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Possible connections between neutrino and
dark matter

5% (IEZEIPEKE) 2022.04.13



Outline

* Brief overview
** Status of dark matter direct detections
* Pseduo-Dirac sterile neutrino dark matter

* Direct detects of neutrino-like DM in condense matter

Based on:

Pseudo-Dirac Sterile Neutrino Dark Matter, W.Chao,, S.Jiang, Z.Wang and Y.Zhou arXiv:2112.14527
A new Direct detection strategy for cosmic neutrino background W.Chao, J.Feng, M.Jin and T.L1i arXiv:2112.13777
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What is dark matter?

EVIDENCE FOR DARK MATTER WHAT IS DARK MATTER?

we don't know!
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Possible dark matter candidate

The WIMP Miracle!

Dark matter candidate

4 E ) i d QCD axion WDM limit unitarity limit
Assuming DM is in | 1102 eV e keV GeV 100Tev My 10 M
thermal equilibrium-in e : L >
the early universe |
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New mass scale: 100 GeV The weak coupling Super light DM ?
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Ways of probing DM

Traditional methods

Modern strategies

arxXiv: 1305.1605
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Direct detections in underground lab

Relevant Formulas

Possible signals of direct detection experiments
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Two uncertainties:

The WIMP event rate

min

Electron Recoil
(gammas)

local measures use the vertical kinematics of stars
near the Sun

Nuclear Recoil
(neutrons, WIMPs)

PDM
Global measurement extrapolate rho from rotation
curve

prom € [0.2, 0.6] GeV/cm?

Maxwell Boltzmann distribution:
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Status

Status For next?
—38
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Sterile neutrino dark matter

Motivation Brief history

* Non-zero neutrino masses predict the existence . ‘
e Super-weak neutrino: Freeze-out in the early

Universe (Oliver& Turner 1982)
e KeV sterile neutrino: non-resonant produced via

of sterile neutrino.
e Sterile neutrino mass may range from the eV

scale to the GUT scale. . o . o .
, , , neutrino oscillations through a tiny mixing with
e Active neutrinos is stable but cannot be dark . . .
, active neutrinos(Dodelson&Widrow, 1993)
matter candidate. . .
, , e Cool sterile neutrino DM: non-zero lepton number
e KeV-scale sterile neutrino dark matter can solve . .
, resonant enhanced production (Shi&Fuller,1999)
the small scale issues of the cold dark . . . .
, e Detection of sterile neutrino DM via the X-ray
matter( core/cusp; massive halos...).
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Situations and possible way out

Interactions in mass eigenstates Experimental constraints
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——— e Further exploring the potential of sterile neutrino dark matter
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Pseudo-Dirac sterile neutrino

Lagrangian The permutation symmetry

_ | o . .
Lagrangian P oo Dirae = MSLNRJFESLﬂSLcJFh,C. Permutation symmetry in the Yukawa sector:

-5, NE)(” M) (SLC)+h.c. Nr <—>le

_ _ _ R [
2 M 0) \Ng <L ~ AviN, + dviSf + MS N, + EﬂSLSLC + EuNgNR +h.c.
Typical example: Inverse Seesaw Mechanism 1 M a (v
0 M, 0 | | Ni(yg S, NS)|o u a||sc|+h.c. <
M=IM), p M M, ~ MpM ™~ uMpM~" g Mp )| Ny 1 0 0 0
0o - __L Cl2 —S12
0 MT 0 o o . Vs = V2 V2 V12=[512 €12 O]
) Mixing matrix: U=V, V, 0oL L 0 0 1
- Y, L cos@ —sin 1 0 VRV
MGSS el enS'l'a'l'esz < 2>=UT< C> U= sine CcOS ’ ip . ~ ~ —
9 Si Ni (e =) o o) Mass eigenvalues: M, ~-#+u M M-y
. Ine —+ . a _ ~dl :
Mass eigenvalues: 2™ M=E/ Interactions: b, = 08 0,07 + s Oy,

Only s, can be produced in the early universe via neutrino

A Pseudo-Dirac fermion = two Majorana
Summary: : Summary:

fermions with nearly degenerate masses oscillation and the process s; — U + y is allowed.
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Pseudo-Dirac sterile neutrino

Interaction between mass eigenstates Two scenarios

my << my < mg

No Yukawa interaction between s; and s,!

g, ? mS1 m;‘;
B: Yukawa interactions: 3.3x10%s \ 10 10 keV mg
< 10C , NC 1 _ 1, — 1 _ 1 ! > m Sin«92
S, ¢S; + NN, — Es1n29yagbsl + 7 sin 8v“¢v“+zcos O5,¢s, + Syps, + -+ I'(s, > v, +A) ~ g 5
2~ Ta 42% 1025 \ 10-15 ) 10 keV \ 10-5

No Yukawa interactions between s, and other fermions!

For tiny g, sz can be dark matter candidate

C: gauge interaction: produced via the decay of s;, which is produced in
Sy, + Ny*N, — — sin 07;/*P,s, + cos 0537*Pys; + h..c. the early universe via neutrino oscillations
sz couples to both s; and active neutrino via a

vector field! my, > 2my, and Mg, + My > mg, S| = 5 +5, )
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Pseudo-Dirac sterile neutrino DM

DM relic density

e S in the early universe via neutrino
oscillations (DD Mechanism)

Is produced
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Pseudo-Dirac sterile neutrino DM

Possible signals The effective number of neutrino species

LU Now
S1 participates the electroweak interactions and is produced o—_J—'L__.— >

via neutrino oscillations in the early universe, but later on, it
will decay into lighter component s; and A. While sz cannot

decay into active neutrino and gamma! ta2. Freeze-out of active neutrinos
* Direct detections: X

t2-13. Decay into lighter sterile neutrino state

t,-t.. Production of the heavier sterile neutrino

Even if A mixes with the photon through kinematic mixing, the
scattering cross section of the dark matter off the electron is  ts3-now: Sterile neutrino DM decays into active neutrinos
still small, as g' is very weak.

During the epoch 1, <t < f;, the process s; — 5, +A" may
e The effective number of neutrinos: increase the Nt

2
DM decaying into dark radiation may change the effective D +4H,0Af%l(1—& > P T(s; = 5,A")

number of neutrinos! AT 2 mg *
Y
— =—HT
dt ’
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Pseudo-Dirac sterile neutrino DM

The effective number of neutrino species 1

Illustrative Plot

. : 7/ 4\"
Effective number of neutrinos: .= |1+ S (H) N,

4/3 4/3 4
8 /11 11 T
NSM = 2 (—) Pv _4 <—> <—> ~ 3.046
7\ 4 Py 4 T,

Py

Boltzmann eq
vt + 3H(por + Popy) = — €

dpio £ 3H(p 4+ P =0 . Psm (Psm + Psw) coll

dt p,+3H(p,+P)=+%F.,,
According to the chain role:
dT €, +26,

- = —4Ht + — -
dt 12p,/T,
dT,  4Hp,+3H(p,+ P,) + G, +2%, +3HT,dP,,/ddT,

dt 0p, 10T + Op, /0T + Td>Py, /dT?
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Pseudo-Dirac sterile neutrino DM

The Hubble tension

Possible solutions in particle physics

Light sterile neutrino | Our Strategy

|
Neutrino asymmetry ‘ \
Decay DM e s; decays into dark radiation,
Neutrino DM interactions but this process is constrained|
by the CMB

Neutrino Majoron interaction
FIMP decay into neutrino |

|
which enhances the Nes and ;
results in a larger Ho ]1

L L L L B lIIUI]Illlllllllll'lllllll‘lll j—
SBF_distances 2021 | 733 +25 |
Gala+Cepheids+SNla 2020 /8213 Planck+ACTPol+SPTpol_EE 2021 68.7 +1.3

eBOSS_BBN+BAO 2035- 67.35 + 0.97 L
Megamasers 2020 73.9 +3.0 SPT-3G_TE+EE 2021 68.8 +1.5 %
TRGB_Dist_Ladder 2019 l 69.8 + 1.9 ——

GravLens_Time_Delay 2019 73.3 ﬂ ;‘-3. ACTPol_DR4 2020 679 £1.5 ‘/
XMM+Planck_tSZ 2018 67+3 o

Planck_PR3++ 2018 * 67.66 + 0.42 Planck_PR3 2018 67.36 + 0.54 4
LIGO/VIRGO_grav_waves 2017 70.0 *120 —

- SPTPol 2017 71.2 + 2.1 v

Inv_Dist_Ladder 2015 67.3 £1.1 |
WMAP9++ 2013 | 68.76 + 0.84 WMAP9 2013 70.0 + 2.2 '/
Cepheids+SNla 2011 | 738 +2.4

CHANDRA+SZ 2006 73.7 ¥152 SPT 2013 75.0 + 3.5

*

HST_Key_Project 2001 72+8 | PSS ST U NNV T T SN SN WA SO U NS SRR SN NS T SN SN NN S

P R SRR SRR B 55 60 65 70 75 80 85
55 60 65 70 75 80 85

Hubble Constant, H,, km/s/Mpc Hubble Constant, H , km/s/Mpc
LAMBDA - February 2021 LAMBDA - February 2021

H, = (73.24 £ 1.74)kms 'Mpc=' VS H, = (67.27 £ 0.66)kms™'Mpc~!
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Pseudo-Dirac sterile neutrino DM

Class+MontePython for MCMC

—— Planck+BAO
—— Planck+BAO-+R19

71671

5691
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Parmeters
ACDM DNDM DNDM
Planck+BAOQO | Planck+BAO [Planck+BAO+R19

Param mean—to mean—to mean—to
100 wy 2.24270013 1 9 .241F0-010 2.258 0072
log,,(T"1) >5.199 >5.32
H 67. 7+° 40 68.31179-94 69.210:28
] O1010,4 3. 049+8 014 3. O56+0006114 3. 065+8 016
N ° 1 0:0039 100053 100064
s 0.9664 “o.004 0.973 “o0076 0.9805 “o-0080
Treio 0. 057151 “00076 0. 05774+000%%82 0. ()(3155+000%07813
Wi 0.119419-00098 1 0.127810-0032 0.1329 “00076
£ <0.06889 0.0923310-94
o8 0. 8104+8 0005 110.81890-0977 | 0.824375075°

— In Lmin = 1412 .44, minimum %2 = 2825
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Direct detections of neutrino-like DM

Problem: Kinetic energy of light DM is too small Strategy-1: Boosted DM
de dq P 9]
~ 103 L | = |drLD (E)e, =D, , D (E)Z
VDM 10 dEy J 47TJ m){ v( 1/)6)(1/ halo 1/( v) m

250 )
Dhalo — 2.02 X 10 M@V - CIM

ER ~ < EThreshold d¢)( J dE d¢ﬂ( @(Tmax T )
“dE, Ty™E,) £ 4
m,, =300.0 MeV, o,, = 107*° cm®

|
—— Mppy =3 x 10" g, fppg = 107°

1074

1073 -

do, /dT, [keVlem =271

10~ 100 10° 10°
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Direct detections of neutrino-like DM

Strategy-II: Searching for DM using Condense Matter system!

DM mass|DM energy or momentum CM scale eV
oV -
50 MeV Dy ~ 90 keV zero-point ion momentum in lattice .
20 MeV E, ~10 eV atomic ionization energy _g 2mn
2 MeV E, ~1eV semiconductor band gap I O
100 keV b, ~ 50 meV optical phonon energy é Eq
o eV -
'U .
Fermi’s Golden Rule T Optical phonon/\
3 GE 5
1 P2, [ Vd p, & g O
= — | Bf ) —= Y [(f.py| AH, |, p,) [*225(E; - E; - ) = <]
3 X X X ! o\ = |80
PT My - (27) f meV - 40 & E]-
1 P, [ d’q - B . il £
= . dwg(q, w)V(q)5(q, ») S(g, ®): dynamical structure ' ' '
Pr m, . (2m) factor from condensed matter eV keV MeV
1 p, 76(q) [ qdq Momentum transter g
= don(Vinin(g, @) X S(q, ©) g :
prm, uz ) (2w HlV(q): potential felled by DM
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Direct detections of neutrino-like DM

1 P, no(q) " qdqg dR Py, ©
= don(v_. (g, ®)) X S(q, ) = N~ —¢ [d F, 2 2
> 9 min\> ’ T QQ| DM(Q)l |f (ka Q)l ”(V ] )
prm, uz J 2n) dIn Ejy m, 8uz, o o
10_38 T\ ! | AN Ear A 10~% “TT LR RERNLE kL L
L S : . massless mediator
AN v/ i
10739 b ® \‘\ — & _ I
«% \\ %3 85 \ f i n FreeZ&z‘n
2.\ |2 Multi-phonon 10737 | '. _
10749 £ 6% \\ 4 < r < i
o \\ Pptical phonon ! |
— * % =\ \
8 ]_0_41 — \ \ % || . \\
= ‘ g
bg 1 —42 \ g ‘
0~ ¢ \\ = A ]
i w>meV \\ g X
— - ‘ = ) /.,,--
10~% = Acoustic phonon \ f% ' ,/’) E 2108.03239
i ‘< - ZrTes, A = 11.75 meV — Si
_aa | T —— Al 10 meV <w < 10 eV — Ge
10 FDM(C]) =1 2108.03239 --— Al, 100 meV < w < 10 eV t-stilbene
103 1072 107! 100 101 102 103 107% 107 107 100 100 10° 10°
m, [MeV] iy [MeV]
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Direct detections of neutrino-like DM

Open question: What can we do?

Many collective state

. Phonon

Explore New Physics Using CM-Physics

. Plasmon

Dive Into CM-Physics and Calculate the

. Magnon
B Neutrino physics s(q, w)

*k Cosmic neutrino background

Many materials

>I< Exotic neutrino sources ]
B Semi-conductor Exploring New Method for the Calculation of

DM DD Cross Section in Superconductor

>I< New neutrino interaction
. Super-conductor

B Dark matter ] ]
. Dielectrics

B Effective field theory for superconductor
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Direct detections of neutrino-like DM
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Boosted neutrino flux

do, ([ J dQdedT,  do, dd,
AT "

S 47 * dT, dT.

Model-dependent cross section:

Cﬂjey g%p 2
dT, 8= {me(
‘|‘myTV2 + my (Tz Bl TI/)Z}

m, — T,) + mem,, (4T; — 2T,)

X (2meT,,; + Tz'z)_l (meTy T "’n’ZZ’)_2 (3)
do,, B g4Z, m,,(m,, + Ti)z(myﬂ + mZZ,)Z
dT, 2« 2m,1; ‘|'T7;2

2m, T, +m%) 2(2m,(T; — T,) + m%,) " %(4)
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de,/dTy [eV 'em™2s7!]

Plot

Neutrino(-like) DM in condense matter
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Scattering cross section

Neutrino(-like) DM in condense matter

Illustrative Plot (model dependent)
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Neutrino(-like) DM in condense matter

Dark sector constraints
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Neutrino Flux:
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Model independent formalism!

Scattering Rate:
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Conclusion

O A new sterile neutrino dark matter model is presented which may escape the bound arising
from X-ray results.

O A possible constraint on the model is effective number of neutrinos, which can be measured by
the future CMB-Stage-1V.

O We further discuss the direct detection signal of neutrino-like dark matter in condensed matter

systems. Especially, we discussed the signal of cosmic neutrino background in dark matter direct
detection experiments.
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