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Minimal model of Majoronic dark radiation and dark matter
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We extend the singlet Majoron model of dark radiation by adding another singlet scalar of unit lepton
charge. The spontaneous breaking of global U(1), connects dark radiation with neutrino mass generation
via the type-I seesaw mechanism. The model naturally has a stable scalar dark matter field. It also predicts
the existence of a light scalar of mass less than 1 GeV that mixes with the Standard Model Higgs boson. We
perform a numerical analysis of the parameters of the model by imposing constraints from giving correct
relic abundance and satisfying bounds from direct dark matter detection, rare decays of the B meson, and
invisible width of the Higgs boson. The viability of the model in accommodating the gamma rays from the
Galactic center is discussed as well. The model gives rise to new rare Higgs boson decays such as four-
muon final states with displaced vertices. Another unique signal is two muons and missing energy recoil
against the muon pair. Our result also shows that such a bridge between dark radiation and the seesaw
mechanism will put the seesaw scale in the range of 1-100 TeV.
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I. INTRODUCTION

The temperature fluctuation in the cosmic microwave
background radiation (CMBR) is a sensitive measure of the
number of relativistic degrees of freedom present before
the era of recombination. This is usually given in terms of
the effective number of neutrinos, N, which in the
Standard Model (SM) is three. Taking into account incom-
plete neutrino decoupling during e*e~ annihilation and
finite temperature effects leads to the SM prediction of
N = 3.046 (see e.g. [1]). Observations thus far are
consistent with this value. However, recent measurements
of CMBR from the Planck satellite [2] combined with that
of the Hubble constant from the Hubble Space Telescope
[3] resulted in a higher value of N = 3.83 £0.54 at
95% C.L. If one further includes data from WMAP9 [4],
Atacama Cosmology Telescope [5] and the South Pole
Telescope [6] into the analysis, the extracted value becomes
N = 3.62103% at 95% C.L. The nonzero ANg = Ngy —
3.046 can be taken as a hint of a dark radiation (DR)
component beyond the expected three neutrino species at a
confidence level of 2.4¢. The origin and nature of this
mysterious DR is not known. One possibility is a massless or
nearly massless Goldstone boson arising from the sponta-
neous breaking of a U(1) global symmetry. A Goldstone
boson will count as 4/7 of a neutrino, and it appears to agree
with observation. However, in order for the temperature of
the Goldstone bosons to match with that of the neutrinos,
they must remain in thermal equilibrium with ordinary matter
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until muon annihilation [7]. If Goldstone bosons decouple
much earlier, they will contribute less than 4/7 to N as they
will not be reheated but the neutrinos always will.
Decoupling in the muon annihilation era yields a contribu-
tion ANqg = 0.39. It is definitely interesting to investigate
the nature of this global U(1). Weinberg suggested thatitis a
new symmetry associated with the dark sector only. We
believe it is worthwhile to investigate whether this global
U(1) can be one of the well-known accidental symmetries of
the SM, i.e. the baryon or the lepton number. In [8] we make
use of U(1),, the global lepton number L, and its sponta-
neous breaking gives rise to the Goldstone boson which is the
Majoron originally studied in [9]. This allows us to make the
connection between cosmic DR and neutrino mass gener-
ation such as the seesaw mechanism [10]. In so doing we can
ask whether there are new constraints on the seesaw
mechanism. Some other physics consequences are also
studied in [8]. However, in this Majoronic DR model there
is no dark matter (DM) candidate. In this paper we show that
adding DM can be achieved while maintaining much of the
simplicity of the model.

In the Majoronic DR model a singlet Higgs field S with
lepton charge L = 2 is utilized to give mass to the right-
handed singlet neutrino Ny by spontaneously breaking
U(1), . The imaginary or axial part of this scalar field is the
Goldstone boson which we identify as DR. In this paper we
extend the model by adding a L = 1 complex scalar field
®, a genuine scalar field which does not develop a vacuum
expectation value (vev). After symmetry breaking a discrete
Z, symmetry remains and we call that dark parity (DP).
This parity will allow us to identify the lightest of the two
components of ® as the DM candidate. In this case its
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stability is guaranteed by DP. The details of the model are
given in the next section.

While Goldstone bosons are attractive candidates for
DR, there are other possibilities studied in the literature.
Light sterile neutrinos were considered in [11]. In addition,
right-handed neutrinos with milliweak interactions as DR
were attended to in [12]. Contribution to N from axion-
like particles was mentioned in [13]. Connection of DR to
asymmetric dark matter scenarios was studied in [14].
A more unconventional view that ANy arises from not
fully thermalized sub-eV light decay products of an exotic
particle was studied in [15].

This paper is organized as follows. In Sec. II we present
the detailed construction of the model. Section I1I is devoted
to a calculation of the relic abundance of the DM particle and
direct detection is discussed in Sec. IV. This is followed by
examination of the constraints on the parameter space of the
model from direct detection, indirect detection and other
experimental constraints. The issue of galactic diffuse
gamma rays is taken up in Sec. VI. Since our model makes
use of SM singlet scalars, it is not surprising that it will lead
to new rare Higgs decays, and this is studied in Sec. VII.
Finally we give our conclusions in Sec. VIII.

II. THE MODEL

We add to the particle contents of the SM a singlet Higgs
field S which carries lepton number L =2 and a non-
Higgssed scalar field ® with L = 1. In order to implement
the type-I seesaw mechanism we add the requisite mini-
mum of two singlet Majorana right-handed neutrinos N;,
i = 1,2. The new degrees of freedom together with the SM
Higgs field H, lepton doublets L;, i = 1,2,3, and their
quantum numbers are listed in Table [ where L denotes the
charge under a global U(1); lepton symmetry.
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With the quantum numbers assigned, ® will not have
trilinear coupling with A and it will not contribute to the
Majorana masses of Np;. It will not have a Dirac mass type
of couplings to the active neutrinos since it is a SU(2)
singlet. Thus, much of the Majoron model is not changed.

The scalar Lagrangian is

Lecatar = (DyH)T(DﬂH) + (8;4S)T(6”S)
+(0,®)"(0#®) — V(H, S, ®),
V(H.S,®) = —*H'H + A(H'H)* - u3S'S + A,(S'S)?
+ 2 (PT @) (HTH) + Ags(S7S) (27 ®)
K
+—=[(®7)>S + STP?], 1
v [(@7) ] (1)
and we take « to be real and m3 > 0. Due to the « term it is

more convenient to work with the usual linear representa-
tion of the scalar fields. We expand the fields as follows,

® =+ i)
1 .
S:%(Us—ks—kza)), (2)

and use the U gauge for the Higgs field

The physical fields are S = (h,s.p.y) and @ is the
Goldstone boson which is the Majoron. In the above basis
the spin-0 mass matrix squared is

2007 Agyvv, 0 0
Asyvvs, 24,02 0 0
=1y 0 m}+ kv, + L denv? + Lgs0? 0 ’ @
(] s 2 oHU + 2 osUs
0 0 0 m} — kv 4§ Appv? + 1 Agsv?

and w is massless. Note that the x term splits the masses of p and y and we require m3 > [kv,| — 5 (Ag,0* + Ags037).

The scalar potential becomes

1z 1 1
V= ESMzS + Avh3 + Zﬂh“ + A 0y83 + A 007 + lex(s4 + o)

1 1 1 1
+ = A,@? 5% + = Agyvysh® + EiSHv(sz +o?)h+ ZASH(SZ + @?)h?

2 2

4
1

+ = (k = 2K)sy% + kpyow,

N — N

1 1 1
+—2e(p* + 1" +20%7%) + Eﬂqmv(pz + 1 )h + Zl«pﬁ(pz + 1*)h?

1
+ —ksp* + +Z/1q,5(s2p2 + 82 + 0*p* + 0*y?)
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TABLE I. Relevant fields and their quantum numbers.

L SU(2) U(l),
S 2 1 0
P 1 1 0
H 0 2 3
L 1 2 -1

where k = Aggv, + k. After spontaneous symmetry break-
ing of U(1),, there remains a Z, symmetry which we refer
to as DP. It is seen by the following transformation:
s,o,h — s,o,h p—> —p ¥ — —x. (6)
Our DP can be written as (—1)& which is coincidentally
the same as the R-parity in supersymmetric models of
DM. Depending on the sign of «, either p or y will be the
dark matter candidate. For definiteness we choose « to be
negative; thus p is our DM candidate. The field @ remains
massless and is the Goldstone boson which will be the DR.
The two remaining scalar bosons are s, 4. We can see from
Eq. (4) that they form a submatrix that can be diagonalized
independently of (p,y). They are analyzed in Ref. [16],
where the relevant Higgs bosons constraints were also
presented. The mass squared eigenvalues are

mi, = Av? +/151JS:F\/ (Asv§ — Av?)? + A3 gv*05. (7)

The physical mass eigenstates are then

hy\ [cos@ —sin@)\(h (8)
hy ) \sin@ cos@ s )

with mixing angle
lHSvUS

tan20 = ———.
an /151% —/11)2

©)

We shall identify h; = hgy, as the SM Higgs, which was
recently discovered at the LHC to have a mass of 125 GeV.
Note that for small mixing (which shall be the case below),
mj,  ~24v* and m3 = 22sv5. For all intent and purposes
hl ~ h and h2 X S.

We can now employ the type-I seesaw mechanism to
give masses to the active neutrinos. To set the notation we
discuss the one family case which can be easily generalized
to the three families. The U(1); invariant interaction
Lagrangian for the neutrinos is

—L, = yL, HNy + YNSNRS + Hee., (10)

where L = (n;,e;)" is the SM lepton doublet and
H = io, H*. After symmetry breaking we get
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v Yv
Y i’lLNR+

V2 V2 \/5

Y o
+—=(s + iw)N4Ny + H.c. (11)

V2

This yields the standard seesaw neutrino mass matrix

) N

For e=mp/M <« 1, the

standard type-I seesaw is operative. To leading order in
€, the mass eigenstates are given by

_Ef NCNR+ i’lLNRl’l

yv

where m = 33 and M = \/—

vy =ny + €eNg, g = Ng —eng§, (13)
with eigenvalues m, = emp and M, respectively, (after
appropriate phase rotations). In order to obtain light active
neutrino masses, m, < 0.1 eV, we require

1/2 1/2
y = 2%/ (M) " <305 % 1076 (%) S
v c

As a benchmark, we take v, = 1 TeV and y, = 1. Then
acceptable light neutrino masses can be obtained with y,
V2m, _

v

the size of the electron Yukawa couplings, y, =
291 x 107°.

Next we discuss how the neutrinos transform under DP.
All SM leptons and Ny carry one lepton charge thus they
are DP-odd. For the seesaw mechanism to operate, Ny
needs to be heavy and will not be stable and thus cannot be
a DM candidate. Although the SM charged leptons will
also be DP odd this does not lead to any new phenomenon
since the electroweak theory is DP conserving, and the
electron remains stable. Moreover, p and y do not have
direct coupling to the SM leptons.

It is easy to check that the charged leptons do not couple
to @ directly in the linear realization. In the nonlinear
realization, the @ couples to leptons derivatively and this
interaction vanishes when one of the external leptons is an
on-shell Dirac fermion. In the linear representation the
process f + f — ww where f is a charged lepton will
proceed via the diagrams depicted in Fig. 1.

f w w
Y rd
rd
(/ ’
e /,
—————— ~ - -
h . 5o
LN AN
AN N
N N
w w

FIG. 1 (color online). Fermion-antifermion annihilation into a

pair of Majorons.
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Since we want the @ to act as the DR and gives
AN = .39 it should decouple from the thermal bath
around the muon annihilation temperature [7]. Earlier
decoupling will not yield the above AN . In that era, it
is most convenient to calculate this using the mass insertion
techniques. We can take s = 4m} and get

42 HSm} -
L, ~——— ffow, 15

where M7 = 2J0%, M? = 2)v?, and it agrees with the one
obtained by using nonlinear realization [7,8] at low
energies. Equation (15) allows the @ to play the role of
DR. For that it has to stay in thermal equilibrium until
roughly the time of muon annihilations. This requires the
collision rate of @ into muons to be approximately the
Hubble expansion rate at the decoupling temperature 7.,

2
AHSm TdecmPl

4 1

~ 1=m;,, ~9.3 GeV
m; m
hsy """y

X (Tdec/mu)5/4 |’1HS ’

(16)

where we take m;, = 125 GeV. Hence we expect to have
a h, much lighter then the Higgs which mixes with it. For
notational simplicity #; will be called h, and h, will be
called s.

Due to the & — s mixing the Higgs boson acquires three
possible new two-body decays: (a) h - ww, (b) h — pp and
(¢) h — ss. Channel (b) will open if M, < My/2. (a) and
(b) will add to the Higgs invisible width. As we shall see later
we expect M, < My and whether (c) will lead to invisible
decays depends on various parameters. Aside from those
considerations the widths for the above channels are

1 s3M3
T(h —_ "0 h ,
(h = on) R2x v?
I'(h — pp) = n ﬁé’ VXn — 4Aprvce — soK]
h
M, S9 Co
[(h — ss) = WM_%\/HS%H <— - U—)
x (M3 +2M?)?, (17)
where x; MZ and i is the particle species. We also use the

notation s, = sin@ and ¢, = cosé.

To get a qualitative feeling for the parameters we first
take the case that only (a) adds to the invisible Higgs width.
From that the Higgs invisible decay branching ratio is
<0.19 [17] with the Higgs width at about 4.1 MeV [18], we
get the Higgs invisible width to be <0.8 MeV. For small
mixing, this yields the constraint

Asy < 0.0128. (18)
From Eq. (16) we thus obtain m; < 1.05 GeV.
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If the p channel is open we get instead

1
54V 1 =4/xy + 2y < 1.27x 107 (19)

This implies Apy = Agy. It is easy to see that scalar s has
mass of O(GeV) or less still holds qualitatively.

The signal from the decay 4 — ss will depend on M,
which dictates the decay modes of s. The relevant modes
are s into light quarks and leptons, @’s and gluons. The
invisible width is

1 cim:
['(s - ow) = o 61)2 , (20)
whereas the two fermions’ width is
mesg\ 2
o= sh =N (") e

iy and N'f denotes the color of the

where ff; = W

fermion.

How large a contribution of this to the Higgs invisible
decay depends on the relative size of = and 6. Nevertheless
it is clear this will not change the result M, <0 (GeV). For
M, <1 GeV we also have

a\2 , (6—243)\2
Fﬂ,-:Fuu.d,;,:Fgg:mﬁﬁi:’jmﬁ’dﬁf,:<;) M%( 3 ”) ,

(22)

where we have neglected the kaon modes which are
kinematically suppressed. To close this section we mention
that some low-energy consequences of this light scalar have
been explored in [8].

III. DARK MATTER AND ITS RELIC ABUNDANCE

A. DM annihilation channels

In our model, due to the Z, DP the lighter of p and y will
be the DM. Without loss of generality we choose it to be p.
Then y can decay into p and . Hence there is only one DM
candidate. Note that M2 — M2 = 2xv, and the mass differ-
ence is not necessarily small. The relic density of p can be
calculated by evaluating the rate of a pair of p annihilating
into SM particles as well as new scalars that are lighter than
p. The SM channels are depicted in Fig. 2 and are open if it
is heavy enough. Two DMs can annihilate into lighter
scalars as well as the Majorons. These reactions are given
below. Since the mixing between the Higgs and the light
scalar is small, we can neglect it here and only the diagonal
terms are important. We note that there can also be the
coannihilation of p and y into scalars and Majoron but these
will require x to be fine-tuned to very small values. The
effect of the neutrino sector on DM relic abundance
depends on the mass My of N,. We are interested in the
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P Fooor, Z(W™)

hN hN

Ay Ay

>_____
4 4

« h « h

4 4

P’ P Z(W+)

FIG. 2 (color online). pp annihilation into SM particles.

case of M, < My then the neutrino sector has minimal
effect on DM relic abundance.

B. Relic density
The evolution of the comoving particle density is given
by the Boltzmann equation

1 on n? n
=r- (5 -1)-38 % 2
Neg ot (ngq ) 3 Neq (23)

€q

where n is the particle density at time ¢ and ng is the
density at equilibrium, H is the Hubble expansion rate and

PHYSICAL REVIEW D 90, 065034 (2014)

I" parametrizes the interaction rate, I' = (ov)n.q, with (o)
the thermally averaged annihilation cross section. By
solving numerically the above equation, one can find the
temperature at which particles depart from equilibrium and
freeze out. Crudely speaking since time is inversely
proportional to temperature the above equation can be
viewed as an evolution equation with respect to temper-
ature. The freeze-out temperature 7'y is given by

M
xp=2l=ln <O.O38gx<ov>MpMpM /x—f>, (24)
f 9«

where Mp, is the Planck mass and g, is the effective number
of relativistic degrees of freedom at temperature 7. For
large x; ~ 20 one can neglect the x factor in the logarithm.
Once we know (ov), we can calculate the freeze-out
temperature of X with a given mass.

It is now straightforward to calculate the pp annihilation
cross sections to various final states. The Feynman dia-
grams are given in Figs. 2, 3. For completeness, the results
we get for a general mixing are

(o0) I V1I—=x 9prAHSS Ypshsss 29,2)5 :
s = 64z M2 MZ(4 - Xy) Mf,(4 - Xg) M2(2 —x)]
I V1—xpy ngﬂHHH gps/ISHH ngH z
(GU)HH Y7 qdHH + ) 2 -
64r M, M3(4 —xy)  Mi(4-x5) M(
1A 9pHASHE 9pshHss 4nggpS 2
(GU)HS - 3TW qdus M2(4 5 -
T P /)( —XH M/)(4_x5) (4 xH_xs)
1 g/)Hg(uH gpSga)S 2K2 :|2
ov = 4+ Apg — ————|
(V) 64rM> {Mf, 4-xy) Mi4—x5) "% ME(1+x)
1 /%H c? 52 2
S 1—xy[d4—4 3x3 0 0 ,
(UU)WW 87 M2 xW[ Xw+ xW] (4_XH) + (4_XS)
1 /%H c2 R
1 — xz[4 — 4x; + 3x3 0 0 ,
(UU)ZZ 16” M2 xZ[ 'xZ + xZ] (4 _ xH) + (4 _ xS)
N Agpxs N s3 12
F= 1—xp)r | 2 |, 25
where A? = 1+ {exf; + 1602 — doxpx, —3xy —1x,, x; = %z fori =W, Z, H, f, S, y, and the subscripts denote the final

state. The coupling in the scalar mass basis are given as

_ 2 2
qss = AasCh + Aonsy
Gps = Kco + Ao vso,

9os = AsHVCo — 245055y,

_ 2 2
Gun = AosSg t+ AonCp

qHs = U«DH - /1@3)09507

9o = —KSg + AepvCy,

Jor = AsaVSg + 2A5v5¢y,

Agnn = 6Avc) — 65vssy + 3AsuSeco(vse — v5Cp),

Asss = 6Avsy + 6A5v5Cy + 3AsSeco(vssg + vCg),

Asan = 659co(Aveg + Asvssg) + Asuvs(ch —

252¢4) + Asyv(sy — 2sgc3),

Aiss = 659co(Avsg — Asvscy) + Aspvs(—sy + 250¢3) + Asuv(cy — 255¢4). (26)
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P h/,s,w r_ .
LN A :
-—--= L p
LN 1
s N —
P h,s,w P -
P /h,s,w p_ -
N bd \
N \
/>< I X
R AN \
p/ \h’syw p,*L*,
FIG. 3. pp to a pair of SM Higgs,

For high temperatures these will give (o). It is well known
that in order to get the correct relic density the total (ov)
should be approximately 3 x 10726 ¢cm?®/s. Due to the
number of unknown parameters a numerical scan is
required for the correct relic density. This will be given
in Sec. V.
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h,s p_ - p h,s
N
P X
IAGERN
e
h,s P h h,s
Pes ™ /w
AN
e
X X
IAGERN
b v N,
light scalars and Majorons.
M, M
m,(n,p) = ﬁ’ (28)
P n

and M, is the nucleon mass. For a qualitative estimation we
take # = 0.3 in our numerical analysis and ignore all the
possible effects from isospin breaking or the strange-

quark content which can be accounted for (see for example

IV. DIRECT DETECTION

[19]). Since s is very light compared to the Higgs boson

its contribution cannot be neglected. Hence, the direct

The DM candidate could be detected by measuring the
energy deposited in a low background detector by the
scattering of p with a nucleus of the detector. Since p is a
scalar there are only spin independent scattering via
t-channel exchange of virtual # and s. This is depicted
in Fig. 4. The cross section is

2,22
GrMiyn~my;
pn —

(n.p)
4v2xM3M3,2

M\ 2
1 2 2(h
<Jawn(ch+ 4 (5¢) )

where the reduced mass is

K
— SgCy—
v

(-G))]

(27)

DM DM
o T " —
|
|
I h,s
|
|
> >
N . N

FIG. 4 (color online). Leading channel for DM-nucleon scat-
tering via Higgs and light scalar exchange. DM is p.
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detection sets a strong constraint on the parameters
combination £ 5,.

V. PARAMETERS SCAN AND
NUMERICAL ANALYSIS

The scalar potential introduces 8 more parameters to

the SM. We perform a global numerical scan to inves-
tigate the general properties of this model in different
regions of parameter space. We employ 4000 randomly
generated points. The parameters scan is performed for
m,

€ [6,2000] GeV as follow:

(1) The mass of light scalar M, is randomly chosen
between 0.0 and 1.0 GeV. Such a light scalar is
required if the Goldstone is associated with a dark
U(1) global symmetry.

So as not to miss any possible solution, the mixing,
sin 6, is randomly picked between £0.01. This value
is dictated by constraints on light scalars mixing with
the Higgs from rare B-meson decays [20]. With the
above inputs, we fix |[Agy| = (M,/22.11 GeV)? by
the requirement that the Majoron decouples from the
primordial plasma at around twice the muon mass
(T4ec ~ 2my,). This does not change AN = .39 as
compared to using Tge. ~m, [7] and allows us to
probe a larger parameter space. Also its sign is
opposite to that of sin@. This is to be viewed as a
benchmark point and its exact value is unknown since
it depends on the actual decoupling temperature.

2
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FIG. 5 (color online).

3
“

FIG. 6 (color online).
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From the mass diagonalization, two parameters in the
scalar potential and vg can be expressed in terms of
mass eigenvalues, My = 125 GeV, M,, and the
mixing,

p (MFc5 + Mssg 1 :<M2f3 + M3s55)
202 ' s 203 ’

SoCo
o5 = 210 013~ ). (29

Next, we allow k to be randomly chosen in the
region between —v and +wv.

Then, Agg is randomly chosen between —4/zlg and
4z. Since we limit our discussion to the perturbative
regime so the upper bound of any dimensionless
coupling is set to be 4z. The lower bound is derived
from that (4454g — A%5) > 0, which is the positivity
requirement of the scalar potential, with the largest
Ay =4x. And it is further required to satisfy the
condition that k = k — Aysv, < 0. That « is negative

is because we pick p to be the dark matter. And the

\ /Mz — 2Kvg.

mass of y is determined to be M, =

0
0.010

10
100F

107t E

5] (GeV)

1072 3
1073§ .f’

10k 0%

Leaal L TR | L Ll

1050
0 10 102
M,(GeV)

103

Prob
0.101

0.08
0.061 |

0.04
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(&)

(6)

MY

0.2 0.4 0.6 0.8

The probability distribution of € (Left Panel) and Mg (Right Panel) of all viable parameter configurations.

Finally, we allow A4y to be randomly chosen
between —4\/H and 4r for the same reason as in
the case of 4.

Ay does not enter into the calculations of the
observables here. It remains unconstrained.

The program will register the points which satisfy all the
following four criteria:

®
(i)

(iii)
(iv)

(M3 + M2 — 23,0 — A340v%) > 0 so that M3 > 0.
The SM Higgs invisible decay width Fmv
0.8 MeV.

The thermal average annihilation cross section is
within the range (2.5 +0.1) x 107 (GeV)™2

The spin-independent elastic p-nucleon scattering
cross section, Eq. (27), is smaller than the LUX 90%
confidence limit [21].

First of all, we found that it is less probable to find
solutions with very small mixing angle. Moreover, even we
allow the M to be chosen between 0.0 and 1.0 GeV, the
resulting M is cut off at around 0.8 GeV with a smooth
distribution peaks at around 0.4 GeV. Both 0 and Mg are
insensitive to M, (see Fig. 5).

The & values for points which successfully stay under the
direct search bound turn out to be small comparing to the

065034-7
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FIG. 7 (color online).
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FIG. 8 (color online).
vs M,,.

The lepton number violating scale vg

electroweak scale v, from || < 0.02 GeV for M, < My /2
to <3 GeV for M, ~2 TeV (see the left panel of Fig. 6).
Our scan shows that it seems to have equal probability to be
either positive or negative. The mass of the next to lightest
Z»-0odd particle has a wide range of distribution (see the
right panel in Fig. 6). In general, M, tend to be close to M,
at large M,(>My/2), and the mass ratio M,/M, gets
larger as M, gets smaller. The most probable band follows a

PHYSICAL REVIEW D 90, 065034 (2014)

Ll L L TR | L L TR
10 10% 10°
M,(GeV)

Agn (left panel) and A,g (right panel) vs M,,.

rough relation M,/M,~3 x (1 TeV/M,)"/?. And this
result shows that for DM heavier than ~1 TeV one also
needs to take the coannihilation processes into account.

The distribution of gy and Agg for different M, are
compared in Fig. 7. The distribution of Agy seems to be
symmetric for either sign except at around M, ~ My /2
where larger value of negative Ay is preferred over the
positive one. On the other hand, only about 0.03% of
successful solutions have negative A4y (red squares in the
figure) due to that Ay ~ (Mg/vg)?/2 is very small which
results in a tight lower bound for negative A4g. It is easy to
see that the lighter the p, the smaller |1g| and Ag5. When
M, <My/2, the dgg toughly follows a scaling law
that /LI) s X M o

The result of our scan shows that v, is insensitive to M,
(see Fig. 8). The lepton number breaking scale generally
peaks at around 0.6-3 TeV and extends to around 10° TeV
with monotonically decreasing probability. This puts the
right-handed neutrino N within reach for LHC searches.
However, a detail study will be needed as the background
for heavy neutrinos searches at the LHC is expected to be
large or even prohibitive.

In Fig' 9, <0'Sv>/<o-v>total and <Gwv>/<o-v>total are dis-
played. It is easy to see that pp — ss is the dominant

1.0F sy TR 0_5-””, T — T T
04f AUEE
s 2 o3l ]
= > L .
S b L
=~ 05 E :
3 5 02}
S OO
0.1f A ]
10 10% 10° 10 10% 10°
M,(GeV) M,(GeV)

FIG. 9 (color online).

(o50)/{60) o (left panel) and (6,,v)/{00) oy (right panel) vs M,.
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FIG. 10 (color online). Spin-independent elastic p-nucleon
scattering cross section vs M,,. Where the solid line is the current
LUX limit and the dashed line is the LUX 300-day projected
sensitivity.

annihilation channel when M, < My/2. On the other
hand, the pp — @ annihilation channel starts to contribute
when M, > My /2 with chances to be sizable when M,
becomes heavier. Nevertheless, the pp — ww channel is
usually insignificant in most of the parameter space.
Therefore, when M, > My /2, the processes of dark matter
annihilate into ss and the SM particles pair are the major
players determining the thermal dark matter relic density.

Finally, the resulting spin-independent elastic p-nucleon
scattering cross section v.s. M, is displayed in Fig. 10,
where the LUX 90% confidence limit can be clearly seen.
Most of the data points are within the range between the
current LUX limit and one order smaller than the current
limit which can be probed with the LUX 300-day projected
sensitivity.

VI. GAMMA RAYS FROM THE
GALACTIC CENTER

A recent study indicates that the low-energy
(~1-3 GeV) gamma-ray excess at the Galactic center
can be accommodated by a 30—40 GeV dark matter particle
annihilating into b with an annihilation cross section of
(ov) = (1.4-2.0) x 10726 cm?/s [22]. In this section we
shall see whether the low-energy gamma-ray excess at the
Galactic center can be accommodated with M, ~
30-40 GeV in our model (see [23] for a discussion on
other scenarios with the same kinematics.) As discussed in
previous section, pp — ss will then be the dominant
annihilation channel. Since the model predicts that the
light scalar s has mass M < 1 GeV, it can only decay into
light quarks or gluons at the parton level. Thus, we will
discuss and compare the gamma-ray spectrum generated
from the decay of s with energy ~30—40 GeV to that of the
benchmark scenario in [22].

The gamma-ray spectrum produced from dark matter
annihilating into ff is given by

PHYSICAL REVIEW D 90, 065034 (2014)

dd dN! ;
/4 :Z 14 <01U> « BX/ pzDMdl ,
deEy 7 dEy 47[M2DM line of sight

(30)

where i represents the final state particle specie, dQ is the
solid angle seen from the earth, ppy is the dark matter mass
density, and the boost factor is defined as B = (p3,;)/
{ppm)>. The booster factor is close to its minimum = 1.0
when fluctuation of the Galactic dark matter mass density is
small. If there is only one kind of dark matter, the dark
matter number density will be ppy/Mpy and that explains
the M3, factor in the denominator. In the square bracket,
the boost factor and the p3,, integral along the line of sight
are purely astronomical and strongly model dependent.
Here TE: is the gamma-ray spect.rum. Pr.oduced by the
energetic quarks or W/Z boson with initial energy E; =
My which hadronizes into z° and other mesons and they
decay into photons subsequently. With the same initial
energy, the top and bottom pairs yield the softer gamma
rays, and light quark or gluon pairs yield the harder gamma
rays. The gamma-ray spectrum produced by W and Z is in
between the spectrum from the light quark and heavy
quark. This function can only be fitted from experiments
and have been encoded into many computer programs. For
a ballpark estimation, we adopt a simple approximation
proposed by [24]:

dN; N Cli(MDM)O'5
dEy (Ey)l.S

x e~ biEy/Mpw (31)

with  (a,b) = {(1.0,10.7), (1.1, 15.1), (0.95,6.5), (0.73,
7.76)} for i = {bb, tt,uit, W*W~/ZZ}. We shall make
use of this approximation and estimate the gamma rays
produced from pp — ss, where s subsequently decays into
light quarks or gluons [so we take (a, b) = (0.95,6.5)].
From the rest frame of s, we boost the isotropically
distributed s — ¢g, gg to energy E; = M, so that the energy
carried by quark or gluon in the dark matter annihilation

center-of-mass (c.m.) frame is in the range between E}‘-‘i“ =
(M,/2)[1 = \J1 = (M/M,P\[1 = (2m/M,)?]  and

EP = (M, /2)[1+ /1 = (M,/M,2\/1 = (2mp/M,)2)
where m, is the mass of quark and O for gluon. After
averaging over all possible direction, we obtain the following
normalized differential probability of finding a light quark or
gluon with energy E in the c.m. frame,

2 4m?> 2E 2
P U e

= 2 mZ ’ (32)

which peaks at £, = M, /2 and smoothly drops to zero at
EF*™ and E?in. Notice that E; can be viewed as the dark
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matter with an effective mass M\, = E; annihilating into

ff. Hence, one can convolute this distribution with the
photon spectrum function and the contribution to the
gamma-ray spectrum from pp — ss can be expressed as

4dd Emax s E 0.5 _byEy dP
I )
deEJ/ E!}ﬁn (E}/) B dEf

Bry{ogv) x B/ 5
_— dl, 33
X 47rM§ Lo PoMm (33)

where Bry, is the hadronic decay branching ratio of s. The
factor 2 associated the differential probability is to account
for that there are 4 final light quarks or gluons from the two
decaying s. We will use Eq. (22) to approximate Br;,(cgv).
Since Eq. (30) can be factorized into an astrophysical part
and the particle physics part, we concentrate on the particle
physics component only and adopt the best fit from [22]. We
use Eq. (31) for the gamma-ray spectrum from a dark matter
of mass 35 GeV with an annihilating cross section into bb
of 1.42 x 10~ (GeV)~2 as the benchmark. We found that
in our model M, = 37.30 GeV and B x Brj, = 0.507 give
the best fit to the benchmark spectrum between energy
0.3-30 GeV where we equally divide the energy logarithm
into 12 bins and the relative uncertainty is about 3% for each
data point (see Fig. 7 in [22]). On the other hand, the best fit
of our model has M, = 36.53 GeV and B x Br, = 0.499
if we try to best match the benchmark spectrum between a
narrower range 0.3—-10.0 GeV (see Fig. 11 for the compar-
isons). Our best fit has a slightly harder spectrum at
Ey = 10 GeV, which is actually better than the benchmark
spectrum (see Fig. 7 in [22]).

With the target range set, we zoom in our numerical
search and focus on the points with M, = 37.0 + 5.0 GeV.
For My > (Mg —m,), the B— Ks - Kupi and B —
Ks — K + (nothing) experiments constrain 6 to be

ISR | L PRy |
0 0.5 1 5 10

E,(GeV)

FIG. 11 (color online). Comparison of the diffuse gamma-ray
spectrum E2dN/dE with arbitrary unit from the benchmark
35 GeV DM and (o,v) = 1.42x 107 (GeV)™ (red), M, =
37.30 GeV and B x Brj, = 0.507 in our model (black), and M, =
36.53 GeV and B x Brj, = 0.499 in our model (blue dash).
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FIG. 12 (color online). The boost factor needed for mg >
My — m, to get the best-fit benchmark as a function of 6.

<0.01 [20], and the corresponding boost factor ranges
from ~10 to 2000, depending on the mixing (see Fig. 12).

If a smaller boost factor is preferred, it looks like the
model needs to be stretched to simultaneously meet the rare
B decay limits and the Galactic center gamma-ray excess.
However, the boost factor is very sensitive to the decou-
pling temperature, Ty.. [see Eq. (16)]. For example, if the
decoupling temperature is slightly raised to Ty, ~ 2.2m,
from 2.0m,,, the smallest B at || ~ 0.01 can be pushed down
to ~6.0 from ~13.0 for Ty ~2.0m,. Given the large
uncertainties in astrophysics, cosmology, and hadronic form
factors, our model can accommodate the Galactic center
gamma ray with a ~40 GeV p and satisfy the B-decay limits
at the same time. However, the constraints are quite tight and
a very small mixing and a higher decoupling temperature are
preferred if the model is to fit the gamma rays from the
Galactic center data as it stands now.

VII. RARE HIGGS BOSON DECAYS

Our model belongs to the category of Higgs portal
models [25,26] in which the dark sector communicates with
the SM via Higgs couplings only. The characteristic

1.0 e _— _—

(MeV)

h
inv

T

i3
asd

102 103
M,(GeV)

FIG. 13 (color online).
a function of m,,.

SM Higgs invisible decay width T’ as
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FIG. 14 (color online).

signatures are new rare Higgs decays. The new decay
modes comes from (a) h — ww and (b) h — pp and
(¢) h — ss. All three channels will give rise to I7,, for
the Higgs with s decaying into a pair of w’s. In our
parameter scan we require the invisible decay to concur
with the experimental limit. The scatter plot given in
Fig. 13 shows the preferred values. I'y,, is clearly divided
into two regions with the boundary at around M, = M /2.

—_
[e=)
=
S)

LhL B L B L B |

L i
0 0.4 0.8
Ms (GeV)

FIG. 15 (color online). Expected c7 (in cm) as a function of m.

Left panel: light scalar s decay width
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1.0 P gproraz

0.0k R
0 04 0.8
Mg (GeV)

vs M, Right panel: invisible decay branching ratio vs M.

For M, > My /2, the model prefers a small invisible decay
width, on the other hand, I';,, could be as large as the input
limit, 0.8 MeV, for M, < M;/2. Although this not a robust
prediction it can be used as a check if other signals are seen.

Other interesting Higgs boson decays comes from
process-(c) and s subsequently decays into lepton pairs,
hadrons or two photons depending on its mass. Since s is
light and have a long lifetime displaced vertices is a clear
possibility. Previously this interesting signal is considered
in the context of supersymmetric models [27], leptoquark
models [28], and heavy neutrino searches [29]. Here the
displaced vertices originates from the Higgs boson decays.
In Fig. 14, data points are displayed to show the decay
width and invisible decay branching ratio for s — ww as a
function of M. Both the decay width and invisible decay
branching ratio of s are quite independent of the dark matter
mass, M ,. This is because the s decays can be completely
determined by 6, M, and v,. One can see the jumps in
Br(s — ww) at the M, = 2m, and M, = 2M , thresholds.
The corresponding decay vertex displacement ranges
from ~(My/2M;) x 10> cm for M, ~0.8 GeV to
~(My/2M,) x 1 cm for M;~0.1 GeV (see Fig. 15).
The s — eTe™ and s —» 2y decays are almost always
overwhelmed by the s - ww channel.

1072 5
104 . 4
— =X
T ke =
E 1076 ¥ +1 3
—~ 20 |
3 3
T -8 |- T 2
\:5 10 3
= S
10710 1
10-12 1 1 1 1 0 . . - - . -
0 0.4 0.8 0 0.4 0.8
Ms (GeV) Mg (GeV)

FIG. 16 (color online).

Decay width I'(h — ss) in MeV (left panel) and Br(s — pu) (right panel).

065034-11



WE-FU CHANG AND JOHN N. NG
107°

0 0.4 0.8
]\fs (GEV)

FIG. 17 (color online).

For 2M, < My <1 GeV the Higgs boson can have
spectacular decays from the chain h — ss - zz(uu) +
ar(pp) orh — ss — ar(up) + E and the missing energy £
originates from one s decaying into ww and hence is
recoiling against the pair of detected particles. We did not
include kaon modes since they are kinematically
suppressed.

The h — 4u is particularly interesting and has been
searched for by the CMS Collaboration [30]. The cross
section is given by

o(h = 4u) = o(h)Br(h — ss)[Br(s — pp)]>.  (34)
For 2m, < M, < 2m,, Br(s — uu) <0.05 and the CMS
limit of o(h — 4u) < 0.86 fb at 95% C.L. implies I'(h —
55) £9.3x 1072 MeV if the values o(h) = 15.13 pb
and 'y = 4.07 MeV are used. For 2m, < M, <1 GeV,
Br(s — puu) #0.01 and we have instead I'(h — s5)S
2.3 MeV. Basically the current CMS limit post no con-
straint on this model. This is shown in Fig. 16. Interestingly
the cross section for 2u + £ is almost two orders of
magnitude larger than that for 4y by virtue of the larger
invisible s branching ratio and this is given by

o(h - 2u+ E) =20(h)Br(h — s5)Br(s — uu)

x Br(s - o). (35)
The prediction of our model is displayed in Fig. 17. The
largest branching ratios are around 10~ and 107> for 2u +
£ and 2z 4 E, respectively. For LHC14 the gluon fusion
Higgs production cross section is ~50 pb and hence the
high luminosity option will give the necessary rates.
However, the background is expected to be large. Better
signal selection triggers will greatly improve the odds.
Detail studies are beyond the scope of this paper. All these
modes can also be searched for at the ILC or an e e~ Higgs
factory where the background is much smaller and the
events are cleaner. However, the Higgs production cross
section at the ete™ machine is roughly 2 orders of

PHYSICAL REVIEW D 90, 065034 (2014)

2Br(h — ss)x
Br(s — mm)Br(s — ww)

0 0.4
AJS (GG‘V)

0.8

The branching ratios for 2u + E (Left panel) and 2z + E (right panel) in our model.

magnitude smaller than that at the LHC. To see these rare
Higgs decays at an e e~ collider, one needs ~100 times
larger luminosity than the currently envisioned for these
machines."

VIII. CONCLUSIONS

We have augmented the minimal Majoron model for
dark radiation with a SM singlet scalar endowed with unit
lepton number. The spontaneous breaking of the global
U(1), has three important consequences: (1) the Goldstone
Majoron can serve as DR, (2) the type-I seesaw mechanism
for light neutrino masses can be implemented, and (3) a Z,
dark parity naturally occurs as a residual symmetry. The
existence of a stable scalar dark matter is thus natural. Since
the new physics introduced is in the form of SM singlet
scalars, they interact with the SM fields with the Higgs
boson as the mediator. In order to obtain an acceptable
value for AN, that characterizes DR, it is found that the
Majoron must decouple at temperature around m,, although
the exact value is not predicted. This leads to the existence
of a light scalar s that mixes with the SM Higgs boson. In
turn it results in spectacular rare Higgs boson decays such
as displaced vertices and muon pairs with missing energy
recoiling against the pair themselves. These can be
searched for at the LHC. The invisible width of the
Higgs boson is also enhanced which perhaps is best
measured at an eTe~ Higgs factory. Our numerical analysis
also reveals that the lepton number violating scale v; is in
the range of 1 TeV < v, < 100 TeV. This gives additional
motivation to search for heavy neutrinos at the LHC. Again,
a TeV e™e™ colliders such as CLIC will be more suitable.
Certainly we are encouraged that the seesaw scale is not
hopelessly out of reach.

We have also investigated whether the model can accom-
modate the reported gamma-ray excess from the Galactic

'We thank Jessie Shelton for pointing out to us our earlier
overly optimistic estimation.

065034-12



MINIMAL MODEL OF MAJORONIC DARK RADIATION AND ...

center. This can come from pp — ss followed by s decaying
into light hadrons. We found that a ~40 GeVp can be made
consistent with the data. However, tension with rare
B-meson decays is also present. This can be resolved by
making the mixing of s and the Higgs boson very small and
also increasing the decoupling temperature.

In conclusion we constructed a minimal model of
Majoron dark radiation with a scalar dark matter that
satisfies all experimental constraints. It also has interesting

PHYSICAL REVIEW D 90, 065034 (2014)

Higgs phenomenology that can be pursued at the high
luminosity LHC and a future super e e~ Higgs factory.
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