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Depending on their mass, eventual role in different puzzles :

OSCILLATION EXPERIMENTS ANOMALIES ( O(eV) ) 
DARK MATTER ( O(keV) )  
BARYON ASYMMETRY THROUGH LEPTOGENESIS (150 MeV - 100 GeV) 
NEUTRINO MASS GENERATION  
in the canonical minimal type-I seesaw ( O(TeV) )
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Figure 2: Beta decay channels in the LRSM, with left- and right-handed currents at either or both

fermion vertices. We use the flavor eigenstates ν ′L,R, which are superpositions of the

mass eigenstates νL and NR [see Eq. (11)], so that the final result contains different

combinations of the mixing matrices U , S, T and V .

where θC is the Cabibbo angle andM is the dimensionless nuclear matrix element [2]. The Heaviside

step function Θ(E0 − E − mi) ensures that only physically allowed regions of the spectrum are

considered. Since the recoil energy of the nucleus does not change much in the region of interest

one can apply a constant recoil energy correction Erec and define E0 = Q − Erec, where Q is

the energy released in the decay. We can divide out the factors that are independent of neutrino

parameters by defining the Kurie function

K(E) ≡

√

dΓ/dE

K ′(E +me)pe
, (14)

which is linear in energy for massless neutrinos, i.e., K(E)|mi=0 = E0−E. Nonzero neutrino masses

modify this behavior and result in a premature drop-off of K(E); knowing that KATRIN is only

sensitive to the quasi-degenerate neutrino mass regime m1 ≃ m2 ≃ m3 ! 0.2 eV, one can pool

all three neutrino contributions into one parameter, the effective electron-neutrino mass in beta

decay [30, 31],

m2
β ≡

∑

i

|Uei|2m2
i ≃ m2

1 . (15)

The last relation follows from the unitarity of U in the three-flavor scheme. In this limit, all three

active-neutrino kinks fall together, resulting in the modified Kurie function

K(E) ≃ (E0 − E)
4

√

1−
m2
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(E0 − E)2
Θ(E0 − E −mβ) . (16)

A precise measurement of the electron’s energy spectrum close to the endpoint E0 is hence sensitive

to the neutrino mass parameter mβ.1

In the left–right symmetric model with equal gauge coupling constants (gL = gR = g), the process

can also proceed via right-handed currents with the exchange of right-handed gauge bosons, WR,

as well as via WL–WR mixing. The three possible diagrams are shown in Fig. 2; one also has a

1The quasi-degenerate neutrino mass regime to be probed by KATRIN implies that the sum of neutrino masses
∑

j mj is larger than 0.6 eV, seemingly already excluded by cosmological measurements [32]. The latter are
however highly dependent on the combination of datasets and correlated with other parameters, so KATRIN’s

region of interest is far from excluded and will provide important complementary information.
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Although the primary mission of KATRIN is to investigate the narrow region (⇠30 eV) close
to E0, the unique properties of its tritium source characteristics allow, in principle, a high-
sensitivity search for sterile neutrinos by extending the measurements to the entire �-decay
energy spectrum. In this paper, we qualitatively discuss the advantages and disadvantages of
the KATRIN apparatus with respect to a sterile neutrino search and we gear our sensitivity
studies to the expected tritium source strength of KATRIN as a benchmark point.

2 Tritium Beta Decay and Sterile Neutrinos

In this section we give a brief introduction to the generic shape of the tritium �-decay spectrum
and describe the characteristic imprint of active-to-sterile neutrino mixing on the spectral
shape.

2.1 Tritium Beta-Decay Spectrum

We consider the super-allowed � decay of molecular tritium

T2 ! THe
+
+ e+ ⌫e. (2.1)

The �-decay spectrum of tritium is mainly governed by the phase space factor pEtotp⌫Etot
⌫ ,

where p, p⌫ , Etot and Etot
⌫ are the electron and neutrino momentum and their total energy,

respectively. The dominant correction to the simple phase space factor is the Coulomb in-
teraction between the outgoing electron and the daughter nucleus, described by the Fermi
function F (E,Z = 2).

For a single neutrino mass eigenstate m⌫ the decay rate is given by

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

p
(E0 � E)2 �m2

⌫ , (2.2)

where E denotes the electron kinetic energy, E0 is the endpoint energy for zero neutrino mass,
me and m⌫ are the electron and neutrino mass, respectively. The speed of light c, and the
Planck constant ~, are set to unity. The normalization constant C is given by

C =
G2

F

2⇡3
cos

2
⇥C |M |2, (2.3)

with GF denoting the Fermi constant, ⇥C the Cabbibo angle, and M the energy-independent
nuclear transition matrix element. A fully relativistic computation of the tritium �-decay
spectrum in the elementary particle treatment of the weak interaction can be found in [46, 47].

In tritium � decay an electron neutrino flavor eigenstate is created, which is a super-
position of mass eigenstates. The spectrum is therefore a superposition of the spectra corre-
sponding to each mass eigenstate m(⌫i), weighted by its mixing amplitude |Uei| to the electron
flavor,

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

X

i

|Uei|2
p
(E0 � E)2 �m(⌫i)2. (2.4)

Since the mass splittings between the three light mass eigenstates are so small, no current
�-decay experiment can resolve them. Instead, a single effective light neutrino mass m2

light =P3
i=1 |Uei|2m(⌫i)2 is assumed.

– 3 –
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step function Θ(E0 − E − mi) ensures that only physically allowed regions of the spectrum are

considered. Since the recoil energy of the nucleus does not change much in the region of interest

one can apply a constant recoil energy correction Erec and define E0 = Q − Erec, where Q is

the energy released in the decay. We can divide out the factors that are independent of neutrino

parameters by defining the Kurie function

K(E) ≡
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K ′(E +me)pe
, (14)

which is linear in energy for massless neutrinos, i.e., K(E)|mi=0 = E0−E. Nonzero neutrino masses

modify this behavior and result in a premature drop-off of K(E); knowing that KATRIN is only

sensitive to the quasi-degenerate neutrino mass regime m1 ≃ m2 ≃ m3 ! 0.2 eV, one can pool

all three neutrino contributions into one parameter, the effective electron-neutrino mass in beta

decay [30, 31],
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β ≡

∑
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|Uei|2m2
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The last relation follows from the unitarity of U in the three-flavor scheme. In this limit, all three

active-neutrino kinks fall together, resulting in the modified Kurie function

K(E) ≃ (E0 − E)
4

√
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(E0 − E)2
Θ(E0 − E −mβ) . (16)

A precise measurement of the electron’s energy spectrum close to the endpoint E0 is hence sensitive

to the neutrino mass parameter mβ.1

In the left–right symmetric model with equal gauge coupling constants (gL = gR = g), the process

can also proceed via right-handed currents with the exchange of right-handed gauge bosons, WR,

as well as via WL–WR mixing. The three possible diagrams are shown in Fig. 2; one also has a

1The quasi-degenerate neutrino mass regime to be probed by KATRIN implies that the sum of neutrino masses
∑

j mj is larger than 0.6 eV, seemingly already excluded by cosmological measurements [32]. The latter are
however highly dependent on the combination of datasets and correlated with other parameters, so KATRIN’s

region of interest is far from excluded and will provide important complementary information.
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Although the primary mission of KATRIN is to investigate the narrow region (⇠30 eV) close
to E0, the unique properties of its tritium source characteristics allow, in principle, a high-
sensitivity search for sterile neutrinos by extending the measurements to the entire �-decay
energy spectrum. In this paper, we qualitatively discuss the advantages and disadvantages of
the KATRIN apparatus with respect to a sterile neutrino search and we gear our sensitivity
studies to the expected tritium source strength of KATRIN as a benchmark point.

2 Tritium Beta Decay and Sterile Neutrinos

In this section we give a brief introduction to the generic shape of the tritium �-decay spectrum
and describe the characteristic imprint of active-to-sterile neutrino mixing on the spectral
shape.

2.1 Tritium Beta-Decay Spectrum

We consider the super-allowed � decay of molecular tritium

T2 ! THe
+
+ e+ ⌫e. (2.1)

The �-decay spectrum of tritium is mainly governed by the phase space factor pEtotp⌫Etot
⌫ ,

where p, p⌫ , Etot and Etot
⌫ are the electron and neutrino momentum and their total energy,

respectively. The dominant correction to the simple phase space factor is the Coulomb in-
teraction between the outgoing electron and the daughter nucleus, described by the Fermi
function F (E,Z = 2).

For a single neutrino mass eigenstate m⌫ the decay rate is given by

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

p
(E0 � E)2 �m2

⌫ , (2.2)

where E denotes the electron kinetic energy, E0 is the endpoint energy for zero neutrino mass,
me and m⌫ are the electron and neutrino mass, respectively. The speed of light c, and the
Planck constant ~, are set to unity. The normalization constant C is given by

C =
G2

F

2⇡3
cos

2
⇥C |M |2, (2.3)

with GF denoting the Fermi constant, ⇥C the Cabbibo angle, and M the energy-independent
nuclear transition matrix element. A fully relativistic computation of the tritium �-decay
spectrum in the elementary particle treatment of the weak interaction can be found in [46, 47].

In tritium � decay an electron neutrino flavor eigenstate is created, which is a super-
position of mass eigenstates. The spectrum is therefore a superposition of the spectra corre-
sponding to each mass eigenstate m(⌫i), weighted by its mixing amplitude |Uei| to the electron
flavor,

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

X

i

|Uei|2
p
(E0 � E)2 �m(⌫i)2. (2.4)

Since the mass splittings between the three light mass eigenstates are so small, no current
�-decay experiment can resolve them. Instead, a single effective light neutrino mass m2

light =P3
i=1 |Uei|2m(⌫i)2 is assumed.
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Figure 2: Beta decay channels in the LRSM, with left- and right-handed currents at either or both

fermion vertices. We use the flavor eigenstates ν ′L,R, which are superpositions of the

mass eigenstates νL and NR [see Eq. (11)], so that the final result contains different

combinations of the mixing matrices U , S, T and V .

where θC is the Cabibbo angle andM is the dimensionless nuclear matrix element [2]. The Heaviside

step function Θ(E0 − E − mi) ensures that only physically allowed regions of the spectrum are

considered. Since the recoil energy of the nucleus does not change much in the region of interest

one can apply a constant recoil energy correction Erec and define E0 = Q − Erec, where Q is

the energy released in the decay. We can divide out the factors that are independent of neutrino

parameters by defining the Kurie function

K(E) ≡

√

dΓ/dE

K ′(E +me)pe
, (14)

which is linear in energy for massless neutrinos, i.e., K(E)|mi=0 = E0−E. Nonzero neutrino masses

modify this behavior and result in a premature drop-off of K(E); knowing that KATRIN is only

sensitive to the quasi-degenerate neutrino mass regime m1 ≃ m2 ≃ m3 ! 0.2 eV, one can pool

all three neutrino contributions into one parameter, the effective electron-neutrino mass in beta

decay [30, 31],

m2
β ≡

∑

i

|Uei|2m2
i ≃ m2

1 . (15)

The last relation follows from the unitarity of U in the three-flavor scheme. In this limit, all three

active-neutrino kinks fall together, resulting in the modified Kurie function

K(E) ≃ (E0 − E)
4

√

1−
m2

β

(E0 − E)2
Θ(E0 − E −mβ) . (16)

A precise measurement of the electron’s energy spectrum close to the endpoint E0 is hence sensitive

to the neutrino mass parameter mβ.1

In the left–right symmetric model with equal gauge coupling constants (gL = gR = g), the process

can also proceed via right-handed currents with the exchange of right-handed gauge bosons, WR,

as well as via WL–WR mixing. The three possible diagrams are shown in Fig. 2; one also has a

1The quasi-degenerate neutrino mass regime to be probed by KATRIN implies that the sum of neutrino masses
∑

j mj is larger than 0.6 eV, seemingly already excluded by cosmological measurements [32]. The latter are
however highly dependent on the combination of datasets and correlated with other parameters, so KATRIN’s

region of interest is far from excluded and will provide important complementary information.
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Although the primary mission of KATRIN is to investigate the narrow region (⇠30 eV) close
to E0, the unique properties of its tritium source characteristics allow, in principle, a high-
sensitivity search for sterile neutrinos by extending the measurements to the entire �-decay
energy spectrum. In this paper, we qualitatively discuss the advantages and disadvantages of
the KATRIN apparatus with respect to a sterile neutrino search and we gear our sensitivity
studies to the expected tritium source strength of KATRIN as a benchmark point.

2 Tritium Beta Decay and Sterile Neutrinos

In this section we give a brief introduction to the generic shape of the tritium �-decay spectrum
and describe the characteristic imprint of active-to-sterile neutrino mixing on the spectral
shape.

2.1 Tritium Beta-Decay Spectrum

We consider the super-allowed � decay of molecular tritium

T2 ! THe
+
+ e+ ⌫e. (2.1)

The �-decay spectrum of tritium is mainly governed by the phase space factor pEtotp⌫Etot
⌫ ,

where p, p⌫ , Etot and Etot
⌫ are the electron and neutrino momentum and their total energy,

respectively. The dominant correction to the simple phase space factor is the Coulomb in-
teraction between the outgoing electron and the daughter nucleus, described by the Fermi
function F (E,Z = 2).

For a single neutrino mass eigenstate m⌫ the decay rate is given by

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

p
(E0 � E)2 �m2

⌫ , (2.2)

where E denotes the electron kinetic energy, E0 is the endpoint energy for zero neutrino mass,
me and m⌫ are the electron and neutrino mass, respectively. The speed of light c, and the
Planck constant ~, are set to unity. The normalization constant C is given by

C =
G2

F

2⇡3
cos

2
⇥C |M |2, (2.3)

with GF denoting the Fermi constant, ⇥C the Cabbibo angle, and M the energy-independent
nuclear transition matrix element. A fully relativistic computation of the tritium �-decay
spectrum in the elementary particle treatment of the weak interaction can be found in [46, 47].

In tritium � decay an electron neutrino flavor eigenstate is created, which is a super-
position of mass eigenstates. The spectrum is therefore a superposition of the spectra corre-
sponding to each mass eigenstate m(⌫i), weighted by its mixing amplitude |Uei| to the electron
flavor,

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

X

i

|Uei|2
p
(E0 � E)2 �m(⌫i)2. (2.4)

Since the mass splittings between the three light mass eigenstates are so small, no current
�-decay experiment can resolve them. Instead, a single effective light neutrino mass m2

light =P3
i=1 |Uei|2m(⌫i)2 is assumed.
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We consider the super-allowed � decay of molecular tritium

T2 ! THe
+
+ e+ ⌫e. (2.1)

The �-decay spectrum of tritium is mainly governed by the phase space factor pEtotp⌫Etot
⌫ ,

where p, p⌫ , Etot and Etot
⌫ are the electron and neutrino momentum and their total energy,

respectively. The dominant correction to the simple phase space factor is the Coulomb in-
teraction between the outgoing electron and the daughter nucleus, described by the Fermi
function F (E,Z = 2).

For a single neutrino mass eigenstate m⌫ the decay rate is given by

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

p
(E0 � E)2 �m2

⌫ , (2.2)

where E denotes the electron kinetic energy, E0 is the endpoint energy for zero neutrino mass,
me and m⌫ are the electron and neutrino mass, respectively. The speed of light c, and the
Planck constant ~, are set to unity. The normalization constant C is given by

C =
G2

F

2⇡3
cos

2
⇥C |M |2, (2.3)

with GF denoting the Fermi constant, ⇥C the Cabbibo angle, and M the energy-independent
nuclear transition matrix element. A fully relativistic computation of the tritium �-decay
spectrum in the elementary particle treatment of the weak interaction can be found in [46, 47].

In tritium � decay an electron neutrino flavor eigenstate is created, which is a super-
position of mass eigenstates. The spectrum is therefore a superposition of the spectra corre-
sponding to each mass eigenstate m(⌫i), weighted by its mixing amplitude |Uei| to the electron
flavor,

d�

dE
= C · F (E,Z = 2) · p · (E +me) · (E0 � E)

X

i

|Uei|2
p

(E0 � E)2 �m(⌫i)2. (2.4)

Since the mass splittings between the three light mass eigenstates are so small, no current
�-decay experiment can resolve them. Instead, a single effective light neutrino mass m2

light =P3
i=1 |Uei|2m(⌫i)2 is assumed.

– 3 –
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Figure 2: Beta decay channels in the LRSM, with left- and right-handed currents at either or both

fermion vertices. We use the flavor eigenstates ν ′L,R, which are superpositions of the

mass eigenstates νL and NR [see Eq. (11)], so that the final result contains different

combinations of the mixing matrices U , S, T and V .

where θC is the Cabibbo angle andM is the dimensionless nuclear matrix element [2]. The Heaviside

step function Θ(E0 − E − mi) ensures that only physically allowed regions of the spectrum are

considered. Since the recoil energy of the nucleus does not change much in the region of interest

one can apply a constant recoil energy correction Erec and define E0 = Q − Erec, where Q is

the energy released in the decay. We can divide out the factors that are independent of neutrino

parameters by defining the Kurie function

K(E) ≡

√

dΓ/dE

K ′(E +me)pe
, (14)

which is linear in energy for massless neutrinos, i.e., K(E)|mi=0 = E0−E. Nonzero neutrino masses

modify this behavior and result in a premature drop-off of K(E); knowing that KATRIN is only

sensitive to the quasi-degenerate neutrino mass regime m1 ≃ m2 ≃ m3 ! 0.2 eV, one can pool

all three neutrino contributions into one parameter, the effective electron-neutrino mass in beta

decay [30, 31],

m2
β ≡

∑

i

|Uei|2m2
i ≃ m2

1 . (15)

The last relation follows from the unitarity of U in the three-flavor scheme. In this limit, all three

active-neutrino kinks fall together, resulting in the modified Kurie function

K(E) ≃ (E0 − E)
4

√

1−
m2

β

(E0 − E)2
Θ(E0 − E −mβ) . (16)

A precise measurement of the electron’s energy spectrum close to the endpoint E0 is hence sensitive

to the neutrino mass parameter mβ.1

In the left–right symmetric model with equal gauge coupling constants (gL = gR = g), the process

can also proceed via right-handed currents with the exchange of right-handed gauge bosons, WR,

as well as via WL–WR mixing. The three possible diagrams are shown in Fig. 2; one also has a

1The quasi-degenerate neutrino mass regime to be probed by KATRIN implies that the sum of neutrino masses
∑

j mj is larger than 0.6 eV, seemingly already excluded by cosmological measurements [32]. The latter are
however highly dependent on the combination of datasets and correlated with other parameters, so KATRIN’s

region of interest is far from excluded and will provide important complementary information.

5

17

(Borrowed from K. Valerius lecture in Sinaia)

(Borrowed from K. Valerius lecture in Sinaia)

IMPRS-PTFS Seminar - MPIK, 16 January 2020



KATRIN SEARCH FOR STERILE NEUTRINOS

Cristina Benso

If      admixture of      and      with                 ,  
     due to the large mass splitting, THE SUPERPOSITION 

OF THE BETA-DECAY SPECTRA corresponding to the  
light effective mass term and the heavy mass  
eigenstate     , WILL BE DETECTABLE.

.

|⌫ei .

.
<latexit sha1_base64="XgPpon/NZ1unnD1VVqwe9EEOFqc=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHWXZV0KPoxaOCeUA2hN5JGwdnZ9eZHkGiP+En+BVe9eRNPCr4L26SPWhiXaaoqqanK86UtBQEn97E5NT0zOzcfGlhcWl5pby6VrOpMwKrIlWpacRgUUmNVZKksJEZhCRWWI+vT/p+/RaNlam+oLsMWwl0tbyUAiiX2uUdP4pK9zzSro08MqC7CqObGwcdPnx8ngcK2i5XAj8YgI+TsCAVVuCsXf6OOqlwCWoSCqxthkFGrR4YkkLhQylyFjMQ19DFZk41JGhbvcFVD3zLWaCUZ2i4VHwg4u+JHiTW3iVxnkyAruyo1xf/85qOLg9bPakzR6hFfxFJhYNFVhiZ14W8Iw0SQf/nyKXmAgwQoZEchMhFl/dXyvsIR68fJ7VdP9zzd8/3K0fHRTNzbINtsm0WsgN2xE7ZGasywR7ZM3thr96T9+a9ex/D6IRXzKyzP/C+fgCge6I2</latexit>

.

|⌫ii .

.
<latexit sha1_base64="Pt+PEyXZujt3INh/AbjJDkO8tzQ=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHWXZV0KPoxaOCeUA2hN5JGwdnZ9eZHkGiP+En+BVe9eRNPCr4L26SPWhiXaaoqqanK86UtBQEn97E5NT0zOzcfGlhcWl5pby6VrOpMwKrIlWpacRgUUmNVZKksJEZhCRWWI+vT/p+/RaNlam+oLsMWwl0tbyUAiiX2uUdP4pK9zzSri15ZEB3FUY3Nw46fPj4PA8UtF2uBH4wAB8nYUEqrMBZu/wddVLhEtQkFFjbDIOMWj0wJIXCh1LkLGYgrqGLzZxqSNC2eoOrHviWs0Apz9BwqfhAxN8TPUisvUviPJkAXdlRry/+5zUdXR62elJnjlCL/iKSCgeLrDAyrwt5Rxokgv7PkUvNBRggQiM5CJGLLu+vlPcRjl4/Tmq7frjn757vV46Oi2bm2AbbZNssZAfsiJ2yM1Zlgj2yZ/bCXr0n78179z6G0QmvmFlnf+B9/QCnO6I6</latexit>

.

|⌫si .

.
<latexit sha1_base64="Og5sOADnwemU+cl4ls50rg6JaUs=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHWXZV0KPoxaOCeUA2hN5JGwdnZ9eZHkGiP+En+BVe9eRNPCr4L26SPWhiXaaoqqanK86UtBQEn97E5NT0zOzcfGlhcWl5pby6VrOpMwKrIlWpacRgUUmNVZKksJEZhCRWWI+vT/p+/RaNlam+oLsMWwl0tbyUAiiX2uUdP4pK9zzSrm15ZEB3FUY3Nw46fPj4PA8UtF2uBH4wAB8nYUEqrMBZu/wddVLhEtQkFFjbDIOMWj0wJIXCh1LkLGYgrqGLzZxqSNC2eoOrHviWs0Apz9BwqfhAxN8TPUisvUviPJkAXdlRry/+5zUdXR62elJnjlCL/iKSCgeLrDAyrwt5Rxokgv7PkUvNBRggQiM5CJGLLu+vlPcRjl4/Tmq7frjn757vV46Oi2bm2AbbZNssZAfsiJ2yM1Zlgj2yZ/bCXr0n78179z6G0QmvmFlnf+B9/QC4G6JE</latexit>

.

ms ⇠ O(keV) .

.
<latexit sha1_base64="KWZHWc6Hand5KGS4hCanR3nyyGw="></latexit>

.

ms ⇠ O(keV) .

.
<latexit sha1_base64="KWZHWc6Hand5KGS4hCanR3nyyGw="></latexit>

18IMPRS-PTFS Seminar - MPIK, 16 January 2020



KATRIN SEARCH FOR STERILE NEUTRINOS

Cristina Benso

the mass splittings between the three light mass eigenstates are so small, no current �-
decay experiment can resolve them. Instead, a single effective light neutrino mass m(⌫e)2 =P3

i=1 |Uei|2m(⌫i)2 is assumed.
If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass

ms in the keV range, the different mass eigenstates will no longer form one effective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the �-decay
spectra corresponding to the light effective mass term m(⌫e) and the heavy mass eigenstate
ms, can be detectable. The differential spectrum can be written as

d�

dE
= cos2 ✓

d�

dE
(m(⌫e)) + sin2 ✓

d�

dE
(ms), (8.1)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size
of the effect on the spectral shape [127]. Figure 36 shows a qualitative example with perfect
energy resolution and no energy smearing from atomic, thermal or scattering effects.

Tritium � decay provides distinct advantages when search for the signature of a keV-
scale sterile neutrino. First, tritium �-decay is of super-allowed type, and therefore a precise
theoretical description of the spectral shape is possible. Second, the 12.3-year half-life of
tritium is relatively short, allowing for high signal rates with low source densities, which in
turn minimizes source-related systematic effects such as inelastic scattering. Finally, with an
endpoint energy of E0 = 18.575 keV, the phase space of tritium provides access to a search
for heavy sterile neutrinos in a mass range of astrophysical interest.

In this section the possibility of future experiments to measure the full phase space of
tritium �-decay spectra will be discussed. The Troitsk neutrino mass experiment, which pro-
vided together with the Mainz Experiment the current best limits on the effective electron
anti-neutrino mass [17, 128], is planning to utilize their apparatus to search for sterile neu-
trinos. The upcoming KATRIN Experiment, which is designed to probe the neutrinos mass
with a sensitivity of 200 meV (90%CL) [129, 637] provides a ultra-luminous tritium source,
allowing for a high statistics search for keV-scale sterile neutrinos. Promising novel detection
techniques based on a measurement of the cyclotron radiation of the � electron or cryogenic
techniques and the usage of an atomic tritium source (as opposed to molecular tritium) will
further push the sensitivity of �-decay experiments and are successfully investigated by the
Project 8 [890, 891] and Ptolemny [892] collaborations. Finally, we discuss the advantages
and limitations of a full kinematic reconstruction [893] of � decay, which in principle would
allow to detect a heavy sterile neutrino as missing energy in the decay.

8.2.1 The Troitsk Experiment (Authors: V. S. Pantuev, I. I. Tkachev, A. A.
Nozik)

The “Troitsk nu-mass” laboratory is located in the Institute for Nuclear Research (INR) in
Moscow, Troitsk, Russia. The initial intention of the experiment was to set up limits on the
effective electron anti-neutrino mass or to measure it in tritium beta decay. This program has
been conducted from 1985 to 2009 and resulted in the currently best upper limit [85, 128] on
the effective electron anti-neutrino neutrino mass, m(⌫e) < 2.05 eV. Later on the same data
were used to search for sterile neutrinos with masses from 3 to 100 eV, see Refs. [651, 894].
Limits on the mixing are shown in Fig. 38 as “Troitsk 2013”. Currently, the measurements of
the �-spectrum are continued in INR in a much wider energy range with the intention to set
up limits on sterile neutrinos in the keV mass range [895].
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FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
mass of ms = 10 keV and an unphysical large mixing angle of
sin2 ⇥ = 0.2 on the tritium b-decay spectrum.
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].
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the mass splittings between the three light mass eigenstates are so small, no current �-
decay experiment can resolve them. Instead, a single effective light neutrino mass m(⌫e)2 =P3

i=1 |Uei|2m(⌫i)2 is assumed.
If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass

ms in the keV range, the different mass eigenstates will no longer form one effective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the �-decay
spectra corresponding to the light effective mass term m(⌫e) and the heavy mass eigenstate
ms, can be detectable. The differential spectrum can be written as

d�

dE
= cos2 ✓

d�

dE
(m(⌫e)) + sin2 ✓

d�

dE
(ms), (8.1)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size
of the effect on the spectral shape [127]. Figure 36 shows a qualitative example with perfect
energy resolution and no energy smearing from atomic, thermal or scattering effects.

Tritium � decay provides distinct advantages when search for the signature of a keV-
scale sterile neutrino. First, tritium �-decay is of super-allowed type, and therefore a precise
theoretical description of the spectral shape is possible. Second, the 12.3-year half-life of
tritium is relatively short, allowing for high signal rates with low source densities, which in
turn minimizes source-related systematic effects such as inelastic scattering. Finally, with an
endpoint energy of E0 = 18.575 keV, the phase space of tritium provides access to a search
for heavy sterile neutrinos in a mass range of astrophysical interest.

In this section the possibility of future experiments to measure the full phase space of
tritium �-decay spectra will be discussed. The Troitsk neutrino mass experiment, which pro-
vided together with the Mainz Experiment the current best limits on the effective electron
anti-neutrino mass [17, 128], is planning to utilize their apparatus to search for sterile neu-
trinos. The upcoming KATRIN Experiment, which is designed to probe the neutrinos mass
with a sensitivity of 200 meV (90%CL) [129, 637] provides a ultra-luminous tritium source,
allowing for a high statistics search for keV-scale sterile neutrinos. Promising novel detection
techniques based on a measurement of the cyclotron radiation of the � electron or cryogenic
techniques and the usage of an atomic tritium source (as opposed to molecular tritium) will
further push the sensitivity of �-decay experiments and are successfully investigated by the
Project 8 [890, 891] and Ptolemny [892] collaborations. Finally, we discuss the advantages
and limitations of a full kinematic reconstruction [893] of � decay, which in principle would
allow to detect a heavy sterile neutrino as missing energy in the decay.

8.2.1 The Troitsk Experiment (Authors: V. S. Pantuev, I. I. Tkachev, A. A.
Nozik)

The “Troitsk nu-mass” laboratory is located in the Institute for Nuclear Research (INR) in
Moscow, Troitsk, Russia. The initial intention of the experiment was to set up limits on the
effective electron anti-neutrino mass or to measure it in tritium beta decay. This program has
been conducted from 1985 to 2009 and resulted in the currently best upper limit [85, 128] on
the effective electron anti-neutrino neutrino mass, m(⌫e) < 2.05 eV. Later on the same data
were used to search for sterile neutrinos with masses from 3 to 100 eV, see Refs. [651, 894].
Limits on the mixing are shown in Fig. 38 as “Troitsk 2013”. Currently, the measurements of
the �-spectrum are continued in INR in a much wider energy range with the intention to set
up limits on sterile neutrinos in the keV mass range [895].
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FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].
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To be able to look at the entire spectrum of the electrons,  
KATRIN WILL BE UPDATED (evolving into TRISTAN)  

being equipped with a NEW DETECTOR that is now under construction
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Hp:   Production through oscillation and collisions:
the neutrino fields oscillate between the electron and the sterile  
state while propagating in the plasma; when they interact with the  
other fields in the bath, the wave function has probability                 
to collapse in the sterile state
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FIG. 2: Lowest order contributions to a propagating active
neutrino’s self energy. Red lines are thermal propagators. In
(a), f is any species with weak charge. In (b), f = ⌫↵,↵
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.

Re(!⌫↵)

Im(!⌫↵)

E⌫↵ = |p⌫↵ |
V L + V th

�/2
V L � V th

FIG. 3: Matter potentials for massless neutrinos in the
plasma’s rest frame: filled and un-filled circles are poles at
finite and zero temperature, respectively. See Sec. IV for the
imaginary shift.

III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization
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below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).
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task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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FIG. 2: Lowest order contributions to a propagating active
neutrino’s self energy. Red lines are thermal propagators. In
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Ref. [84] computes these terms by summing over all
species in Fig. 2. Both kinds of diagrams contribute
to the asymmetry potential, while only bubble diagrams
contribute to the thermal potential. We write the answer
in terms of the leptons’ asymmetries, and the densities
of the strong fluid’s conserved quantities:
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In the above equations, ✓W is the weak mixing angle,
and MZ/W are the masses of the weak gauge bosons.
The symbol �↵� is a Kronecker delta, the quantities ⇢↵

and ⇢⌫↵ are net energy densities of charged and neutral
leptons, respectively, and �nB and �nQ are densities of
the baryon number B, and electric charge Q, respectively.
The standard model baryon number asymmetry is small
compared to the lepton asymmetry of interest [3], hence
can be set to zero for the purposes of this calculation.

According to the assumptions in the first part of this
section, the plasma starts out with a net lepton asymme-
try in the mu flavor. As we showed in Sec. I, this asymme-
try is redistributed between muons and muon neutrinos.
Moreover leptons of other flavors acquire asymmetries
that respect Eq. (4), and the strong fluid acquires a net
electric charge density �nQ to maintain overall neutral-
ity. Equation (12a) shows how the asymmetry poten-
tial depends on the redistributed asymmetries, which we
study in the ensuing section.
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FIG. 3: Matter potentials for massless neutrinos in the
plasma’s rest frame: filled and un-filled circles are poles at
finite and zero temperature, respectively. See Sec. IV for the
imaginary shift.

III. REDISTRIBUTION OF AN INPUT

ASYMMETRY

Weak processes couple leptonic and hadronic degrees
of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.

A. Definitions and parametrization

Let us consider the primordial plasma at temperatures
above the quark-hadron transition temperature, TQCD.
The following reactions couple leptons of di↵erent flavors,
and the quark and lepton sectors:

⌫↵ + �
� ⌦ ⌫� + ↵

�, (13a)

⌫↵ + ↵
+ ⌦ a+ b̄, (13b)

where a and b are quarks with charges of +2/3 and �1/3
respectively. Free quarks no longer exist at temperatures
below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
reactions on input asymmetries, but it is a daunting
task; one that is further complicated by the quark-
hadron transition. The following consideration of the
relevant timescales suggests a solution. In the radi-
ation dominated era, the Hubble rate is H ⇡ 2 ⇥

105 s�1
g⇤

1/2(T/GeV)2. At temperatures above the
quark-hadron transition, the rates of reactions in (13)
are �(T ) ' G

2

F
T

5
⇡ 2 ⇥ 1014 s

�1 (T/GeV)5, while the
relevant rates below the transition are those of pion de-
cays. The most important channel for the latter is the

1 During this preparation of this manuscript, we became aware of
Ref. [99], which points out the relevance of this e↵ect to ster-
ile neutrino production, and estimates it under the simplifying
Stefan-Boltzmann approximation for free quarks.
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of freedom in the primordial plasma. In this section, we
study this coupling’s e↵ect on lepton asymmetries1. We
define relevant suceptibilities in Sec. III A, and compute
them over a range of temperatures in Sec. III B.
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below TQCD, and the reactions in Eq. (13b) transition to
ones involving mesons, like Eq. (1).

In principle, we could study the e↵ect of all these
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def:     is the temperature at which the sterile neutrinos started to be produced.
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NEW SCALE in the primeval universe

LOW REHEATING TEMPERATURE 
The production of sterile neutrinos started at lower temperatures  

than the peak one because the universe never reached T_max
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.
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green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.
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Upper bounds on mass and mixing angle  
from the X-rays observations 

 Exp: XMM-Newton, Chandra, Suzaku, Swift,  
INTEGRAL, HEAO-1, Fermi/GBM
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X-ray Constraint Relaxation - DM Cocktail

OBSERVABLE : Flux of photons F =
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The first possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  

ONLY A FRACTION OF THE DARK MATTER content of the universe  
is CONSTITUTED BY STERILE NEUTRINOS
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The first possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  
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Secondary advantage:  
multicomponent dark matter allows in principle more freedom also 
from other constraint coming, for example, from large scale structures
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X-ray Constraint Relaxation - Reduced Decay Rate

OBSERVABLE : Flux of photons F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))

<latexit sha1_base64="sSCs6FdmEYmLN5oTCC89qqP3EfQ="></latexit>

The second possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  

the DECAY RATE determined by the mixing angle and the mass  
IS REDUCED
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The second possibility to get a relaxed constraint  
from the X-rays observations is to hypothesize that  

the DECAY RATE determined by the mixing angle and the mass  
IS REDUCED
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3

and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓

10�10

◆⇣
ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]

i�R =
3

64⇡2

g
2

m
2

W

ms U
⇤
ei sin ✓ , i�L = 0 , (4)
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This can be achieved if we consider the contribution of two diagrams  
with the same initial and final state and such that 

where

.

M ! M1 +M2 .
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2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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where g and mW are weak coupling and W boson mass, respectively, Uei is the element in the first
row of the leptonic mixing matrix and throughout the calculation we have consistently ignored
sub-eV active neutrino masses.

To demonstrate that �R in eq. (4) can be greatly reduced, we introduce a scalar doublet ⌃ =
(�0

,�
�) ⇠ (1, 2,�1). The relevant part of the Lagrangian involving this state and ⌫s reads

L � � ⌫̄s⌃
†
Le + �

0
ēR⌃̃

†
Le + h.c. , (5)

where with Le we denote lepton doublet of the first generation2. With these two Yukawa interac-
tions one can construct Feynman diagram given in the right panel of fig. 1, where sterile neutrino
decays via exchange of charged particle from ⌃ doublet. Such interaction was already studied in
the context of sterile neutrinos and the 3.5 keV line in [31]. By following again [29], we find
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where me is the electron mass which appears in the amplitude due to the chirality flip (see again
right diagram in fig. 1) that is necessary to preserve gauge invariance. Note that due to the
Majorana nature of initial and final state fermions, one needs to include the complex conjugated
process to the amplitude and this yields non-zero �L. Still, already by using eq. (4) and eq. (6)
one can for instance obtain the condition for the complete cancellation between the amplitudes of
two considered diagrams
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Taking m⌃ ⇠ 1 TeV and sin ✓ ⇠ 10�4, which is in the ballpark of KATRIN sensitivity, eq. (7)
yields ��0

' 10�6 for ms ⇠ 1 keV.
Let us estimate the size of the coupling � required to avoid the thermalization of ⌫s with the

SM bath. If ⌫s thermalized, its abundance would enhance the measured value by 1 � 2 orders of
magnitude [30, 32]. The first term in eq. (5) facilitates (inverse) decays �±

$ e
±+⌫s. The rate for

this process should be smaller than the Hubble rate at T & m⌃ and this yields � . 10�7. Clearly,
setting the coupling to such values does not allow su�cient relaxation of the ⌫s decay rate as it
would force the coupling �

0 to very large, practically unperturbative values. This suggests that
eq. (7) can be satisfied only with sub-TeV reheating temperature, scenario in which these processes
would be absent due to lack of energy to produce �± after inflation. We should note that sub-TeV
reheating is also consistent with our central assumption that the production mechanism for sterile
neutrinos stems from active to sterile neutrino oscillations at T . 100 MeV.

Finally, while eq. (7) is the condition for the full cancellation (which corresponds to the complete
absence of the X-ray signal), we will only require reduction of the decay rate which makes parame-
ter space accessible by KATRIN consistent with X-ray data. While this still requires a certain fine
tuning of the parameters involved, it is a viable possibility. We would also like to emphasize that
⌃ doublet introduced in this section is not the only option for generating additional diagrams for
⌫s ! ⌫i�, but only one model that we employed in order to demonstrate the e↵ect. Several other
scenarios that can be used are discussed in Ref. [31] (see also [33]).

(iii) Hidden sector decays

2 For simplicity we assume ⌃ interacts only with the leptons of the first generation.
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and the decay rate �s into a photon and an active neutrino

�s

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦) , (1)

where l is the distance along the line of sight, ⌦ is the solid angle and ⇢DM equals DM energy
density at the location determined by aforementioned coordinates. The information on the sterile
neutrino parameters is contained in the prefactor, whereas the integral depends only on the spatial
distribution of the DM energy density. The most straightforward way to relax the X-ray limits is to
simply decrease ⇢DM in ⌫s species which corresponds to the introduction of additional DM particles,
such as WIMPs, that would make the total DM abundance consistent with the observation and
would not influence X-ray spectra. From the prefactor of eq. (1) and the expression for the sterile
neutrino decay rate via exchange of WL boson [27, 28] (see left diagram in fig. 1)

�s = 1.38 · 10�32 sec�1

✓
sin2 2✓

10�10

◆⇣
ms

1 keV

⌘
5

, (2)

one infers that the present constraint on ms is relaxed by the factor of
�
0.12/⌦sh

2
�
1/4

, where ⌦sh
2

is the ⌫s abundance in the multi-component DM, i.e. cocktail, scenario. While the limit clearly
fades away as the abundance of ⌫s gets reduced, it is not of our interest to consider scenarios in
which the abundance of ⌫s is greatly suppressed. Throughout this paper we will not show cases
where the abundance of ⌫s is less than 1% of the total DM abundance.

(ii) Reduced Decay Rate

There is an alternative way to achieve the relaxation of X-ray bounds, which to the best of our
knowledge has not been discussed in the literature to date. From eq. (1), it is clear that the
reduction of the photon flux can be obtained by diminishing the decay rate �s. The general
expression � /

R
dPhase |M|

2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.

The amplitude for ⌫s(p1) ! ⌫i(p2)�(q) (i denotes given active neutrino in mass basis) is M =
e✏

⇤
µ⇠

µ, where ✏ represents the polarization of the outgoing photon and [29]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (3)

Here, spinors are denoted with u, and PL(R) is left (right) projector.
For the left diagram in fig. 1 we reproduced results from the literature [30]
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2 decreases if the amplitude M is, in addition to the expression
corresponding to the left diagram in fig. 1, supplemented by another term which destructively
interferes with the former. Before showing one particular example how this can be achieved with
the minimal extension of the Standard Model (SM), let us demonstrate how the relaxation of the
limit scales in this case. To this end, we denote two amplitudes of interest with M1 and M2. By
requiring M1+M2 = � M1, the decay rate would rescale by factor of �2. For instance, �2 = 1/10
leads to the 90% reduction of the decay rate. The limit on sterile neutrino masses gets relaxed by
a factor of ��1/2.

Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization. We
adopt the “cookbook” from Ref. [29], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and �.
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µ, where ✏ represents the polarization of the outgoing photon and [29]
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For the left diagram in fig. 1 we reproduced results from the literature [30]
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Hp: because of CPT symmetry violation, 
              mixing but 
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CONCLUSIONS
❖ Constraints coming from the X-ray observations and measured         

can cause problems in the detection at KATRIN of keV sterile neutrino 
dark matter produced through oscillation and collisions 

❖ It is possible to efficiently RELAX THE X-RAY BOUND both in the Dark 
Matter Cocktail scenario and in the case of two (or more) decay 
channels for the keV sterile neutrino 

❖ The introduction of a CRITICAL TEMPERATURE, in a non standard 
cosmological scenario or related to a new scale concerning the sterile 
neutrino mass, allows to have larger values of mixing angles 

❖ The combination of these two methods sets available again the region of 
the parameter space in which we expect KATRIN to become sensitive in the 
near future to signals of keV sterile neutrino dark matter produced 
through both the Dodelson-Widrow and the Shi-Fuller mechanism.

Cristina Benso

.

h2 ⌦s > h2 ⌦DM = 0.1186

.
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KATRIN SEARCH FOR STERILE NEUTRINOS

Cristina Benso

Advantages in KATRIN searches: 
• Short half-life (12.3 yrs) 

high signal rates with low source densities 
• Endpoint energy of 

search for sterile neutrinos in a mass range of astrophysical interest 
• Ultra luminous tritium source 

high statistic search for keV-sterile neutrinos

the mass splittings between the three light mass eigenstates are so small, no current �-
decay experiment can resolve them. Instead, a single effective light neutrino mass m(⌫e)2 =P3

i=1 |Uei|2m(⌫i)2 is assumed.
If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass

ms in the keV range, the different mass eigenstates will no longer form one effective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the �-decay
spectra corresponding to the light effective mass term m(⌫e) and the heavy mass eigenstate
ms, can be detectable. The differential spectrum can be written as

d�

dE
= cos2 ✓

d�

dE
(m(⌫e)) + sin2 ✓

d�

dE
(ms), (8.1)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size
of the effect on the spectral shape [127]. Figure 36 shows a qualitative example with perfect
energy resolution and no energy smearing from atomic, thermal or scattering effects.

Tritium � decay provides distinct advantages when search for the signature of a keV-
scale sterile neutrino. First, tritium �-decay is of super-allowed type, and therefore a precise
theoretical description of the spectral shape is possible. Second, the 12.3-year half-life of
tritium is relatively short, allowing for high signal rates with low source densities, which in
turn minimizes source-related systematic effects such as inelastic scattering. Finally, with an
endpoint energy of E0 = 18.575 keV, the phase space of tritium provides access to a search
for heavy sterile neutrinos in a mass range of astrophysical interest.

In this section the possibility of future experiments to measure the full phase space of
tritium �-decay spectra will be discussed. The Troitsk neutrino mass experiment, which pro-
vided together with the Mainz Experiment the current best limits on the effective electron
anti-neutrino mass [17, 128], is planning to utilize their apparatus to search for sterile neu-
trinos. The upcoming KATRIN Experiment, which is designed to probe the neutrinos mass
with a sensitivity of 200 meV (90%CL) [129, 637] provides a ultra-luminous tritium source,
allowing for a high statistics search for keV-scale sterile neutrinos. Promising novel detection
techniques based on a measurement of the cyclotron radiation of the � electron or cryogenic
techniques and the usage of an atomic tritium source (as opposed to molecular tritium) will
further push the sensitivity of �-decay experiments and are successfully investigated by the
Project 8 [890, 891] and Ptolemny [892] collaborations. Finally, we discuss the advantages
and limitations of a full kinematic reconstruction [893] of � decay, which in principle would
allow to detect a heavy sterile neutrino as missing energy in the decay.

8.2.1 The Troitsk Experiment (Authors: V. S. Pantuev, I. I. Tkachev, A. A.
Nozik)

The “Troitsk nu-mass” laboratory is located in the Institute for Nuclear Research (INR) in
Moscow, Troitsk, Russia. The initial intention of the experiment was to set up limits on the
effective electron anti-neutrino mass or to measure it in tritium beta decay. This program has
been conducted from 1985 to 2009 and resulted in the currently best upper limit [85, 128] on
the effective electron anti-neutrino neutrino mass, m(⌫e) < 2.05 eV. Later on the same data
were used to search for sterile neutrinos with masses from 3 to 100 eV, see Refs. [651, 894].
Limits on the mixing are shown in Fig. 38 as “Troitsk 2013”. Currently, the measurements of
the �-spectrum are continued in INR in a much wider energy range with the intention to set
up limits on sterile neutrinos in the keV mass range [895].
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     due to the large mass splitting, THE SUPERPOSITION 

OF THE BETA-DECAY SPECTRA corresponding to the  
light effective mass term and the heavy mass  
eigenstate     , WILL BE DETECTABLE.

2

FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
mass of ms = 10 keV and an unphysical large mixing angle of
sin2 ⇥ = 0.2 on the tritium b-decay spectrum.
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].
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<latexit sha1_base64="Pt+PEyXZujt3INh/AbjJDkO8tzQ=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHWXZV0KPoxaOCeUA2hN5JGwdnZ9eZHkGiP+En+BVe9eRNPCr4L26SPWhiXaaoqqanK86UtBQEn97E5NT0zOzcfGlhcWl5pby6VrOpMwKrIlWpacRgUUmNVZKksJEZhCRWWI+vT/p+/RaNlam+oLsMWwl0tbyUAiiX2uUdP4pK9zzSri15ZEB3FUY3Nw46fPj4PA8UtF2uBH4wAB8nYUEqrMBZu/wddVLhEtQkFFjbDIOMWj0wJIXCh1LkLGYgrqGLzZxqSNC2eoOrHviWs0Apz9BwqfhAxN8TPUisvUviPJkAXdlRry/+5zUdXR62elJnjlCL/iKSCgeLrDAyrwt5Rxokgv7PkUvNBRggQiM5CJGLLu+vlPcRjl4/Tmq7frjn757vV46Oi2bm2AbbZNssZAfsiJ2yM1Zlgj2yZ/bCXr0n78179z6G0QmvmFlnf+B9/QCnO6I6</latexit>

.

|⌫si .

.
<latexit sha1_base64="Og5sOADnwemU+cl4ls50rg6JaUs=">AAACIHicbVDLSgNBEJz1bXxFPXoZDIIHWXZV0KPoxaOCeUA2hN5JGwdnZ9eZHkGiP+En+BVe9eRNPCr4L26SPWhiXaaoqqanK86UtBQEn97E5NT0zOzcfGlhcWl5pby6VrOpMwKrIlWpacRgUUmNVZKksJEZhCRWWI+vT/p+/RaNlam+oLsMWwl0tbyUAiiX2uUdP4pK9zzSrm15ZEB3FUY3Nw46fPj4PA8UtF2uBH4wAB8nYUEqrMBZu/wddVLhEtQkFFjbDIOMWj0wJIXCh1LkLGYgrqGLzZxqSNC2eoOrHviWs0Apz9BwqfhAxN8TPUisvUviPJkAXdlRry/+5zUdXR62elJnjlCL/iKSCgeLrDAyrwt5Rxokgv7PkUvNBRggQiM5CJGLLu+vlPcRjl4/Tmq7frjn757vV46Oi2bm2AbbZNssZAfsiJ2yM1Zlgj2yZ/bCXr0n78179z6G0QmvmFlnf+B9/QC4G6JE</latexit>

.

ms ⇠ O(keV) .

.
<latexit sha1_base64="KWZHWc6Hand5KGS4hCanR3nyyGw="></latexit>

Differential spectrum:

.

ms ⇠ O(keV) .

.
<latexit sha1_base64="KWZHWc6Hand5KGS4hCanR3nyyGw="></latexit>

.

E0 = 18.575 keV .

.
<latexit sha1_base64="lfldrQr7KEeXeCZyuGRvOATBTQI="></latexit>
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DODELSON-WIDROW PRODUCTION

Cristina Benso

Assuming                 in the plasma during the sterile neutrinos production 

.

g⇤(T ) = const ⇠ 10.75 .
<latexit sha1_base64="PcCzMWA5e2K+LvPFySo/Lk1y3Uk="></latexit>

and making use of the relation valid for fixed 
.

r = p/T .
<latexit sha1_base64="8S0O6wmRm4TaxoG/T+gJ3c8U58I=">AAACDnicbVC5TsNAEF2H21wGOmhWREhUxg5I0CAhaChBIocUR9F4M4QV6yO7YyQUIfEJfAUtVHSIll+g4F+wExdcr3rz3oxm5oWpkoY878OqTExOTc/MztnzC4tLy87KasMkmRZYF4lKdCsEg0rGWCdJClupRohChc3w+qTwmzeojUziC7pNsRNBP5aXUgDlUtdZd4PADgaDDHpc80Oe7lzwcel2narneiPwv8QvSZWVOOs6n0EvEVmEMQkFxrR9L6XOEDRJofDODjKDKYhr6GM7pzFEaDrD0Q93fCszQAlPUXOp+EjE7xNDiIy5jcK8MwK6Mr+9QvzPa2d0edAZyjjNCGNRLCKpcLTICC3zcJD3pEYiKC5HLmMuQAMRaslBiFzM8rTsPA//9/d/SaPm+rtu7XyvenRcJjPLNtgm22Y+22dH7JSdsToT7J49sif2bD1YL9ar9TZurVjlzBr7Aev9Cwy9mmg=</latexit>

.

�H T

✓
@fs(p, T )

@T

◆

p

�H p

✓
@fs(p, T )

@p

◆

T

= �H T

✓
@fs(p, T )

@T

◆

p/T

= �H T

✓
@fs(r)

@T

◆

r

.

<latexit sha1_base64="2CBzPoYcPKRjxBycPDZt/qn/+UI="></latexit>

We are able to solve the Boltzmann equation and get .

fs(r) =

Z Tin

Tfin

dT

✓
MPl

1.66
p
g⇤ T 3

◆
2

64
1

4

�e(r, T )
⇣

m2
s

2 r T

⌘2
sin2(2✓)

⇣
m2

s
2 r T

⌘2
sin2(2✓) +

�
�e
2

�2
+
⇣

m2
s

2 r T � V
⌘2

3

75 .

<latexit sha1_base64="XVOzjCWNP2I6qOh9XgrOCN8Hxek="></latexit>

For non relativistic relic 

where the yield is                and  

.

Y =
n

s
.

<latexit sha1_base64="LRUBwTgKOcepT0xW2OXEZgzJsic=">AAACFnicbVC7TsNAEDzzDOEVoKQ5JUKisuyABA0SgoYySISH4ihaXzbhlPPZuVsjISs9n8BX0EJFh2hpKfgX7JCC11SjmV3tzoSJkpY8792Zmp6ZnZsvLZQXl5ZXVitr6+c2To3ApohVbC5DsKikxiZJUniZGIQoVHgRDo4L/+IGjZWxPqPbBNsR9LXsSQGUS51K1Q2CcjAcptDlV/yABz0DItOjzI74l+x2KjXP9cbgf4k/ITU2QaNT+Qi6sUgj1CQUWNvyvYTaGRiSQuGoHKQWExAD6GMrpxoitO1snGXEt1ILFPMEDZeKj0X8vpFBZO1tFOaTEdC1/e0V4n9eK6XefjuTOkkJtSgOkVQ4PmSFkXlJyLvSIBEUnyOXmgswQIRGchAiF9O8tXLeh/87/V9yXnf9Hbd+uls7PJo0U2KbrMq2mc/22CE7YQ3WZILdsQf2yJ6ce+fZeXFev0annMnOBvsB5+0TYNqedQ==</latexit>

.

h2 ⌦ =
s0 m

⇢c/h2
Y0 .

<latexit sha1_base64="6FXo6b+fKeVARigMcWFJYyIEioE="></latexit>

.

n(T ) =
g

(2⇡)3

Z +1

�1
d3 p f(p, T ) .

<latexit sha1_base64="O4cK6KmjKrZzESVHjKAdesOXYKQ="></latexit>

Sterile neutrino dark matter abundance .

h2 ⌦s =
s0 ms

⇢c/h2

1

g⇤s

✓
45

4⇡4

◆Z 1

0
dr r2 [f⌫s(r) + f⌫s(r)] .

<latexit sha1_base64="vsTTVuBOGC+lPgMAW71lcCB1yko="></latexit>
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Cristina Benso

NEW SCALE in the primeval universe

LOW REHEATING TEMPERATURE 
The production of sterile neutrinos started at lower temperatures  

than the peak one because the universe never reached T_max

SCALE OF THE DYNAMICAL CHANGE OF .

sin2(2✓M ) =
m2

D

m2
D + [c�↵ E/ms + ms/2]

2 .

<latexit sha1_base64="Lf8a1JdgED0JekaWdDaMaTrW9j0="></latexit>

.

ms
<latexit sha1_base64="fxydntRyyX9kdIn+5iwVXUHKO6M=">AAACEXicbZC7SgNREIbPeo3rLWopwsEgWIXdKGglARvLCOYC2RBmTybxkLOXnDMrhJDKR/ApbLWyE1ufwMJ3cTdJoYlTffz/DDPz+7GShhzny1paXlldW89t2Jtb2zu7+b39mokSLbAqIhXphg8GlQyxSpIUNmKNEPgK637/OvPrD6iNjMI7GsbYCqAXyq4UQKnUzh8VvUECHe559hSCtuHeIEPbttv5glN0JsUXwZ1Bgc2q0s5/e51IJAGGJBQY03SdmFoj0CSFwrHtJQZjEH3oYTPFEAI0rdHkjTE/SQxQxGPUXCo+EfH3xAgCY4aBn3YGQPdm3svE/7xmQt3L1kiGcUIYimwRSYWTRUZomeaDvCM1EkF2OXIZcgEaiFBLDkKkYpIGluXhzn+/CLVS0T0rlm7PC+WrWTI5dsiO2Slz2QUrsxtWYVUm2CN7Zi/s1Xqy3qx362PaumTNZg7Yn7I+fwAzjZuF</latexit>

with .

c ⇡ 63 .
<latexit sha1_base64="XRS0shKaiU9qxKrtPWVAJVUKG2g=">AAACE3icbVC7TsNAEDyHd3gFKCk4ESFRWXaCgBJBQwkSIZHiKFpfNuGUs325WyNQRMkn8BW0UNEhWj6Agn/BDikgMNVoZle7M6FW0pLnfTiFqemZ2bn5heLi0vLKamlt/dImqRFYE4lKTCMEi0rGWCNJChvaIEShwnrYP8n9+jUaK5P4gm41tiLoxbIrBVAmtUtbbhAUg8EghQ4XPACtTXLD96v8W3PbpbLneiPwv8QfkzIb46xd+gw6iUgjjEkosLbpe5paQzAkhcK7YpBa1CD60MNmRmOI0LaGoyB3fCe1QAnXaLhUfCTiz40hRNbeRmE2GQFd2UkvF//zmil1D1tDGeuUMBb5IZIKR4esMDJrCHlHGiSC/HPkMuYCDBChkRyEyMQ0q6yY9eFPpv9LLiuuX3Ur53vlo+NxM/Nsk22zXeazA3bETtkZqzHB7tkje2LPzoPz4rw6b9+jBWe8s8F+wXn/AktvnLo=</latexit>

.

�↵(p) = c↵(T )G
2
FT

4p .
<latexit sha1_base64="S+X4VVkcdYVSkgJSYHOaKxRoMmU="></latexit>

.

mD ' ✓ms .
<latexit sha1_base64="qxGIAUUnfmSvpf3W7afoE6+lUDg=">AAACH3icbVDLSgNBEJyN7/ha9ehlMAiCsuxGQY+iHjwqGBPIhtA76SRDZnY3M71CCH6En+BXeNWTN/HqwX9xE3NQY52Kqm66q6JUSUu+/+EUZmbn5hcWl4rLK6tr6+7G5q1NMiOwIhKVmFoEFpWMsUKSFNZSg6AjhdWodz7yq3dorEziGxqk2NDQiWVbCqBcarr7XhgWw34/gxbXzQseWqmxz0PqIgEPD3LR8m/fa7ol3/PH4NMkmJASm+Cq6X6GrURkGmMSCqytB35KjSEYkkLhfTHMLKYgetDBek5j0Ggbw3Goe76bWaCEp2i4VHws4s+NIWhrBzrKJzVQ1/71RuJ/Xj2j9kljKOM0I4zF6BBJheNDVhiZt4W8JQ0Swehz5DLmAgwQoZEchMjFLK+vmPcR/E0/TW7LXnDola+PSqdnk2YW2TbbYXssYMfslF2yK1Zhgj2wJ/bMXpxH59V5c96/RwvOZGeL/YLz8QVEcaF0</latexit>

• PHASE TRANSITION CASE: 

.

m(T>Tc)
s = 0 .

<latexit sha1_base64="CvhUB3so7i6IxBCxB8q4/ox5bB0=">AAACInicbVC7TsNAEDzzJrwClDQnIiRoLBuQoAFF0FCClJBIcbDWlwVO3NnO3RopsvIXfAJfQQsVHaJCgn/BCSl4TTWamdXuTpQqacnz3pyx8YnJqemZ2dLc/MLiUnl55dwmmRFYF4lKTDMCi0rGWCdJCpupQdCRwkZ0czzwG7dorEziGvVSbGu4iuWlFECFFJZdNwhKQbebQYfr0F7kgdWgVL5Z44e8Foqtfp8fcI9/RdywXPFcbwj+l/gjUmEjnIblj6CTiExjTEKBtS3fS6mdgyEpFPZLQWYxBXEDV9gqaAwabTsf/tXnG5kFSniKhkvFhyJ+n8hBW9vTUZHUQNf2tzcQ//NaGV3ut3MZpxlhLAaLSCocLrLCyKIw5B1pkAgGlyOXMRdggAiN5CBEIWZFg6WiD//393/J+bbr77jbZ7uV6tGomRm2xtbZJvPZHquyE3bK6kywO/bAHtmTc+88Oy/O61d0zBnNrLIfcN4/AeURojY=</latexit>

if               , where    is a new scalar field belonging to a hidden sector 
that develops a non-zero VEV after a phase transition at 

.

ms = fh�i .
<latexit sha1_base64="VgGVEQfQBEvLsP/W2SZnx2JPZVg=">AAACI3icbVC7TsNAEDyHd3gFKGlOREhUxg5I0CBF0FCCRAJSHEXryyacOJ+duzVSFOUz+AS+ghYqOkRDkX/BDi54bTU3M6u9mTBR0pLnfTilmdm5+YXFpfLyyuraemVjs2nj1AhsiFjF5iYEi0pqbJAkhTeJQYhChdfh3VmuX9+jsTLWVzRMsB1BX8ueFEAZ1ansu0FQDgaDFLo86lh+wns8UKD7CnmQ3EoemOIx9bidStVzvenwv8AvQJUVc9GpTIJuLNIINQkF1rZ8L6H2CAxJoXBcDlKLCYg76GMrgxoitO3RNNiY76YWKOYJGi4Vn5L4fWMEkbXDKMycEdCt/a3l5H9aK6XecXskdZISapEfIpmFzA9ZYWTWGPKuNEgE+c+RS80FGCBCIzkIkZFpVmE568P/nf4vaNZc/8CtXR5W66dFM4tsm+2wPeazI1Zn5+yCNZhgD+yJPbMX59F5dd6c9y9rySl2ttiPcSafZhejGw==</latexit>

.

� .
<latexit sha1_base64="OlI1CAI+hyrg6b4J/JWMiisALXM=">AAACC3icbVC7TgJBFJ31ifhCLSxsJhITq80ummhJtLHERB4JS8jd4QITZh/M3DUhhE/wK2y1sjO2foSF/+KyUCh4qpNz7s295/ixkoYc58taWV1b39jMbeW3d3b39gsHhzUTJVpgVUQq0g0fDCoZYpUkKWzEGiHwFdb9we3Urz+iNjIKH2gUYyuAXii7UgClUrtwbHte3hsOE+hwL+5LPuN2u1B0bCcDXybunBTZHJV24dvrRCIJMCShwJim68TUGoMmKRRO8l5iMAYxgB42UxpCgKY1zgJM+FligCIeo+ZS8UzE3xtjCIwZBX46GQD1zaI3Ff/zmgl1r1tjGcYJYSimh0gqzA4ZoWXaDPKO1EgE08+Ry5AL0ECEWnIQIhWTtKp82oe7mH6Z1Eq2e2GX7i+L5Zt5Mzl2wk7ZOXPZFSuzO1ZhVSbYhD2zF/ZqPVlv1rv1MRtdseY7R+wPrM8fIVyaBQ==</latexit>

.

T = Tc .
<latexit sha1_base64="eaIg2JCiipdjc6WGrhNw/xsG8jg=">AAACDnicbVC7SgNREL3rM8ZX1E6bi0GwWnajoI0QtLGMkBdkQ5i9mcRL7j5y76wQQsBP8CtstbITW3/Bwn9x8yg08VRnzplhZo4fK2nIcb6speWV1bX1zEZ2c2t7Zze3t181UaIFVkSkIl33waCSIVZIksJ6rBECX2HN792M/doDaiOjsEyDGJsBdEPZkQIolVq5Q9vzsl6/n0Cbl/kVL7cEn5Z2K5d3bGcCvkjcGcmzGUqt3LfXjkQSYEhCgTEN14mpOQRNUigcZb3EYAyiB11spDSEAE1zOPlhxE8SAxTxGDWXik9E/D0xhMCYQeCnnQHQvZn3xuJ/XiOhzmVzKMM4IQzFeBFJhZNFRmiZhoO8LTUSwfhy5DLkAjQQoZYchEjFJE0rm+bhzn+/SKoF2z2zC3fn+eL1LJkMO2LH7JS57IIV2S0rsQoT7JE9sxf2aj1Zb9a79TFtXbJmMwfsD6zPHxP0mm0=</latexit>

• MISALIGNMENT MECHANISM CASE: 

.

m(T>Tc)
s � mtoday

s .
<latexit sha1_base64="doYJunLXQOhLNDZSVqpkl6nmDZE="></latexit>

if                              , where             depends on the value of the  
Scalar field     , that can be very large at 

.

m(T>Tc)
s = mtoday

s +M .
<latexit sha1_base64="IyrZd2d9araMUXaFR0qZ+GYXFoU="></latexit>

.

M = f� .
<latexit sha1_base64="BrxN7WmGYuMCrdyR0m8GU6lLn/M=">AAACEXicbVDLSgNBEJyN7/UV9SjCYBA8LbtR0IsgevEiRDAmkA2hd9JJhsw+nOkVJHjyE/wKr3ryJl79Ag/+i5tkD5pYp6Kqm+6qIFHSkOt+WYWZ2bn5hcUle3lldW29uLF5Y+JUC6yKWMW6HoBBJSOskiSF9UQjhIHCWtA/H/q1O9RGxtE13SfYDKEbyY4UQJnUKu44vm/7t7cptPklP+Ed7ld6ko8Vp1UsuY47Ap8mXk5KLEelVfz227FIQ4xIKDCm4bkJNQegSQqFD7afGkxA9KGLjYxGEKJpDkYxHvheaoBinqDmUvGRiL83BhAacx8G2WQI1DOT3lD8z2uk1DluDmSUpISRGB4iqXB0yAgts36Qt6VGIhh+jlxGXIAGItSSgxCZmGaF2Vkf3mT6aXJTdrwDp3x1WDo9y5tZZNtsl+0zjx2xU3bBKqzKBHtkz+yFvVpP1pv1bn2MRwtWvrPF/sD6/AEB4Ztx</latexit>

.

T = Tc .
<latexit sha1_base64="eaIg2JCiipdjc6WGrhNw/xsG8jg=">AAACDnicbVC7SgNREL3rM8ZX1E6bi0GwWnajoI0QtLGMkBdkQ5i9mcRL7j5y76wQQsBP8CtstbITW3/Bwn9x8yg08VRnzplhZo4fK2nIcb6speWV1bX1zEZ2c2t7Zze3t181UaIFVkSkIl33waCSIVZIksJ6rBECX2HN792M/doDaiOjsEyDGJsBdEPZkQIolVq5Q9vzsl6/n0Cbl/kVL7cEn5Z2K5d3bGcCvkjcGcmzGUqt3LfXjkQSYEhCgTEN14mpOQRNUigcZb3EYAyiB11spDSEAE1zOPlhxE8SAxTxGDWXik9E/D0xhMCYQeCnnQHQvZn3xuJ/XiOhzmVzKMM4IQzFeBFJhZNFRmiZhoO8LTUSwfhy5DLkAjQQoZYchEjFJE0rm+bhzn+/SKoF2z2zC3fn+eL1LJkMO2LH7JS57IIV2S0rsQoT7JE9sxf2aj1Zb9a79TFtXbJmMwfsD6zPHxP0mm0=</latexit>

.

M = f� .
<latexit sha1_base64="BrxN7WmGYuMCrdyR0m8GU6lLn/M=">AAACEXicbVDLSgNBEJyN7/UV9SjCYBA8LbtR0IsgevEiRDAmkA2hd9JJhsw+nOkVJHjyE/wKr3ryJl79Ag/+i5tkD5pYp6Kqm+6qIFHSkOt+WYWZ2bn5hcUle3lldW29uLF5Y+JUC6yKWMW6HoBBJSOskiSF9UQjhIHCWtA/H/q1O9RGxtE13SfYDKEbyY4UQJnUKu44vm/7t7cptPklP+Ed7ld6ko8Vp1UsuY47Ap8mXk5KLEelVfz227FIQ4xIKDCm4bkJNQegSQqFD7afGkxA9KGLjYxGEKJpDkYxHvheaoBinqDmUvGRiL83BhAacx8G2WQI1DOT3lD8z2uk1DluDmSUpISRGB4iqXB0yAgts36Qt6VGIhh+jlxGXIAGItSSgxCZmGaF2Vkf3mT6aXJTdrwDp3x1WDo9y5tZZNtsl+0zjx2xU3bBKqzKBHtkz+yFvVpP1pv1bn2MRwtWvrPF/sD6/AEB4Ztx</latexit>

Critical Temperature
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X-RAY CONSTRAINT

X-RAY SIGNALS

Contribution to the diffuse  
X-ray Background 

in the whole universe

Overdense regions: 
galaxy clusters and  

dwarf spheroidal galaxies

Milky Way halo

Example: 3.5 keV line
(in stacked spectrum of galaxy clusters, individual spectra of nearby galaxy clusters, Andromeda galaxy, Galactic Center region)

line at E = 3.55 keV $

8
><

>:

ms ' 7.1 keV, .

⌧⌫s ⇠ 1027.8±0.3

sin2(2✓) ' (2� 20)⇥ 10�11

<latexit sha1_base64="61plbKXyErYDL79Q3YtmYIuKHQk="></latexit>

But uncertainty on its origin 
(DM decay? instrumental origin? astrophysical origin?)
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