mp, = 16.42 GeV). The subsequent decay of &, to SM par-
ticles can be studied at collider. We note that the main decay
modes of /5 in this model are Br(hy — bb) ~ 74.15%,
Br(hy — tFt7) ~ 6.51%, Br(h, — c¢) ~ 10.43%,
Br(hy — ptu™) ~ 0.0741% and Br(hy — Xx) ~
8.90%. At LHC the main production channel of the SM
Higgs is gluon-fusion and the corresponding cross-section
forgg — h1 — hahjisgivenby 1.78 pb[144] at c.m.energy
14 TeV. Depending on the decay mode the final state will be
vary, such as bbbb, bbt Tttt e vt utp, ete.,
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for the search of #; at LHC. All of these channels have either
large backgrounds, which are mostly dominated by the QCD,
or very small cross-section. So at LHC, it is very difficult to
search this light Higgs boson. Despite this a large number
of searches have been performed in the last years. A most
recent search resultis given in [145]]. For M, = 16 GeV the
bound on Br(h; — hyhy — bbu* ™) < 107, which is
compatible with the branching ratios mentioned above. There
are other existing searches by CMS and ATLAS for various
final states in the different mass range of h,. For example,
4 in the final state with My, varying in the range 1-15
GeV [146,147], 227 in the final state with M}, varying in
the range 3.6-21 GeV [148], two muons and two tracks in the
final state with M), varying in the range 4-15 GeV [149], two
bottom quarks and two tau leptons in the final state with M},
varying in the range 15-60 GeV [150], four bottoms in the
final state with M}, varying in the range 15-30 GeV [151],
4y in the final state with My, varying in the range 10-62
GeV[152], yyjj in the final state with M}, varying in the
range: 20-60 GeV [153], etc. However, none of the searches
are fruitful yet.

The signature of the light scalar /1, can also be studied with
a better precession at leptonic colliders, such as the Interna-
tional Linear Collider (ILC), which is proposed to run at the
center of mass energies 500 GeV and 1 TeV. The main pro-
duction channel of the light Higgs £, at ILC is via the process
ete™ — Zhy and subsquesnt decays of h; — hyhy [154].
Alternatively the direct production of 4, can happen through
the process: ete™ — Zhj [154,155]. Subsequently these
particles decay to SM particles and pave a way to detect k5.
In fact, the analysis of Ref. [155] shows that ILC can even
be able to detect a 10 GeV hy with a ¢ — H mixing of order
1072

6 Conclusion

In this paper, we studied a simultaneous explanation of visible
and dark matter in a type-II seesaw scenario, thus explaining
why DM to baryon ratio in the present Universe is about
a factor of five. We extended the standard model with two
triplet scalars A;, (i = 1,2) and a singlet leptonic Dirac
fermion y. The particle y is charged under an extended global
symmetry U (1)p, which is softly broken by dimension-8
operator (x LH)?/ M;‘Sy to a remnant Z, symmetry under
which y is odd, while all other particles are even. As a result
x served as a stable DM candidate.

The lightest triplet scalar creates a net B — L asymmetry
in the early Universe via its CP violating out-of-equilibrium
decay to SM leptons and Higgs. The created B — L asymme-
try is then transferred to the dark sector via the dimension-8
operator, which conserves B — L number. The transfer of
B — L asymmetry is active until the dimension-8 operator

@ Springer

decouples from the thermal bath. As a result, there is a pro-
portionality arises between the net B — L asymmetry in the
visible and the dark sector. Note that the dimension-8 opera-
tor decouples from the thermal bath before the decoupling of
sphaleron processes. As aresult, the B — L asymmetry in the
visible sector gets converted to a net B-asymmetry through
the sphaleron transitions, while the B — L asymmetry of dark
sector remains untouched which we see today as relics of
asymmetric x -particles. A singlet scalar ¢ is then introduced
to deplete the symmetric component of the DM y through
its mixing with the SM-Higgs. We found that nearly 100%
depletion of the symmetric component of y-DM is possible
within a narrow range of singlet scalar mass, namely (15.6—
16.7) GeV, where DM mass is about half of singlet scalar
mass, i.e., M, ~ 8 GeV. By considering the constraints from
invisible Higgs decay, Higgs signal strength, null detection
of DM at XENONI1T and relic abundance of DM, we showed
the allowed region of parameters in the plane of DM coupling
Apm and H — ¢ scalar mixing: sin y.

After electroweak phase transition, the scalar triplet A
acquires an induced vacuum expectation value (A). As a
result the sub-eV neutrino masses could be explained through
the ALL coupling, assuming it ~ Ma ~ 10 GeV.
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Appendix A: Asymmetry transfer from visible to dark
sector

The asymmetry in the equilibrium number densities of par-
ticle n; over antiparticle 77; can be written as

— 8i ood 2 1 1
ni—n; = — q94 =i - T - s
27.[2 0 eE,(qT> I +1 E,(qT)+M, 11

e
(S
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where the g; is the internal degrees of freedom of the particle
species i.In the above equation E; and g; represent the energy
and momentum of the particle species i. In the approximation
of a weakly interacting plasma, where Su; < 1,8 =1/T
(for further detailed discussion visit [93],[89]) we get

T3
n; —n; ~ 8i x [2Bu; + O ((,B;L,-)3> for bosons
T3
~ ng X [Bui + O ((ﬂu,-)3) for fermions.

(52)

In our model, the asymmetry transfer operator is given by

Og = ﬁYz(LH )2, Depending on the value of the My
the operator will decouple from thermal plasma at different
temperatures. Since the B — L asymmetry generated by the
decay of scalar triplet is required to be transferred to the dark
sector via Og operator, we assume the decoupling tempera-
ture Tp of the latter to be 7; > Tp > Ty, where T; is the
temperature of thermal bath when the top quark decouples
and T is the temperature when the W boson decouples from
the thermal plasma. In this case the effective Lagrangian for

Yukawa coupling is given by:

Lyukawa = gif,. eiphkeir +g§i it h uig +g§id_iLhkdiR +h.c.
(53)

where k = 1, 2 for two Higgses i1 and h;. As Higgs field
is real so the above Lagrangian gives the following chemical
equilibrium condition:

0= pun = HKup — Mug = Kdp, — Hdg = Mep — Heg- (54

The charged current interaction part of the SM Lagrangian
after electroweak symmetry breaking is given by:

w _ _
Loy = eWriLy d, + gW, eLy"ver. (55)
The above equation implies that the charged current interac-
tions remain in thermal equilibrium until W-boson decouples

from thermal bath. As a result we get the following chemical
potential constraints:

KW = fuy, — Idy (56)
and
MW = Uy — ey - (57)

The electroweak sphalerons remain in thermal equilibrium
until atemperature Tspn 2 Tw. As aresult we get a constraint:

My + 204, + oy = 0. (58)

At a temperature below electroweak phase transition, the
electric charge neutrality of the Universe holds. However, at
theepoch: T; > Tp > Ty, thetop quarkis already decoupled
from the thermal plasma and hence does not take part in the
charge neutrality condition. Therefore, we get

O = 4 (ttuy + Bug) 61w =3 (tta, + tag + He, + teg) = 0. (59)

Now using the Egs. 54-59, the baryon and lepton number
density np and ny can be written as,

90
np =g (60)
and
201
np = 1—9,U~w (61)

where we have dropped the common factor gT35/6 as we
are interested in ratio of densities, rather than their individual
values. The net B — L asymmetry in the visible sector is thus
given by:

291
(MB—L)yis = ———— M- (62)

19
After sphaleron processes decouple at Tpp, the baryon and
lepton number densities would be conserved separately. As a
result Egs. 54-62 would remain valid at Tsph, > Tp > My .
Once the sphaleron processes decouple, theratioofng /np_p
would be frozen. As a result from Egs. 60 and 62, it can be
written as,

‘ 30
B _ "B _ 2031 (63)
(anL)vis (anL)vis 97

N Bna = 0.31 (nB—L)vis . (64)

As the asymmetry transfer operator Og is active down to
W-boson decoupling temperature, a part of the B — L asym-
metry gets transferred from visible sector to the dark sector.
Therefore, (np—_1 )vis is no longer equal to the (np_1 )otal-
The equilibration of Qg operator gives the constraint:

Iy = Ity (65)

As a result the number density of dark matter x, which is
nothing but the B — L number density of dark sector, is given
by:

58
Ny = =2/, = 201 (nB—L)vis = (MB~L)dark (66)

We use the B — L number density of x to calculate its mass
in Sect. 4.
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Fig. 7 Feynman diagram of the dimension-8 operator

Appendix B: A viable origin of dimension-8 operator

We now discuss a viable origin of the dimension-8 opera-

72 LH)2
tor’ O — L
8 M;tsy

breaks U(1)p global symmetry explicitly to a remnant Z»
symmetry under which the DM y is odd. Apart from the
singlet fermion y, we add a relatively heavy scalar doublet
(under SU (2)1) n to the dark sector. We assume that 7 is odd
under Z, symmetry and possesses same charge under U (1) p
as that of x. As a result the relevant Lagrangian, which can
give rise to the required dimension-8 operator, can be given
as:

, which conserves B — L symmetry but

LD f¥Ln+A, " H)? +he., (67)
where n = (71 + in2)/+/2.

The Feynman diagram, which in the effective theory can
give rise to a dimension-8 operator, is shown in Fig. 7. We
assume that 7 is heavy and doesn’t acquire a vev in order to
preserve the remnant Z, symmetry of the dark sector. As a
result, integrating 1, we get the required dimension-8 opera-
tor:

[Py XLHHXL  3*(LH)?
M4 = ’ (68)
n

M4

asy

where Mﬁsy = M;‘/(fZ)»nH ).
With the introduction of 1 the additional terms in potential
are

. L N\2 2
My (n’n) + Ay (n’n) + 2y (nTn) (H*H) + (nTH) +hc.

(69)
The last term 2, (n"H)? + h.c. in the potential breaks the
U (1) p symmetry. This term will generate a mass splitting

between 1 and 7,. The breaking is related to the mass split-
ting and does not have any impact on other part of the model.
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