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Both cosmology and astrophysics suggest the possible existence of a sterile neutrino with mass

of several Kev, which is a dark matter candidate. The interaction of sterile neutrinos with matter

in Kev energy scale has been studied in the literature. In this paper we study the interaction of

sterile neutrinos with atoms and the role of sterile neutrinos on ionization of atoms in Mev and

Gev energy scale. We also study the interaction of sterile neutrinos with nuclei in the Mev and

Gev energy scale. We obtain the relevant cross sections for both these two interactions. Finally

we compare our results with the results of Kev energy range.
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1. Introduction

A sterile neutrino is a hypothetical neutrino that does not interact via any of the fundamental
interactions of the Standard Model except gravity. It is a right-handed neutrino or a left-handed
anti-neutrino. Such a particle belongs to a singlet representation with respect to the strong interac-
tion and the weak interaction and has zero weak hypercharge, zero weak isospin and zero electric
charge. Sterile neutrinos would still interact via gravity, so if they are heavy enough, they could
explain cold dark matter or warm dark matter. The X-ray observations make use of the predicted
radiative decay of a sterile neutrino [1, 2], which occurs on the time scales much longer than the
age of the Universe, but which can yield a non-negligible flux from concentrations of dark matter
in astrophysical system, such as , e.g., galaxies, clusters, and dwarf spheroidal galaxies [3, 4]. The
photons form this two-body decay make a narrow spectral line, broadened only by the velocity
dispersion of dark-matter particles. The same photons, produced during the dark ages in the early
Universe could have affected the formation of the first states. It is of interest, therefore, to examine
the interactions of such particles in matter with the idea of possibly using them for direct detection
of relic sterile neutrinos.

2. Interaction with atoms and ionization of atom.

In this section we study the scattering of a Mev sterile neutrino by an electron:νse−→ νee−.

The relevant Feynman diagram depicted in Fig.1. The effective Hamiltonian for this scattering
process is the same as ordinary neutrino-electron scattering and is given by [5]:

He f f =
GFsinθ√

2
ν̄eγµ(1− γ5)νsēγ

µ(cV −cAγ5)e, (2.1)

Where: cA = 1
2, cV = 1

2 + 2sin2θW, andsin2θW = 0.23 is the weak-mixing angle. To cal-
culate the unpolarized cross section which means that no information about the electron spins is
recorded in the experiment and to allow for scattering in all possible spin configurations, we make
the following replacement:

|M|2 → |M|2 ≡ 1
(2sA +1)(2sB +1) ∑

allspins

|M|2 (2.2)

WheresA, sB are the spins of the incoming particles. That is, we average over the spins of the
incoming particles and we sum over the spins of the particles in the final state. Then we have:

1
2 ∑

spins

|M|2 = 4G2
Fsin2

θ((cV +cA)2(s−m2
e)× (s−m2

e−m2
νs

)

+(cV −cA)2(u−m2
e)(u−m2

e−m2
νs

)+2(c2
V −c2

A)m2
e(t−m2

νs
)) (2.3)

Wheres= (pνs + pe)2, t = (p′νe
− pνs)

2, andu= (pe− p′νe
)2 are the Mandelstam variables. To

calculate|M|2, we should first calculate the Mandelstam variables s, t, u. sincemνs
∼= 5Kev [5], the
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sterile neutrinos are relativistic which means that one can setmνs
∼= 0. Therefore the variables s, t,

u take the following forms :s≈m2
e +2meEνs, t ≈−2E′

νe
Eνs(1−cosθν), u≈m2

e−2meE′
νe

, Where
θν is the scattering angle of the final neutrinoνe. we may write the differential cross section, in the
symbolic form :

dσ =
|M|2

F
dQ (2.4)

Where dQ is the invariant phase space factor and F is the initial flux. By calculating|M|2, F and
dQ, we obtain the following expression for the scattering cross section :

σνse =
1

4meEνsυ

∫
|M|2dQ=

G2
Fsin2θ

πυ
((cV −cA)2[2me(E′

e−Eνs)

+
m4

e

E′
eEνs

+3m2
e

E′
e

Eνs

−E′
e
2]+c2

A[2me(E′
e−2Eνs)+3E2

νs
]+ (cVEνs)

2

−2cVcAmeE
′
e) (2.5)

Whereυ is the relative velocity before scattering. for the special case ofθν = 0, σνse reduce
to the following expression :

σνse =
G2

Fsin2θ

πυ
2E2

νs
(c2

V +c2
A). (2.6)

Let us now study the interaction of a Gev sterile neutrino with an atom. Since the energy of the
sterile neutrino is much more than the ionization energy and since the rest mass energy of the
electron is 0.5 Mev,the final electron is relativistic, so we can setme

∼= 0. The sterile neutrino is
also relativistic in the Gev energy range. The scattering cross section is as follows :

σνse =
G2

Fsin2θ

πυ

[
(c2

V +3c2
A)E2

νs
− (cV −cA)2E′

e
2] . (2.7)

We now compare the result of ionization of atoms by Kev and Mev-Gev sterile neutrinos. The mo-
mentum transfer to the electon for the Kev sterile neutrino [5] is|p′e| ∼= mνs and the electron kinetic

energy in the final state isTe
∼= m2

νs
2me

= 25 ev, which is sufficient to ionize the atom. In Mev-Gev case
the momentum transfer to the electron is|p′e| ≈ Eνs, so the electron kinetic energy in the final state

for the Mev sterile neutrinos isTe ≈
E2

νs
2me

> 25 ev and in the Gev caseTe >> 25 ev. In Mev case
the energy is more than needed to ionize the atom and for the Gev sterile neutrinos it is much more
than the ionization energy. Therefore if one can measure the electron spectrum resulting from these
interactions it would peak at the energies more than or much more than 25 ev. As mentioned in [5]
the well-defined prediction for the energy spectrum can be useful to reject potential backgrounds.
In Mev and Gev energy ranges the scattering of a sterile neutrino off the electrons in an atom is
not coherent. Because the momentum transfer is more thanmνs ≈ 5 Kev, so it corresponds to the
compton wavelengh smaller than the size of atom, 10−8 cm, the sterile neutrino does not scatter
coherently of all the electrons in the atom, therefore we takeσνsA ≈ σνse.
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Let us compare the event rate ofνsA scattering in Kev and Mev-Gev energy ranges. It is
given byRνsA = σνsAυnνsNT , wherenνs is the number of target atomA in the detector. As [5], we
assume that the local mass density of dark matter is 0.4 Gev cm−3, and it is only made of sterile
neutrinos, their number density isnνs = 8×104cm−3(mνs/5Kev)−1. The number of target atoms is
NT = (6×1029/A)(Mdet/ton), whereMdet is the mass of the detector.
It is shown that [1-3] the life time of a sterile neutrino is proportional to the fifth power of its mass
Γ = 1

1.8×1021s sin2
θm5

s. So the mixing angles for Mev-Gev sterile neutrinos are much smaller than
the mixing angle of Kev sterile neurinos. Taking

(
sin2

θ
)

Kev = 10−9[5], we obtain the following
values for Mev-Gev mixing angles :

(
sin2

θ
)

Mev = 10−24 and
(
sin2

θ
)

Gev= 10−39.
To calculate the ratio of event rate of Kev to Mev sterile neutrinos, we rewrite the Mev cross section
(2.5) as follows :

σνse =
G2

Fsin2θ

πυ
E2

νs
((cV −cA)2[2

me

Eνs

(
E′

e

Eνs

−1)
m2

e

E2
νs

m2
e

E′
eEνs

+3
m2

e

E2
νs

E′
e

Eνs

− E′
e
2

E2
νs

]+c2
A[2

me

Eνs

(
E′

e

Eνs

−2)+3]+c2
V

−2cVcA
me

Eνs

E′
e

Eνs

) (2.8)

Usingcv = 1
2 +2sin2

θw = 0.96,cA = 1
2 = 0.5 and takingEνs = 100 Mev, E′

e
Eνs

= 0.8, we have :

σ
Mev
νse =

G2
Fsin2θ

πυ
(1.538)E2

νs
(2.9)

Therefore the desired ratio is given by :

R=
RKev

νsA

RMev
νsA

=
(1.672)Z2

(
sin2

θ
)

Kevm2
νs

(1.528)
(
sin2

θ
)

MevE2
νs

= 6.84×1018 (2.10)

With the same procedure the ratio of event rate of Kev to Gev sterile neutrinos is as follows :

R=
RKev

νsA

RGev
νsA

=
(1.672)Z2

(
sin2

θ
)

Kevm2
νs

(1.537)
(
sin2

θ
)

GevE
2
νs

= 6.8×1027 (2.11)

where we have chosenZ = 50 in Eqs.(2.10) and (2.11).

3. Spin flip of a nucleus.

The sterile neutrinos are relativistic and the nucleus is nonrelativistic in the Mev energy range.
If the spins of a nucleus are initially aligned in an external magnetic field, the flip of nuclear
spins due to interaction (with sterile neutrinos) might be observed, similar in some sense to the
nuclear magnetic resonance experiments. The target nuclei is nonrelativistic, so we take its four-
component asu(pN) =

√
mN(ξ ,ξ )T . The initial Mev sterile neutrino and the final neutrino are

relativistic, so we take their spinors as:uνe =
√

2Eνe(ξνe,0)T , uνs =
√

2Eνs(ξνs,0)T . By choosing
the z-axis in the direction of incident sterile neutrino,θν denotes the scattering angle of the final

4
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electron neutrinoνe. Therefore the two-components spinors of neutrinos are:ξνs = (0,1)T and
ξνe = (−sin(θν

2 ),cos(θν

2 ))T . We assume the initial state nucleus has spin up along direction(θs,φs),
whereθs is the angle between z-axis and spin axis andφs is the azimuthal angle measured from
the plane of scattering [6], soξN(↑) = (cos(θs

2 ),eiφssin(θs
2 ))T . The spin of the final-state nucleus

will be down along the same direction, because the process is a spin flip process, so we take:
ξN(↓) = (−e−iφssin(θs

2 ),cos(θs
2 ))T . Then the spin flip matrix element is as follows:

iM(↑→↓) =−i
GFsinθ√

2
ūνe(p′νe

)γµ(1− γ5)uνs(pνs)

×ū↓N(p′N)γµ(cV −cAγ5)u
↑
N(pN) =−i4

√
2GFsinθcAmN

√
EνeEνs

×(2sin
θν

2
cos2

θs

2
−eiφssinθscos

θν

2
). (3.1)

By averaging over the directions of the incident sterile neutrinos i.e. over the relevant angle between
z-axis and spin(θs,φs), the absolute value squared ofiM(↑→↓), take the following form:

|M(↑→↓)|2 = 32G2
Fsin2

θm2
Nc2

AEνeEνs(1−
cosθν

3
). (3.2)

We employ the same convention as the one in [5] and assume that, in an external magnetic field
B, the spin up state is the ground state and the spin down state is the excited state. The energy
difference between the upper and lower states is 2µNB which is negligible in comparison withmνs

(which is in Kev scale), in the expressionEνe
∼= mνs − 2µNB. HereµN is the magnetic moment

of the nuclei, and we have assumed that the nuclei is infinitely heavy , because the energy of the
sterile neutrino is in the Mev scale. The corresponding cross section is as follows :

σ(↑→↓) =
G2

Fsin2θ

πυ
c2

AEνsEνe(
∫

(1− cosθν

3
)sinθνdθν)

=
G2

Fsin2θ

πυ
2c2

AE2
νs

. (3.3)

One can show that the cross section of opposite transitionσ(↓→↑) is the same asσ(↑→↓
). With the same calculations one can calculate the cross section of the transitionσ(↑→↑) and
σ(↓→↓) :

σ(↑→↑) = σ(↓→↓) =
G2

Fsin2θ

πυ

(
c2

A +c2
v

)
E2

νs
. (3.4)

It is easy to show that the total cross section is given by :

σtotal = σ(↑→↓)+σ(↓→↑)+σ(↑→↑)+σ(↓→↓) =

2
G2

Fsin2θ

πυ

(
c2

V +3c2
A

)
E2

νs
= 2

G2
Fsin2θ

πυ
(1.672)E2

νs
. (3.5)

Comparing with Eq.(2.9), we find that
(
σMev

total

)
spin f lip > σMev

νse .

Now, we study the scattering process of Gev sterile neutrinos from a nucleus. In this case the
nuclei get some kinetic energy after neutrino scattering, so its four-component spinor is of the form

5
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u(p′N) = (
√

p′.σξ (↓),
√

p′.σξ (↓)) , wherep′N is the energy-momentum four vector of the nucleus
after scattering andσ is the pauli four matricesσ = (1,~σ) andσ = (1,−~σ). The spin flip matrix
element is :

iM(↑→↓) = i4
√

2GFsinθ
√

mNEνsEνe(cV(sin
θν

2
cos2

θs

2
(
√

E′
N− p′N

−
√

E′
N + p′N))−cA(

√
E′

N− p′Neiφssinθscos
θν

2

−(
√

E′
N + p′N +

√
E′

N− p′N)sin
θν

2
cos2

θs

2
)

(3.7)

The cross sections for different transitions are as follows :

σ(↑→↓) = σ(↓→↑) =

2
3

G2
Fsin2θ

πυ
E′2

νe

[
(c2

V +2c2
A)+

mN

E′
N

(c2
A−c2

V)− p′N
E′

N
(c2

A−2cVcA)
]

(3.8)

and

σ(↑→↑) = σ(↓→↓) =

2
3

G2
Fsin2θ

πυ
E′2

νe

[
(c2

A +2c2
V)+

mN

2E′
N

(c2
A−c2

V)− p′N
E′

N
(
3
2

c2
V +

1
2

c2
A−

1
2

cVcA)
]

(3.9)

It is also straightforward to show that the total cross section in this case is as follows :
σtotal = σ(↑→↓)+σ(↓→↑)+σ(↑→↑)+σ(↓→↓) =

2
G2

Fsin2θ

πυ
E′2

νe

[
2(c2

A +c2
V)+

mN

E′
N

(c2
A−c2

V)− p′N
E′

N
(c2

V +c2
A−

5
3

cVcA)
]
, (3.10)

which in the limit p′N → 0 gives Eq.(16) i.e., the total cross section for the Mev sterile neutrinos.
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