Sterile neutrino dark matter
with dipole interaction

Based on the work with Wonsub Cho, KYChoi, Osamu Seto, in preparation
Ki -Young Choi
Sz

398 J SUNG KYUN KWAN UNIVERSITY

Darkness on the table: ideas on tabletop experiments for dark

matter/exotic particle search

8-11 August 2021

| Ki-Young Choi, Sungkyunkwan University, Korea



Contents

1. Dark matter and neutrino
2. Neutrino mass with right-handed neutrino
3. Neutrino with dipole interaction

4. Right-handed neutrino DM with dipole interaction

5. Summary

SM + RH neutrinos + dipole interaction

v

Dark Matter

2 Ki-Young Choi, Sungkyunkwan University, Korea



Dark Matter
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26.8%

gark Matter as a particle must (be)

1. have existed from early Universe up to now
and located around galaxies, clusters

DE S A 08.3%

= stable or lifetime longer than the age of universe

2. neutral : NO electromagnetic interaction

mPp Only upper bounds on the self interaction
o/m < 107%* cm?/ GeV from bullet cluster

No lower bound down to gravity!
In fact all the evidences are gravitational.

3. 25% of the present energy density of the universe

4. cold (or warm) : non-relativistic to seed the structure formation



Candidates of DM

Strong CP problem : axion
Neutrino sector : sterile neutrino, RH neutrino, Majoron
Technicolor : Techni-baryon, Techni-dilaton

Supersymmetry : neutralino, gravitino, axino, scalar neutrino

Extra dimension : Kaluza-Klein particle R S————————
and WIMPzillas, primordial Balck-Hole, dilaton |
10" | §,
and more .... .
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Standard Model

BOSONS List of fundamental particles
Unified Electroweak spin = 1 and interactions

Mass Electric
Higgs
N | o
photon
N matter constituents
W 80.39 1t FERMIONS spin = 172, 32, 512, ...

W bosons

ATl L cptons oo -1
0

: Approx. ,
Z 0 EETT (;M.in/s/s2 ELectrlc S Mass ELectrlc
/) 91.188 eV/c charge Gev/c2 | charge
Zb -
oson Vo oest . (0-0.13)x10° 0 W w 0.002 2/3
Strong (color) spin =1 € electron 0.000511 —1 @ down 0.005 —1/3
Name GM?/S/SZ Elhectric W e ox [(0.009-0.13)x10-9 0 ©) cham 1.3 2/3
eVl/c charge |
M) muon 0.106 1 §) strange | 0.1 ~1/3
0 0 ;
g%/n Y nea e 1 (0.04-0.14)x10-°| 0 G tor 173 2/3
T tau Ly 1 & pottom 4.2 _1/3J

Neutrinos neutral and weakly
interacting but massless!
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Neutrino Oscillation

Change of flavors with time
For two-body case, P(v; — 1) = [{115(0)|v1(¢))]? = sin”(26) sin* (

eg.  Am?=0.003eV?, sin*20=08, E,=1GeV

Pure
e-neutrino

0.8 —
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Neutrino Oscillation

Am3; [107° eV 2] = 7_54J_r8:§g solar neutrino ;2 f1o=0.308 + 0.017

Am?| [1073 eV 2] = 2.43 £ 0.06 atm. Neutrino  sin? fy3= 0.4371) 055

Three masses with two conditions: one is free parameter.

Normal hierarchy

my < mg <msz, Am%=Am3 >0, AmZ = Am3; >0,

M) = (m] + Amgl(Sl))l/Q'

Inverted hierarchy

mg < my <my, Am% =Am3, <0, AmZ = Am3; >0,

Mo = (mg + Am§3>1/27 my = (mg T Amgs — Amgl)l/Z-



Neutrino as DM?

The only EM neutral and stable particles, neutrino, was a candidate
for hot dark matter.

Neutrinos decouple from a relativistic thermal bath at T~ | MeV in the
early Universe with a relic density today as

th2 — 29:6 ZL\;Z <K QDM}LZ

T It is too small!

With observational constraints
Zmu <13eV (95%CL) [Komatsu etal.,2011]

The fluctuations are damped smaller than the neutrino free streaming scale

30 eV

my

Arg ~ 20 ( ) Mpc It is too hot! top-down structure formation

Tremaine-Gunn bound (1979): minimal mass for fermion DM around 400 MeV
due to exclusion principle It is too light!
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Neutrinos become massive!

Dirac neutrino
- small Yukawa coupling ~ 10~ '2

See-saw mechanism
- suppressed mass from the heavy Majorana mass

Radiative mass

- massless at classical level, quantum correction generates
mass with small couplings

Mass from the interaction with background matter

- massless at vacuum, effective mass generated when
interacting with background medium [Choi, Chun, Kim, 2020]

and more .......
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Neutrino Minimal Standard Model (hnuMSM)

(vr)¢ = CTRT

_ ~ ~ 1
L = Loy +ivpdvp — 0 Frpd — dTopFte, — 5 (Ve MyvR + TRM v%).
l l l -

lr, = (vi,er

P = ehp*

Three RH neutrinos with Majorana mass and Yukawa couplings.
After electroweak symmetry breaking, the mass term

1 — 0 mMp %
- C L
'he mass hierarchy ,, = rv <« M, gives mass eigenvalues

: the light active neutrino and heavy sterile neutrino.
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Sterile Neutrinos and mixing

After electroweak symmetry breaking, the mass eigenstates are

B’u :CV[/AAIu — SWZN,

_ c
Via —=UailVi + @aiysz‘a

C - 'i' C
Vi =(0'0)v5 + vy,
" . Uei Upgo Ues 1 0 0 C13 0 8136_1‘(s c1o2 S12 0 et 0 O
Wlth PMNS matrlx U U= Uul UM2 ng = 0 C23 5923 0 1 0 —S812 C12 0 0 6m2 0
Ui Urs Urg 0 01 0O 0 1

0 —s93 ca3 J\ —513¢° 0 ci13

and the mixing parameter
@ — mDMV_Rl < 1,

and the light active neutrino mass

1

N mp = —OM,,0".

m, = —1Mp
R
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Interaction of RH Neutrino

RH sterile neutrinos can interaction with SM sector through
- mass mixing after electroweak symmetry breaking

-Yukawa interaction with Higgs and LH neutrino

The interactions induce

- Decay of sterile neutrino DM: X-ray signal

\ AN
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Sterile Neutrino DM in the nuUMSM

To explain the mass-squared difference observed in the neutrino
oscillation, only 2 RH neutrino are required. So the 3rd RH neutrino

mass can be light and candidate dark matter.

| | |
2N, >Rpm
Rp

Dodelson-Widrow

sin? 6

O, ~0.2
s~ 0 <3><10—9

Shi-Fuller with
Lepton asymmetry

sin®(20,)

10

-7
) () 1O

10°®

107
10710
101
10712
10713
1014

101°

Phase-space density
constraints

I | | I | | I
[Abzajian et al. 20I2] i

X-ray constraints —
__ I (my, sin® 20) ~ 1.36 x 1005~

:Lyman-alpha\ -
pfayared

Tremaine-
Gunn bound

5 10
M, [keV]
14

(

[Asaka et al., 2005]

sin®26 ( mq >5
107 1kev/ "’
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Magnetic Moment of Neutrino

Review [Giunti, Studenikin, 1403.6344]
and [Kim, 1911.06883]

Pauli in 1930 Letter

- as a possible interaction of neutrino

Theoretical study on the neutrino magnetic moment
'Kim, Mathur, Okubo, 1974] [Kim, 1976] [Kim, 1978]
'Marciano, Sanda, 1977] [Lee, Shrock, 1977] [Fetcov, 1977]
Pal, Wolfenstein, 1982] [Shrock, 1982] [Bilenky, Fetcov, 1987]

[44] J. Bernstein and T. D. Lee, Phys. Rev. Lett. 11 (1963), 512-516
do0i:10.1103 /PhysRevLett.11.512
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Dirac Neutrino Magnetic Form Factor

Review [Giunti, Studenikin, 1403.6344]

/(p) /(py) and [Kim, 1911.06883]
(w(ps)l3”0)lv(p)) = w(ps) A (ps, pi)u(ps).
charge magnetic electric dipole
7(q) Au(a) = £o(a*) v — T (@*)iond” + E8(a) a5
(b) + £4(¢*) (@0 — 4ud) 75, (3.18)
anapole

At the zero momentum of photon,
fo(0)=q, f(0)=n, fe(0)=¢, £4(0)=a,

charge magnetic  electric moment anapole moment

idal dipol
Only EDM violates CP. (toroidal dipole moment)
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Dirac Neutrino Magnetic Form Factor with flavors

v(pi) v(py) Review [Giunti, Studenikin, 1403.6344]
\§/ Afi(q) — (f}/ —q g/QZ) [ﬁ‘f’i(q2)_|_ﬁ‘fi(q2)q2 }
H o AR Q A V5
79) — 10q” [ffﬁ(f) + ifﬁ((ﬁ)%} ., (3.35)

flP = () (Q=Q,M, E,A).

At the zero momentum of photon,

£29(0) = aps, £10(0) = ppi, £L1(0) = g1, £4(0) = ay,

magnetic  electric moment anapole moment
charge

There are diagonal and off-diagonal (transition) types.

CP invariance fo=1F =f, (Q=Q,M,A),

CP <+— {sz—fgz—fE.
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Majorana Neutrino Form Factor

v(pi) v(py)
ANg) = (v — aud/a?) [ES(@°) + X' (¢%) s ]
— o q” [far(@?) + i (%)), (3.65)
v(q) fy = ()" (Q@=Q,M,E,4)

(>} For Majorana neutrinos,
ﬁg:—(fg)T (Q:QanE)a

fi = (Ex)".

charge, magnetic, and electric form factors are antisymmetric
and anapole form factors are symmetric.

Majorana neutrinos have only transition dipole moment.
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Dipole Moment of RH Neutrinos

~

b = ed”
We ConSider [ApariCi etal’ 09043244] U(l)y gauge field B, in the SM
1 C T & T AV
£VR — §VR’iMVRij VRj -+ yl/oziLozq)VRi - OijVRq; [/7 » Y ]VRjB,uy + h.c..
RH Majorana mass Yukawa coupling magnetic moment
M,,Rij = diag(M,,,, M,,,, M,,.) Oz = Al antisymmetric

dim-5 operator from new physics
Collider, astrophysical, cosmological study in [Aparici etal, 0904.3244]

We don’t consider Dirac dipole operator, since it is dim-6 operator
1 v

PZCID VY lvrBuw — P?h“, Vs F o,
6 6
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Dipole Moment of RH Neutrino DM

~

O = ed”
We consider [Cho, Choi, Seto, in preparation] U(1)y gauge field B, in the SM
seesaw, DM in nuMSM effect on DM
1 -

R iyjc—‘zf,;Mz/RijVRj + yuaiLaq)VRi

RH Majorana mass Yukawa coupling magnetic moment
Ciq . .

M, = diag(M,,, My, M,,,) Oz j = AL; antisymmetric

dim-5 operator from new physics

Collider, astrophysical, cosmological studies in [Aparici etal, 0904.3244]

We don’t consider Dirac dipole operator, since it is dim-6 operator

1 )

PL(I)[/Y y Y ]VRB/M/% AQ [/YNa’YV]VSF/M/a
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Sterile Neutrino DM

To explain the mass-squared difference observed in the neutrino

oscillation, only 2 RH neutrino are required. So the 3rd RH neutrino
mass can be light and candidate dark matter.  [Asaka et al., 2005]

In this case, the lightest active neutrino mass is effectively zero,
and the Yukawa coupling can be written as

/ 0 Yve2 Yre3 \
Yv = 0 Yvu2 Yous _>
\O Yvr2 Yurs /

DM has no mixing
with active neutrinos

complex orthogonal

with the relation | matrix 00T — 1

Yvai
[Casas, Ibarra, 2001] V2

Utm,U* = diag(my, ma, m3) = mdias
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To be Dark Matter

Lifetime is long enough

Amount of present relic density

Other constraints
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Lagrangian in the mass eigenstates

LDI :(CWF,UJ/ - SWZ,uV) (VZ(C\V/V + CZXV/)%)’L']. h/'ua ,yy]yj + 7’6(0‘1//1/8 T CZXVS/)%)?:J' [/yﬂa WV]VS]'

7 (Cy” + O s)ii 0" 7" [ HEwi (O™ + O™ 5)i [0 7 veg ) -

(CV + C¥5)i5 =(UT0)i Cra (T U™ )1 P, — (UT0%) i Cl (AU )15 P,
(CY + CYos)i; =(U10) i Crii P, — (UTO%) 4 C . Pr,
(CVY + C¥35)i =Cin(©T U™ )i Pr — CR(OTU); Py,

(CV™ + 5" 5)iy =Ciy Pr — C P, dipole interaction between

sterile neutrinos
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Stability of RH neutrino DM

DM has negligible direct mixing with active neutrinos but it can
decay through the off-diagonal dipole term and mixing of the
heavier sterile neutrinos with active neutrinos.

The decay rate and its lifetime is [Cho, Choi, Seto, in preparation]

3
1 2%
F(VS — ny 2_C Z ‘CVzi 331
1=2

1 10'% GeV (€] 2( My, )3
1028 sec As 106 1 MeV/
We require that the lifetime is longer than around 1028 sec.

It means large scale of new physics, and no constraints or signals
from collider or astrophysics.

VUs

Ail Q]m
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Thermal Production of DM

The lightest RH neutrino DM can produced from the scatterings
of the thermal particles through the off-diagonal magnetic dipole
interaction. The interaction is very small small, but small amount
is produced, which is similar to that of FIMP.

The dominant ones are scatterings mediated by B-bosons

t-channel JVsi — [Vsi
s-channel ff — vsv;
Ne(Yrgy)?ct;959u., m3
~ T =2 — (14 2m2%/s)1 B
ot 21 AZ (1+2mip/s)log <S+m23>} ’
N.(Yrgy)*ci;gr95
O ,
127TA§
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Thermal Production of very weakly interacting particles

: the destruction can be ignores since their number density is too small

Boltzmann equation from thermal particles

dn .
Zév F3Hng :%:( N+ - ) per)MiN5
+Z<F@N+'-°)>ni,

Thermal production from scattering and decay

Y;?cat _ /TR AT <0-(Z ‘|_] — N -+ - )vrel>nmj

Ty SHT 7
TR ) \ e o o .

Y;dec _ / AT <F(Z — N T )>n1 .
Ty sHT
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Thermal Production of DM

The abundance of the super-weakly interacting particles from the
scatterings are given by

Tr 1
Y = / T (ov(1] = vaX))nin,dT,
1o

and the relic density by

Ty,

YTP
QIPh? = VT = 0.28( ) (1
v Perit/ S0 ° 1 MeV/ \ 106 )

so = 2 x 391 X T8 (perit/50) ™" = 2.8 x 108/GeV

Perit — 3M123H3
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Thermal Production of DM

m. ) 1016 GeV \ 2 Tr
1 MeV A5 101 GeV

[Cho, Choi, Seto, in preparation]

10%;
10—1 ________________________________________
~ 1072
<
D_‘ »
=
1077
| m,. = 1 MeV
10+ ‘ — A=100
| A5 = 101
1072455 7 3 NS \ 10 11 ) 12
10 10 10 10 10 10 10
TR[GGV]
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Thermal Production of DM

. [Cho, Choi, Seto, in preparation
10 1 | .
{|—— Tx=10°GeV
1017;_ -== Tpr=10" GeV
{|—— Tr=10"GeV

o

_“
-
] -
-
4
-
] s
<
g

10~1 10V 10!

m,, |MeV]
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Non-Thermal Production of DM

The lightest RH neutrino DM is produced from the decay of
the heavier RH neutrinos

M sSo
QllTP h2 _

g Br(usj — YVs) X Yy‘f”_c,
pcrit i—92 3 J

~2><1o—9( M, ) 1GeV /106 GeV\?/ 6 x 1072
= 1 MeV/ \ my, As >0 1©ajl?)

It is much suppressed compared to that from thermal production.
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Constraints from BBN

[Atre etal, 0901.3589]
The decay of the heavier RH neutrinos produce EM, hadronic
and then affect the Big Bang Nucleosynthesis.

10" 10-6¢ : : :
Cho, Chal;Seto, in preparation]
. 108 favored
disfavore
10—10_
41072 .» | by BBN
10724 | —— 10 s
102 v bs
vy 1074 |—— 0.1s
Lo — 1075
—4 , , —16 C ,
10702 101 107 10! 1072 10! 10 10!
my;j[GeV] ms;|GeV]

vty = 30) = 3Ty = vaa) = T 37160,
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Summary

e Neutrino mass and dark matter

nerm» + dlpole mteractlon
"nuMSM * dim-5 from new physms

Dark Matter

® Production of RH neutrino dark matter

: thermal (scattering) + non-thermal

- 10 keV - 100 MeV mass cold dark matter, with GUT scale new physics
- Reheating temperature around 10* 10 GeV

- No constraint from the structure formation

- Constraint and possible signal from X-ray or Gamma-ray
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Thank You!
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