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beyond Standard Model. A model with extra scalars and vector-like leptonic fermions is introduced. By
imposing a Z; symmetry, the neutrino masses as well as anomalous muon magnetic moment can be
generated via one-loop effects at TeV-scale. An effort of explaining dark matter and lithium problem is
presented. However, we found the leptogenesis produced is too small in this model.
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1. Introduction

There are some solid evidences for the physics beyond the
Standard Model (SM) of particle physics. One is the observation
of neutrino oscillations which has established that neutrinos have
very small masses. The low energy accelerator experiment of the
muon anomalous magnetic moment also gives another hint for the
physics beyond the SM. Besides that there are also evidences from
early Universe cosmology and astronomy: the existence of dark
matter and matter-antimatter asymmetry of the Universe [1]. The
observed baryon asymmetry of the Universe cannot be explained
within the SM with one CP violating phase.

Standard Big Bang Nucleosynthesis (SBBN) is one of the most
reliable and farthest reaching probes of early Universe cosmol-
ogy. One can calculate the relative abundances of light elements
to hydrogen (H) at the end of the “first three minutes” after the
Big Bang. Despite the great success of SBBN, it has been noted
that the prediction for the ratio of 7Li/H and the isotopic ratio
6Li/7Li do not agree with current observations, called the “lithium
problems” [2]. The SBBN model predicts primordial ®Li abundance
about three orders of magnitude smaller than the observed abun-
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dance level and ’Li abundance a factor of two to three larger when
one adopts a value of the energy density of baryon inferred from
the WMAP data. They do not have an astrophysical solution in a
complete manner at present. One of the plausible solutions is the
existence of primordial late-decaying charged particles in the early
Universe (CBBN) [3].

In this Letter, we consider a model which provides the possi-
bility to address all these issues within a single framework. Our
model is an extension of the radiative seesaw mechanism [4],
in which an additional scalar doublet and Majorana right-handed
neutrinos are introduced and are assigned to be odd under the
new discrete symmetry Z,. Since the Z; is an exact symmetry
the lightest Z»-odd particle can be the candidate of dark mat-
ter and the neutrino masses are generated at one-loop level with
the canonical seesaw structure but suppressed by the loop fac-
tors. We consider the SM particle plus extra scalars and vector-like
leptonic fermions. By imposing a Z, symmetry, all the new parti-
cles can only appear in pairs through the loops due to the Z;-odd
parity assignment. The neutrino masses can be generated via one-
loop effects at the TeV-scale, in addition to the loop suppression
factor the tiny neutrino mass scale is controlled by the mixing
between charged scalars in our scenario. Similar mechanism will
also contribute to muon anomalous magnetic moment which is
easily fitted into the current deviation between the experimen-
tal data and SM prediction. The lightest neutral Z;-odd particle
provides the dark matter candidate in our model. The model also
contains a long-lived charged particle requested by the scenario
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Table 1

The content of the model.
Field I Ir 1 g’ pod o) S
SM 2,-15 1,-2 <-H -1 1,-2) e-1) 12
Z + + + - - - -

of CBBN where the long lifetime is due to the small mixing be-
tween charged scalars and phase space suppression of the three
body decay. Finally, the possibility of low-scale leptogenesis can be
achieved if the hierarchical Yukawa couplings among the new par-
ticles are satisfied.

2. The model

In order to address the above-mentioned issues, we introduced
a set of vector-like leptons (¥, X’), an inert doublet Higgs (¢2),
and a singly charged scalar (S) in our model. A discrete symmetry
Z, is imposed such that all the new particles are odd and the SM
particles are even under this parity projection. ¥’ and X’ carry the
same quantum number as left- and right-handed leptons in SM.
According to the vector structure of these fermions, our model is
anomaly free and their mass terms can be realized as

Lingss = M{¥'¥' + M,3' 5. (1)

The particle contents of the model are shown in Table 1 (where
we've neglected the quark sector). The transformations under the
SM gauge group are shown explicitly where the first one in the
parenthesis is for the SU(2) and the second one is for the U(1)y.
Note that the scalar ¢; corresponds to the SM Higgs doublet
and [;,lg denote SM leptons. Except the Z, charge, the new lep-
tons and inert Higgs transform in the same way as the SM leptons
and Higgs, so we have the following new Yukawa interacting terms

Ly = failly CTNW/1iST + Yai ¥ 1i2lRa

+ Zuilla G2 Tp; +hij¥ i1 Z'gj + hee

= [fai(Pa¥{ ™ + 1% ™)]5*

+ Yoi[ ¥ °0 ley — ¥ 03" Iy, ]

8o [P Epi —lad3” T ]

(007 Ty — Wi 6Y 5]+ he, @)
where o« runs as e, i, T, and i stands for the number of new
leptonic sectors, we need at least two sets of ¥ field in order to
achieve successful leptogenesis which we leave the discussion in

Section 2.5.
The scalar potential is given by

V(1. ¢2,57) = —udlp1[* + r1lp1|* +mldol* + A2l l*
+ 231611212 + Aaldpl o2

A5 et N2 2ic2 4

+3 [(#1¢2)” +h.c.] +mZ|S|* + As]S|

+uf(#Y*¢; — 7 89)ST +hel. (3)

We assume that the Z; symmetry is exactly conserved such
that qbg, the neutrino component of the field ¢», will not generate
the vacuum expectation value (VEV), that is, the symmetry break-
ing pattern is through (¢?) = v. We take ¢? = "—jih where h is the
SM Higgs scalar while the pseudoscalar and charged components
of ¢1 become the longitudinal modes of Z and W bosons respec-
tively. In the unitary gauge, these fields are gauged away, the cubic
and quartic couplings of the potential can be written as
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Fig. 1. 1-loop diagram for neutrino mass with new lepton in flavor eigenstate.
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Fig. 2. 1-loop diagram for neutrino mass with new lepton in mass eigenstate.
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(4)

where ¢ = (qﬁg, qbz_)T and ¢>g = ¢2R + iqbgl have been used. The
mixing matrix between S* and qbzi is

m2+M M —
o o (M () 2
2 S

If we denote the mass eigenstates of the charged scalars by
(P{, P;), then

PY\ [ coss sind\ (¢, 6)
Py “\ —sind coss s )’

and

2y

tan26 = .
m3 + A3v2/2 —m3

(7)

For the fermionic sector the SM Higgs also contributes to the
new leptons through the last term of Eq. (2) which mixes up the
charged components as

M/1 h-% /4
vz 2 R

Similarly, we have the rotating matrix between the flavor and mass
eigenstates of charged components in our new leptons,

174 cosd sind v
)= . , 9)
) —sinf cosf b))
with eigenmasses M1 and M, to ¥ and X respectively.
2.1. Neutrino mass generation

The neutrino masses in this model can be generated at one-
loop level as shown in Figs. 1 and 2. As noticed above, the mixing
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Fig. 3. Muon g — 2 contributions from singly charged scalars mixing.

between two charged scalars S* and ¢>2i in the loop violates lepton
number and is associated with a GIM cancelation that makes the
corrections finite.

The generated neutrino mass matrix is

(My)ap = —ifakprSiNG COSO Y Mijt($])

1

dq 1 1 1
@m)* (@2 — M) (> — M2) (g2 — M?)
fak&pi sind coso v
= 16572 [F(M1) = F(My)], (10)
where the function F is
F(M) M
T ME M2
(M Md’z)
2 2
M2 M2 M3, M2
X| oI — s in—5 | (1)
(M*—Mg) Mg (M¢2—Ms) Mg

This mass matrix contains both the loop suppression factor and
the mass suppression factor hence it has similar structure as the
radiative seesaw models [4]. Under the assumption that the masses
of the new particles are as M; = M; > M¢; and taking sin6 cos6 ~

O(1), the neutrino masses can be approximated as

~ fak&pk nv
164272 M;
~ 1072 fuigpilt, (12)

here we have taken M; ~ O(1) TeV. If we let (my)qp ~ 1072 eV,
then we obtain furggk(1t/GeV) ~ 10~8. We will come back to de-
termine the size of these couplings and the scale u when we
address other issues later in this Letter.

(my)ap

2.2. Muon anomalous magnetic moment

The current limit of the muon anomalous magnetic moment
is [2]

Aay = (290 £90) x 1071, (13)

which is 3.20 deviation between SM calculations and experiment
and hence opens a window to investigate physics beyond SM. The
contributions to muon g — 2 in our model are shown in Figs. 3
and 4. First, let’s calculate the contributions to muon anomalous
magnetic moment from Fig. 3. The result is

nNp_ sindcoss my,
AGung =~ g7z U kY ) [F(xp,) — F(xp,)]
A —sind cos8(frury uk) x 10778, (14)

where xp, = mf,i/M,f and P; are the mass eigenstates of the
charged scalars. The function F(x) is defined as

F(x) = 1—x* +2xInx], (15)
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Fig. 4. Muon g — 2 contributions from heavy charged leptons.

and the mixing angle satisfies the relation
nv
V2(my —m3)

A similar discussion can also be found in [5]. One should note
that the contributions from the diagrams corresponding to those
of Fig. 3 but without heavy ¥’ mass insertion are expected to have
the same order of Eq. (14). It is because there is no small mixing
suppression factor in those diagrams too. The contribution to the
magnetic moment from Fig. 4(a) is

sind cosé§ = (16)

_ By yusinf cost m,

NP
Ay = o o Ke)
~ guky uk X 1072, (17)
where function G(x) is
G(X) = ————[3 —4x+x*> +2Inx 18
T X)3[ +x° +2Inx] (18)

and Xg0 = M,%/méo. Finally the contribution to muon g — 2 from
2
Fig. 4(b) is

2 2

y m
NP N DMK T2 -1
A= o)~ 2372 M2, Vs X 1077 (19)

®

where we have already put in Mg, ~ 500 GeV which is from the
constraint of dark matter relic abundance. In the above expres-
sions we have already used M; > M¢g > my,. Note that there is

an enhancement by the chirality flip in the internal fermion line
in Figs. 3 and 4(a) which could explain the deviation of muon
magnetic moment between SM prediction and experiment. The
contribution from Eq. (19) is expected to be too small unless the
couplings y, are of order of O(10).

2.3. Dark matter

The neutral component of inert doublet (ID) ¢», ¢8, can be
identified as the dark matter (DM) candidate. The masses of ¢3R
and ‘7’31 are given from the potential,

2
m 1
Mo == T 503+ ha£hs)v?. (20)
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The lightest Z;-odd particle is determined by the sign of quartic
coupling A5 which is related to the mass difference between scalar
or pseudoscalar particles. However, the size of A5 is bounded by
the elastic spin independent scattering between qbg and the nu-
clei with exchange of a Z boson. The cross-section of this process
leads to about 3 orders of magnitudes above the current experi-
mental limit [6,7]. In order to suppress this process kinematically,
the mass difference between ¢>3R and ¢>§, should be at least of the
order of few 100 keV. Its implications on dark matter detection
and collider phenomenology will be discussion in Section 2.6.

If the DM arises as a thermal relic in the early Universe, its
present density can be calculated by solving the Boltzmann equa-
tions which describe the evolution of the ¢g abundance. The mass
of the DM can then be determined from the relic abundance.

The currently most accurate determination of £2¢py comes from
the global fits of cosmological parameters to a variety of observa-
tions. One finds [2]

Qcpmh? = 0.106 + 0.008, (21)

where h is the Hubble constant in unit of 100 km/(s Mpc). Numer-
ically a WIMP (weakly interacting massive particle) will freeze out
at temperature Ty ~ m¢g/25 and the relation of the final abun-
dance and the (co)annihilations rate can be well approximated
by [8]

3x107%7 cm3s!

2 ,0h%~ . (22)
% (gijaVij)

The relative velocity v;; can be written as

(pi - pj)? —mim3 23
Vij = EiE; (23)

with p; and E; being the four-momentum and energy of particle i.
In the non-relativistic limit of the center-of-mass frame, the v;; can
be simplified as

vij ~ 242 (1,m}/s, m?/s), (24)

where A(1,m?/s, m?/s) =(1—-m?/s— m?/s)z — 4(m,.2/s)(m§/s).
During the freeze-out temperature we can approximate the rela-
tive velocity v;j &~ 0.3. The dominant annihilation channel of DM is
annihilation into SM gauge bosons, ¢9¢9 — AA, which gives [9]

3g3+ gy +6g2g%

opAV) >
oav) 2567 M2,
93

(25)

While the trilinear and quartic couplings of the scalars in Eq. (4)

also open the channels that DM can (co)annihilate into or through

SM Higgs, the cross-sections can be written as [10]
ij A

o) = —,
* T 32mm?,
¢;

where {i, j =0,1,2,3,4} stands for {¢9;, #3}, ¢, ¢, , ST}, and the
coefficients A4 are the combinations of quartic couplings given by

5
00 11 2 2 2
A0 =3t = 203+ 2] + dhsha + 223,

(26)

222 =333 =2)01 =832,
202 =503 312 _ 513 _ 2003/2 + A4)2 + 2}\2’

AB =403 +14)2 + 22,

A2 =23 =405 + 1) + (u/W)2 (27)

Here we expect the scale i to be small as compared with v since
it is related to neutrino masses as showed in Eq. (12). More de-
tailed discussions of the inert doublet DM can be found in, accord-
ing to different regimes, low-mass (m¢g < my ) [11], middle-mass
(m¢g <my) [12], and high-mass (m¢g > mw ) [10] respectively. In
our scenario we consider the high-mass DM regime (m¢g > my),
one can obtain the lower bound of m 49 by assuming all the quartic

couplings A’s be smaller than the gauge couplings g’s. In the limit
of A’s — 0, that is, the gauge-mediated processes are dominant we
obtain the mass lower bound of DM to be

M g0 2530 GeV. (28)

2.4. Lithium problem

The lithium problem arises from the significant discrepancy be-
tween the primordial Li and 7Li abundance as predicted by Stan-
dard Big Bang Nucleosynthesis (SBBN), the WMAP baryon density,
and the pre-Galactic lithium abundance inferred from observations
of metal-poor stars [2,13]. The SBBN model predicts primordial 6Li
abundance about three orders of magnitude smaller than the ob-
served abundance level and “Li abundance a factor of two to three
larger when one adopts a value of the energy density of baryon
inferred from the WMAP data.

One of the solutions to this is the so-called Catalytic Big Bang
Nucleosynthesis (CBBN) [3] which states if a long-lived negatively-
charged particle exists, it would form an exotic atom and work as
a catalyzer. The bound state will induce reactions that can pro-
duce suitable primordial abundance of ®Li and Li. In our model
the scalar singlet S~ will form the desired bound state with “He
and this bound state will play the role as the catalyzer. The cat-
alytic path to 6Li and °Be is

S™— (*HeS™) - °Li and
S~ — (*HeS™) — (®BeS™) — ®Be. (29)

And the key for the nuclear catalysis is an enormous enhancement
of the reaction rates in the photonless recoil reactions mediated
by S™:

(*HeS™) + D —°Li+ S~ and
(®BeS™) +n— Be+ 5. (30)

The rates of these catalyzed reactions depend sensitively on the
abundance of S~ at the relevant moments. The observations im-
pose strong constraints on the lifetime of the negative charged
particle to be ~ 10 s to live long enough to form the exotic atom
and catalyze the reactions. In our model a long-lived S~ can be
achieved through the three body decays into the lepton sectors
and dark matter in the final states as shown in Fig. 4.

With the heavy mirror leptonic doublet in the intermediate
states plus the small Yukawa couplings and the phase space sup-
pression of the mass differences between S~ and ¢, the long-
lived S~ can be easily realized within our model. The decay rate
of S~ in Figs. 5(a) and 5(b) are

(faiyip)? 5 smp
Flapng ~ 2207 o sm)> (1 - —L
slasN ™ 303w < OM) sm?2

5
om
22 15
~ fqiYip x 10 <Gev) GeV, (31)

where dm = Ms; — My,. The lifetime will be around
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S Y

Fig. 5. Three body decays of S™.

-5
ém
~ -2 -2 —-10
Tap ~ 6.6 x f; Yig % (@> x 107 "s, (32)
thus we have the constraint
-5
ém
2.2 ~10-12
faiypi 1077 x (@) : (33)
Fig. 5(c) gives
10742 m
Ty = 7—amn—g — (Om)?

4% 96(27)3 m?
2 2
5
~10716 % () (2 Gev, (34)
GeV GeV

and from that we obtain

2 2
8
N om ~10~ 11, (35)
GeV GeV

If we put the constraints from neutrino mass generation
Egs. (12), muon magnetic moment Eqgs. (14) and (17), lithium
problem Egs. (33) and (35) altogether:

[k -8
=) ~107°,
fg(GeV)

sind cos§(fy) < 107>,
gy ~107°,

5
sm
fzyz (GeV) ~10712,

2 2
s 8_m ~10"11,
GeV GeV

we find that all the above constraints can be satisfied simultane-
ously when

w~107° GeV,
f~1071,

Here the small scale of ; will make the mixing in Eq. (16)
small, that is, the contributions to muon g — 2 from Fig. 3 are
negligible. Therefore, the anomalous muon magnetic moment is
mainly from Eq. (17). We should point out that these solutions are
obtained under the assumption that the masses of the new parti-
cles are at TeV-scale. Note that these solutions are nontrivial in the
sense that if one chose the scale of the new particles to be higher
than O(10) TeV instead of O(1) TeV, the Yukawa couplings would
be too large to alter the Higgs triviality bound.

sm<1GeV,
y~10~3, and g~1072. (36)

" g ‘ T
L
S(go)-»--
b2(S)

Fig. 6. Right-handed (left-handed) sector leptogenesis of Dirac type ¥'? in our
model.

2.5. Leptogenesis

One may also consider the possibility of leptogenesis in this
model. Since there is no lepton number violation by heavy Ma-
jorana masses, the canonical leptogenesis does not exist in this
scenario. However, the necessary ingredients, lepton number as
well as CP violations, of leptogenesis occur as the coexistence of
the Yukawa interactions and Higgs potential showed in Egs. (2)
and (3). We have the diagrams contributing to the asymmetry from
the lI/l/O decay at one-loop order (Fig. 6). The CP asymmetry of the
right-handed leptonic decay mode is given by

I/ = lgas) — F'(W/° — Ira2)

I/ = lga) + (W% — Ira2)

:_ZL<Mmlﬁ)[m(yia)haﬂfiﬂ) (37)
; 812\ m? Yoo lVial?

M,

eq,i/o .

where my, represents the SM charged lepton masses and Aqp are

the SM-like Yukawa couplings defined as Aaﬁimgbll;gﬂ. As we in-
herit the discussion of TeV-scale physics from previous sections,
the same set parameters in Eq. (36) and m;, =mz, Agp ~ O(1072)
are used. Combining the result of baryon asymmetry converted
from leptogenesis,

np 28 ng _3 11
—=———=—-136x10""€,0n=9%x10""", 38
s 79 s w0 (38)
where 7 is the efficiency factor. We found the amount of CP asym-
metry as €,0 = 8711—2 x 10711 which is too small to explain the

baryon asymmetry of our Universe even we take n = 1. For the
result of the left-handed decaying mode showed in Fig. 6 we
simply exchange the couplings f and y in Eq. (37), it turns out
that the CP asymmetry is four orders of magnitudes smaller than
the one of right-handed decays. The results are expected as the
general features of the TeV-scale leptogenesis where the out-of-
equilibrium condition on the decay width together with inducing
a large enough CP asymmetry are both constrained by the small-
ness of neutrino masses unless some enhancement mechanisms
are introduced [14].

2.6. Direct detection and collider phenomenology

Direct detection of DM can be measured through the elastic
scattering of a DM particle with a nuclei inside the detector. The
Z boson exchange channel constrains the lower bound of the mass
splitting (M¢3R — M¢3’) to be of order a few 100 keV [6]. The cross-
section of the processes through exchange a Higgs scalar h at tree
level and gauge bosons at one-loop level are

h o f242 my 2
o' & fihge /AT X s ) (39)
2 mppmy
and
9fimaimy [ 1 1)
G]—loop:W m m_ﬁ . (40)
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The later contribution is very interesting because it is independent
of DM mass which sets a lower bound around 1010 pb [9]. Al-
though it is beyond the current experimental sensitivity but it is
testable in next-generation experiments.

The masses of some new particles in our model are reachable
at LHC, however, the production rates depend one the details of
the parameters. The productions are dominated by the processes
q+q— Z* - X + X, where X represents S~, ¢,, and ¥’;, and
q+q — W* > ¢, (& ")+ ¢3(w/%). Note the new particles must
be produced in pairs according to Z, symmetry. The novel signa-
tures will be the missing energy while producing the DM (¢g ), and
the decays of ¢, and llfi/_ are mainly into d)gn* and lIIi/OJT* re-
spectively. The charged particles in our model will leave charged
tracks in detectors and provide clean signatures due to their long
lifetimes. The pair of S~ and q&;' can only be produced through the
SM Higgs h and the corresponding coupling is proportional to the
scale L.

3. Summary and discussions

In summary, we propose an interesting model trying to ad-
dress neutrino mass, muon anomalous magnetic moment, dark
matter, lithium problem and TeV-scale leptogenesis within a single
framework. The tiny neutrino mass and muon anomalous mag-
netic moment are generated through loops and also controlled by
the mixing between charged scalars which is associated with the
scale parameter /. The inert doublet scalar can be identified as the
dark matter candidate and its relic abundance was studied. The
model can fulfill the CBBN scheme for the lithium problem be-
cause it contains a long-lived negative charged particle S~ where
the long lifetime is due to the phase space suppression because
of the nearly degenerate masses in charged scalars and their mix-
ing parameter ©. However, the model cannot solve the problem of
baryon asymmetry in the Universe through the TeV-scale leptoge-
nesis. The nearly degenerate spectrum of the particle content will
give interesting collider phenomena and can be tested in the near
future.
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