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Can we produce enough sterile neutrinvo DM n the

early universe?
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: V4 = Ugc0s0+ 1,80 = v

The mixing angle 15 small and the sterile neutrino never reaches

thermal equilibrium with the primordial plasma

For a review: Abazajian (2017)

Dasgupta & Kopp (2021) .
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: V4 = Ugc0s0+ 1,80 = v

The mixing angle 15 small and the sterile neutrino never reaches

thermal equilibrium with the primordial plasma
[t can be detected through decay tnto radiation

e[ sin?20 m, \’
7T X 10_11 7 keV Ve Vo ! Vg

e.g. Pal & Wolfenstein (1982),
Abazajian, Fuller & Tucker (2001), ...
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: V4 = Ugc0s0+ 1,80 = v

The mixing angle 15 small and the sterile neutrino never reaches

thermal equilibrium with the primordial plasma
[t can be detected through decay tnto radiation

e[ sin?20 m, \’
['~107*% <
7T X 10_11 7 keV Ve Vo ! Vg

e.g. Pal & Wolfenstein (1982),
Abazajian, Fuller & Tucker (2001), ...

How to produce (t?

Two (among several) proposals: Dodelson-Widrow (199¢%)
For a review: Abazajian (2017) Sl'll.—FM“QY (7 999)

Dasgupta & Kopp (2021) .
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: vy = vgcos0+ 1,8l =y,

The mixing angle 15 small and the sterile neutrino never reaches

thermal equilibrium with the primordial plasma

How to produce 1#?
[n the early unmiverse, an active neufrivo can oscillate fo a sterile

M.QMIL)’I.MO, with Profaa(o”l‘/‘y Dodelson-Widrow Mechanism

A2 sin? 20 Dodelson & Widrow (1994)

A?sin% 20 + (T'/2)2 + (A cos 20 — V)2

sin® 20,4 ~
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: vy = vgcos0+ 1,8l =y,

The mixing angle 15 small and the sterile neutrino never reaches

thermal equilibrium with the primordial plasma

How to produce 1#?

[n the early unmiverse, an active neutrino canm oscillate to a sterile
neutrino, with probability | |
Dodelson-Widrow Mechauism

A2 sin? 20 Dodelson & Widrow (1994)

in? 20,4 ~
et T N2 Gin? 20 + (I'/2)% + (A cos 20 — V)2

A = m2/2E — \

Quantum Zeno effect (damping) Thermal potential

W, Z
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DOO(Q{SOM—W[O(YOW N\ecl/\aw'sm Dodelson & Widrow (1994)

[n the early unmiverse, an active neutrino can oscillate to a sterile

neutrino, with probability

A? sin? 20
AZsin? 20 + (I'/2)2 + (A cos 20 — Vr)?

sin® 20,4 ~

Result: A noun-thermal abundance of sterile neutrinos by solving the

Boltzmann equation

d fu,(x,2) o z=MeV/T
— T 2‘96 v
dln z 4H > it Jo(2) x=EIT
A =m?/2E
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DOO(Q{SOM—Wl.o(YOW Mecl/\aw'sm Dodelson & Widrow (1994)

[n the early unmiverse, an active neutrino can oscillate to a sterile

neutrino, with probability

A? sin? 20
AZsin? 20 + (I'/2)2 + (A cos 20 — Vr)?

sin® 20,4 ~

Result: A noun-thermal abundance of sterile neutrinos by solving the

Boltzmann equation

d Jus (T, 2 . z=MeV/T
fV4( ) ) — Sln2 2‘9eff f;/(ZE)
dln 2 4H x=EIT
A =m?/2E
lw SM: Vp ~ T .
C~75 —> Production rate peaks at T ~ 108 MeV <kmi,>
C
A~T!
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Dodelson-Widrow Mechanism

Ruled out by X-ray experiments and phase-space considerations
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0

sin

Phase space restrictions (Tremaine— Gunn)
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Dodelson-Widrow Mechanism

Ruled out by X-ray experiments and phase-space considerations
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How to generate enough sterile neutrivo DM within the allowed region?
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How to generate enough sterile neutrino DM within the allowed region?

Add self-tuteractions!
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How to generate enough sterile neutrino DM within the allowed region?

Add self-interactions!

Active neutrivo self-interactions! Sterile neutrino self-tnteractions!

» Evhancement 1 nteraction rate + Self-tnteracting dark matter

+ Sterile sector remains out of + Stertle sector acquires a  dark
2qutlibrium Femperature
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Dodelson-Widrow Mechanism + new neutrivo self-tnuteractions

De Gouvéa, Sen, Tangarife & Zhang PRL (2020)
Kelly, Sen, Tangarife & Zhang PRD (2020)
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Dodelson-Widrow Mechanism + new neutrivo self-tnuteractions

De Gouvéa, Sen, Tangarife & Zhang PRL (2020)
Kelly, Sen, Tangarife & Zhang PRD (2020)

A
LD guauaqb + h.c.
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Dodelson-Widrow Mechanism + new neutrino self-interactions

De Gouvéa, Sen, Tangarife & Zhang PRL (2020)
Kelly, Sen, Tangarife & Zhang PRD (2020)

g _
LD 7Vaya¢ + h.c. L D) )\Ozﬁy(lfyuyﬁv,u
V3 Va Va Va
¢ Uy neutrinophilic 1%
----- Uyt
Ul)g_;
Vg Va Vg Va
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Dodelson-Widrow Mechanism + new neutrino self-interactions

De Gouvéa, Sen, Tangarife & Zhang PRL (2020)
Kelly, Sen, Tangarife & Zhang PRD (2020)

g _
LD 7Vaya¢ + h.c. E D) )\aBVafVMVBV,UJ
V3 Va Va Va
¢ Uy neutrinophilic 14
----- Uyt
Ul)g_;
Vg Va Vg Va

[t can enhance the tnteraction rate while keeping a small mixing angle

/ /

dfy (CB, Z) I ) . 9 - A?sin® 26
d41nz — E S11 QHeff fy(ﬂ?) Sin 2(9€ff — A2 Sin2 20 + (F/2>2 + (A cos 20 — VT>2

The new wteraction also contributes to the thermal potential V;

Similar works Koop et al. (2014), Mirizzi et al. (2015),

Friedland et al. (2016), Johns et al. (2019), ...
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Stertle neutrino relic density

Qh*=0.12

102 102 100 1 10

m, =7.1keV, sin*260 =7 x 107"
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Stertle neutrino relic density

QO R=012
1
E A
1 0_ | W o ~
0l et
- ool .
Ay 1073 %
: 2,
o
_5 ; .............
10 Qd)\@ﬁ"
1076, ¢
10-3 1072 o 1 |
mg (GeV)

m, =7.1keV, sin*260 =7x 107"

Three useful fimescales:
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Current and future constraints

10

Q r*=0.12
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m, =7.1keV, sin®260 =7 x 107"

Bounds from K~ = pu v, ¢ > v
Br(K~ — u~ +3v) < 107°

BBN bounds on light d.0.f.s

Expected sensitivity of DUNE:

Look for the ~wrong-sign muon
vN—> u"™Ng. v

/

p

Berryman, de Gouvéa, Kelly & Zhang (2018)
Blinov, Kelly, Krnjaic & McDermott (2019)
Kelly & Zhang (2019)
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Counstraints from supernovae
Chen, Sen, Tucker, Tangarife & Zhang, JCAP 11 (2022) 014

~997% of the binding energy of the SN (s released

i neufrivos

The outgoing wneutrino burst should carry
enough energy from the collapsed core ti re-

enerqize the shockwave. This sefs a bound on = 71keV. 5in?20 =7 x 10-1

the energy carried away by sterile neutrinos

A2 sin? 260 10
A?sin® 20 + T(E,r)2 + (Acos20 — V(E,r))?

sin® 20eq(E, 1) =

We need L < 107 erg/s

Raffelt (1996) 105

102 10" 1 10



Current and future constraints

m, =7.1keV, sin®260 =7x 107"
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-interaction to the sterile neutrino sector ((ight mediator) (2

9
Y

e Q
0

See also Bringmann et al. (2022) for similar work

See Johns & Fuller (2019) for heavy-mediator case 15 Walter T y
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-tnteraction to the sterile neutrino sector (light mediator) (25

9
Y
e Q

So that | can g0 back to Pollical

The self-interaction will (ead to a thermalized hidden sector. We want to
explore the effect of Hus wew nteraction on the sterile neutrinvo DM

production.

See also Bringmann et al. (2022) for similar work

See Johns & Fuller (2019) for heavy-mediator case 15 Walter T y
alrer |angarife



Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-tnteraction fo the sterile neutrino sector ([ight mediator)

We need to use the density-matrix formalism p = (Wlply) = (fﬂ fm) S
Jo1  J22 (&
‘ Q(Oq
g Ay (20)(f12 — fa1) \AO{\é )
Ologz 2 S 127 s
H aali ;22 -~ % [Asin(20)(fi1 — fo2) + 2(A cos(20) — Vi) fia] — (Ta + Ds) f12/2 |
H(‘?alizz = —% [A sin(29)(f11 — f22) + Q(A COS(Q@) — VT)fgl] — (Fa + Fs)f21/2 , 5
. B d’qi

H 22 — =) Asin(20)(fia ~ f) r=2x [ (a3 7s /2 (a)
A =m?/2E
z =MeV/T
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-tnteraction fo the sterile neutrino sector ([ight mediator)

We need to use the density-matrix formalism p = (Wlply) = (21 £2> e
o 8C
. \é \

Hg It — L Asin(20)(f — f) o'

H aali 1;2 -~ % [Asin(20)(fi1 — fo2) + 2(A cos(20) — Vi) fia] — (Ta + Ds) f12/2 |

Haalgzlz = —% [A Sin(2(9>(f11 — f22) + Q(A COS(Q@) — VT)fgl] — (Fa + Fs)f21/2 , 5

. _ d”qi

Hﬁalijzgzz — —%A sin(260)(fia — fo1) . [y =2x /Wavafzz(m)
A =m?/2E
7z =MeV/T

If T.>H

the sterile neutrino develops an equilibrium distribution function fa2 = 1+ o(B—ps)/Ts

]

chemical potential

dark temperature
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-tnteraction fo the sterile neutrino sector ([ight mediator)
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation

Move the self-tnteraction fo the sterile neutrino sector ([ight mediator)
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Dodelson-Widrow Mechanism + new DM self-tnteractions

Sen, Tangarife & Zhang, in preparation
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No dark thermal bath
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Can we produce enough sterile neutrino DM (1 the

early unmverse?

Yes! Sterile neutrinos can be produced non-thermally from active-neutrino

oscillations.

A new tuteraction, via a scalar or a vector, for the active neutrinos helps

alleviate tensions with the Dodelson-Widrow mechanism.

The case of self-interacting sterile neutrinos could be an attfractive scenario of

SIDM. This ts currently being explored.

Thank you!
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