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Abstract

Sterile right-handed neutrinos can be naturally embedded in a low scale gaugedU(1)B−L extension of the

standard model. We show that, within a low reheating scenario, such a neutrino is an interesting candidate

for dark matter. We emphasize that if the neutrino mass is of order of MeV, then it accounts for the measured

dark matter relic density and also accommodates the observed flux of 511 keV photons from the galactic

bulge.
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I. INTRODUCTION

The existence of non-baryonic dark matter (DM) and non-vanishing neutrino masses [1], based

on the observation of neutrino oscillation, are consideredas the most important evidences for

new physics beyond the standard model (SM). Here, we argue that these two exciting problems

may be simultaneously solved in a simple extension of the SM,that is based on the gauge group:

GB−L = SU(3)C × SU(2)L × U(1)Y × U(1)B−L [2, 3]. In this class of models, three SM

singlet fermions arise naturally due to theU(1)B−L anomaly cancellation condition. These singlet

fermions are regarded as the right-handed neutrinos [3]. The scale of the right-handed neutrino

masses is no longer arbitrary, it is proportional to the scale of B − L symmetry breaking. It was

shown that, similarly to the electroweak symmetry, the scale of B − L can be linked with the

supersymmetry breaking scale at the observed sector and then theB − L symmetry is radiatively

broken at TeV scale [4].

This model of low scaleB −L extension of the SM can account for the experimental resultsof

the small neutrino masses and their large mixing through a low scale seesaw mechanism [5] and

Dirac neutrino Yukawa couplings of order<∼ 10−6 [6]. Moreover, this model predicts an extra

neutral gauge bosonZ ′ corresponding to theB − L gauge symmetry and an extra SM singlet

scalar (extra Higgs). The phenomenology of this model and its potential discovery at the Large

Hadron Collider (LHC) has been studied [7, 8].

As emphasized in Ref. [3], a right-handed neutrinoνR has tree level interactions with the SM

leptonsL, SM Higgsφ, Z ′, and extra Higgsχ. They are described by

Lint
νR

= qνR
gB−Lν̄RZ ′

µσ
µνR − (λνL̄φ̃νR +

1

2
λνR

ν̄c
RχνR + h.c.). (1)

The first term is due to the covariant derivative for right-handed neutrinos,gB−L is theB−L gauge

coupling andqνR
is its charge. Other interaction terms refer to the possibleYukawa interactions

that involve the right-handed neutrinos. After the symmetry breakdown, the right-handed neutrinos

acquire Majorana masses

MνRi
= λνRi

〈χ〉 ≡ 1√
2
λνRi

v′. (2)

For v′ of O(1) TeV, the right-handed neutrino masses may vary, according to the values of the

Yukawa couplingsλνRi
, from TeV scale to a lighter scale. If the right-handed neutrinos are sub-

jected to the flavor symmetry that should account for the quark and lepton mass hierarchy, then
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it is very natural to findMνR1
≪ MνR2

< MνR3
. In this case, it becomes quite plausible that the

mass of the lightest right-handed neutrino is of order of MeV1.

In this paper, we consider the scenario where a right-handedneutrino can be a DM candidate

with the sufficient abundance. In addition, it provides a natural explanation for the flux of 511 keV

photons from the galactic bulge observed by INTEGRAL satellite [10]. It was suggested that this

emission might be originated from the annihilation [11, 12,13, 14, 15] or decay [16, 17, 18, 19,

20, 21, 22] of DM particles into low energetic electron-positron pairs. The outgoing positron loses

its kinetic energy by collisions with baryonic materials and eventually forms positronium with an

electron in the medium. This positronium would annihilate into monoenergetic photons of 511

keV. Therefore, it was concluded that the DM candidate have to be quite light, may be as light

as electron, otherwise produced positrons are too energetic to form a positronium. Conservative

constraints imply that the mass of the corresponding DM should be ofO(10) MeV.

The paper is organized as follows. In section 2 we show that the lightest right-handed neutrino

can be produced enough to be the main component of dark matterin a thermal history with order

MeV reheating temperature. In section 3 we discuss the possibility that the MeV right-handed

neutrino inB − L extension of the SM can be a source for the observed511 keV gamma ray line.

Finally we give our conclusion and summary remarks in section 4.

II. DARK MATTER

In this section we consider the lightest right-handed neutrino in TeV scaleB − L extension of

the SM as a candidate for DM.

At first, one should notice that this dark matter candidate isnot stable. This is because, to be

precise, the dark matter candidate is the mixture of a left-handed neutrinoνL and a right-handed

neutrinoνR in the mass eigen states obtained by diagonalizing the mass matrix

M(νL, νR) =





0 mT
D

mD MνR



 , (3)

wheremD is the Dirac neutrino mass term. Although the lightest right-handed like neutrinoN1 is

a candidate of dark matter, it contains a tiny component of a left-handed neutrino interacts through

the weak gauge bosonsW± andZ. Thus, even ifN1 is ligher than the SM-like Higgs, it may still

1 The smallness might be a consequence of an extra dimension [9]
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decay into lepton, anti-lepton and neutrino viaZ andW exchange. We will examine this decay in

detail in the Sec. 4.

Hence, the sterile (right-handed) neutrino can be considered as DM candidate if it is rather

light, around MeV or less, and if the mixing with light neutrinos is very tiny, in order to have

a sufficiently long lifetime. Furthermore, the radiative decay N1 → ν + γ often gives further

stringent constraints, for keV−MeV sterile neutrinos, on the left-right mixing due to the lineγ-ray

and X-ray background radiation. Therefore, from now on, we assume that the DM candidate right-

handed neutrino has a small enough mixing with left-handed neutrino to satisfy these constraints.

It has been assumed that sterile neutrino dark matter production is realized by so-called

Dodelson-Widrow (DW) mechanism [23] due to the mixing oscillation between active and sterile

neutrinos [23, 24]. However, the recent stringent bound from X-ray background seems to exclude

such unstable sterile neutrino dark matter with the minimalproduction scenario via DW mecha-

nism [25, 26]. To be precise, for a small enough active-sterile mixing to be consistent with the

X-ray background constraints, the abundance of produced sterile neutrino by DW mechanism is

too few to account for whole dark matter [27]. Hence, anotherproduction mechanism is necessary

if one want to construct a sterile neutrino as the principal component of dark matter. For instance,

Shaposhnikov and Tkachev [28], and Kusenko [29, 30] proposed the production of sterile neutri-

nos by the decay of new gauge singlet scalar particle. This isalso one fact for us to introduce a

new interaction to produce sterile neutrinos.

It is remarkable thatN1 in this model can not be thermal relics.N1 has the gauge interaction of

U(1)B−L with apparently heavyZ ′ exchange2. Then, the thermal relic abundance is qualitatively

same as that of heavy left-handed neutrinos. Here,Z ′ essentially plays the role of the weak boson

in the standard [31, 32]. If such a lightN1 is thermal relic, it becomes hot dark matter. Therefore,

we will consider a sort of nonthermal production under a non-standard thermal history with a

low reheating temperatureTR. Such a thermal history may be realized by some dominated late

decaying object such as a moduli field or a late mini inflation [33, 34]. The studies of sterile

neutrino dark matter under such a thermal history were also done [35, 36, 37].

The leading diagram forN production is illustrated in Figure1. As can be seen from thedia-

gram, inB−L extension of the SM, the production of MeV right-handed neutrino is dominated by

theZ ′ exchange contribution from leptons and left-handed neutrinos. The effects of intermediate

2 Z ′ can be very light, ifgB−L is also very small.
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H ′ andH scalar Higgs bosons are strongly suppressed and can be safely neglected.

N

N
Z ′

f

f̄

FIG. 1: Feynman diagrams inB − L extension of the SM that dominantly contribute to the right-handed

neutrino production by theZ ′ exchange.

In the production, a littleνL component inN1 is not important at all, since the oscillation

production is not efficient in our scenario. Hence, in the rest of this section, we regardN1 = NR,

whereNR denotes a right-handed neutrino in the four component Majorana representationNR =

νR + νc
R which satisfiesN c

R = NR.

The relic abundance can be estimated by solving the Boltzmann equation

ṅ + 3Hn = 〈σv(ij → NN)〉ninj. (4)

n is the number density ofN . 〈σv〉 is the thermal averaged product of the pair production cross

section ofN and the relative velocity with the initial state particlesi andj. For the calculation of

the production cross section of right-handed neutrinos from the initial statei andj particles, we

introducew(s) defined by

w(s; ij →) ≡ 1

32π

∫

d cos θ

2

√

s − 4m2
in

s
|M̄ij(s, cos θ)|2, (5)

wheres is the usual Mandelstam variable,θ is the scattering angle in the center of mass frame,

min is the mass of the initial state particle, and|M̄|2 is the squared amplitude matrix after the spin

sum and averaging and also some multiplications for identical particles. Then, the right hand side

of the Boltzmann equation can be rewritten as

〈σv(ij → NN)〉ninj =
4T 4

(2π)5

∫ ∞

2mN

T

dx x2K1(x)
∑

(i,j)

gigjw(x2T 2; ij →), (6)

with x ≡ √
s/T andK1(x) being the first order modified Bessel function. Heregi stand for the

internal degrees of freedoms of thei particle.
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As we will show, the suitable reheating temperature is aboutseveral MeV. Hence, the relevant

initial states for the production areν ν̄ ande+e−. For each initial state, we found

∫

d cos θ

2
|M̄νν̄(s, cos θ)|2 =

2

3

|g2
B−LqNqν |2

(s − M2
Z′)2 + M2

Z′Γ2
Z′

(s − 4m2
N )s, (7)

∫

d cos θ

2
|M̄e+e−(s, cos θ)|2 =

4

3

|g2
B−LqNqe|2

(s − M2
Z′)2 + M2

Z′Γ2
Z′

(s − 4m2
N)(s + 2m2

e), (8)

whereqN = qe = qν = −1 are theB − L charges respectively. The gauge bosonZ ′ has the mass

MZ′, would be of orderO(100) GeV forgB−L = O(0.1), and its decay widthΓZ′.

By introducingY ≡ n/s with s being the entropy density and using the relationṪ = −HT ,

we found the final abundance as

Y∞ =

∫ TR

dT
〈σv(ij → NN)〉ninj

sHT
dT

≃ 3.5 × 10−7

(

10

g∗

)3/2 (

TR

5MeV

)3 (

9.7 TeV

MZ′/gB−L

)4

, (9)

for our interested rangeMZ′ ≫ TR ≫ mN . This can be rewritten in terms of the density parameter

as

ΩNh2 ≃ 0.1 ×
( mN

1MeV

)

(

Y∞

3.5 × 10−7

)

. (10)

One can see from this equation that the heavierN is, the largerΩNh2 is obtained. For givenTR

andMZ′/gB−L, if the mass ofNi is larger than the value corresponds toΩNh2 = 0.1 and lower

thanTR
3, then such heavierNi has to be unstable and decay in order not to behave as dark matter.

FormN ≃ 1 MeV, the experimental lower boundMZ′/gB−L & 6 TeV corresponds to the lower

bound on the reheating temperatureTR & 2.7 MeV, form Eq. (9). Since the lower bound is about

2 MeV [38], the consistency with the Big Bang Nucleosynthesisis ensured formN ∼ 1 MeV.

Finally, one may notice that the produced neutrinos have thermal spectrum though they are not

thermal relic, in other words, they were not in equilibrium,because the initial state particles in the

scattering processes of the production, neutrinos ande+, e−, are in thermal equilibrium. This is

simply same as the thermal production of gravitino dark matter by scatterings in thermal bath [39].

Hence, if the right-handed neutrino is light enough, they could be warm dark matter and the mass

would be constrained asmN & 10 keV by the Lyman alpha, as usual.

3 Needless to say, formNi
> TR, such a heavy neutrino production is kinematically blocked.
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III. INTEGRAL ANOMALY

We now consider the possibility that our right-handed neutrino with ∼ MeV mass inB − L

extension of the SM can account for the observed flux of 511 keVphotons. As mentioned above,

the SPI spectrometer on the INTEGRAL satellite has detectedan intense511 keV gamma ray line

flux which, at2σ level, is given by [10]:

Φγ,511 = (1.05 ± 0.06) × 10−3photon cm−2s−1, (11)

with a width of 3 keV.

The flux of the gamma ray may be explained through the decay of right-handed like neutrino

dark matter. The interaction is given by

Lint = ν̄i(Uαi)
†UαIγ

µ

(

g

2 cos θW
Zµ + gB−LqνZ

′
µ

)

NI + l̄−αγµ g√
2
W−UαINI + h.c., (12)

whereνi andNI are left- and right-handed like neutrino in the mass eigen state respectively. Both

i andI run 1, 2, 3. θW is the Weinberg angle, andU is the unitary matrix to transform neutrinos

from the flavor and Majorana mass eigenstate into the actual mass eigenstate withα being left-

handed flavor and right-handed Majorana mass index, in otherwords,α runse, µ, τ, R1, R2, R3.

The decay rate of dark matterN1 into e+, e−, ν is estimated as

Γ(N1 → e, ē, ν) ≃ G2
F m5

N

192π3

∑

i

∣

∣

∣

∣

∣

∑

α

(Uαi)
†Uα1

∣

∣

∣

∣

∣

2

×
[

c2
A

2
+

(−cA)

2

(

(Uei)
†UeN1

∑

α(Uαi)†UαN1

+ c.c.

)

+

∣

∣

∣

∣

(Uei)
†UeN1

∑

α(Uαi)†UαN1

∣

∣

∣

∣

2
]

, (13)

in theme ≪ mN limit, with GF being the Fermi constant. Here, theZ ′ gauge boson exchange

contribution is omitted because it is much smaller than the others. In addition, the vector contribu-

tion of the neutral current is neglected because(cV , cA) = (O(0.01),−1/2) for the electron. We

can regard the factor
∑

i

∣

∣

∑

α(Uαi)
†Uα1

∣

∣

2
assin2 2θ/4 in the standard notation for the mixing of a

sterile neutrino.

It has been shown that decaying dark matter produces the 511 keV gamma ray flux of [16, 17]

Φ511γ ∼ 10−3

(

1027sec

Γ(N1 → eēν)−1

) (

1MeV

mN

)

cm−2s−1. (14)

From Eqs. (13) and (14) with
(Uei)†UeN1

P

α
(Uαi)†UαN1

≤ 1, one finds that the observed 511 keV line gamma

ray can be explained if the mixing angle is of order:

sin2 2θ
( mN

1MeV

)4

≃ 10−22, (15)
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which is consistent with the small mixing between light and heavy neutrinos in this type of models.

IV. SUMMARY

We pointed out a new production mechanism of sterile neutrino by newU(1)B−L gauge boson

Z ′ under a kind of non-standard thermal history with a low reheating temperature. If the reheating

temperature is low enough, even if there is an additional gauge interaction, sterile neutrinos cannot

reach thermal equilibrium. Hence, these are produced only through the scattering in the thermal

bath. By adjusting the reheating temperatureTR and the scale ofB − L, MZ′/gB−L, sufficient

amount of sterile neutrinos can be produced for rather wide range of mass.

In addition, we also have shown it can account for 511 keV gamma ray from galactic bulge

claimed by INTEGRAL/SPI, formN & 1 MeV. Picciotto and Pospelov have also explained it by

decaying sterile neutrino. However, in their model, sterile neutrino cannot be abundant enough to

account for whole dark matter energy density since they assumed DW mechanism for its produc-

tion [17]. This is because the left-right mixing angle is responsible for both the production and

the decay of dark matterνR. For givensin2 2θ suitable for sufficient production of dark matter

via DW mechanism, the predicted flux turned out too strong. Thus, another additional dark matter

component is needed to supplement the lack of the dark matterenergy density. Some other mod-

els also require additional species of dark matter, in otherwords multi-component dark matter, to

obtainΩDMh2 ≃ 0.1 [18, 19] due to the similar reason, namely too strong flux. In contrast, in

our scenario, a single component of dark matter is enough to explain both the cosmological abun-

dance and the flux of 511 keV line gamma ray. On the other hand, the price to pay is to assume

a low reheating temperature scenario, where successful baryogenesis is hard in general, though

Affleck-Dine mechanism [40] might be available [41] if we supersymmetrize the model as in [4].
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