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OUTLINE

* TYPE | SEESAW WITH THREE RHNS FOR THE GENERATION OF NEUTRINO MASS
AND ITS CONNECTION TO DARK MATTER PHYSICS.

e DODELSON-WIDROW/SHI-FULLER MECHANISM FOR KEV RHN DM & ITS
VARIATION.

e HEAVIER RHN DM THROUGH RESONANT PRODUCTION WITH SELF-
INTERACTION IN THE RHN SECTOR.
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TYPE | SEESAW

* SINGLET MAJORANA FERMION N COUPLING TO THE NEUTRINO YUKAWA TERM:
1
L,=Y,LHN +§MNNN +hc > m,=Y,—VY]

* TYPICAL SIZE OF THE YUKAWA OR MIXING ANGLE:

M M Y. (H keV
_wn—j S

(H) 0.05eV TeV My

* TWO MASSES FOR ATMOSPHERIC AND SOLAR NEUTRINOS = ONE RHN CAN BE COSMOLOGICALLY

STABLE: :
Y2My 1 < Y, ) My

Ty = %9
sieetctel 8 1028sec \10~27 ] TeV

2 2 5
: _ 9aGf S 1 0 My
N=vy = 26514 N 1028sec \3%x10~%/ \keV
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NEUTRINO PROPAGATION IN THERMAL MEDIUM

e NEUTRINO PROPAGATION IN THERMAL BACKGROUND (MSW EFFECT) OF
f= av,,qWHEREax = e, l,T.

(Va) X ( Cor SGT) (le)
V)  \"Sor Cor)\Vr2
SRBRR Vg
lE(Vs) R (Vs)
2 2

m? + m5 = V(T,p) ; _I_l V(T,p) — Acyg As,g T
Zp 2 2 ASzg Ang R V(T, p) Zp
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DODELSON-WIDROW/SHI-FULLER MECHANISM

 STERILE NEUTRINO (v = N) PRODUCTION THROUGH THE v, — V¢ MIXING IN THE
PLASMA: THERMAL EFFECT OF THE TOTAL NUMBER DENSITY (n, + nz) AND LEPTON
ASYMMETRY (L, = (ng, — nz)/s).

Dodelson-Widrow '93 + Shi-Fuller '98

r,(p) ~ GspT* Resonance
conversion
Va(Tr p) R VaT S VaL

~—GEpT*+ Gp LT3

Abazajian, 2102.10183
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EXCLUSION PLOT

NSI to go below the excluded region.

EX) ¢vave; Pvevs; dv,vs

X VaY*va; X, vsyHvg; X, vyt

- Heavier RHN DM via
A hew resonance mechanism

Abazajian, 2102.10183 Boyarsky et.al., 1807.07938
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SELF-INTERACTION FOR RESONANT PRODUCTION

THE MODEL: e

M.
~Ly == Nilj¢ +—N;N; + h.c.

2

ASSUME g11 K 012 & gz, TO MAKE N; DM, AND N, IN THERMAL EQUILIBRIUM.

ApH
THERMALIZE ¢ THROUGH HIGGS PORTAL INTERACTION % [PI*IHI* WITH A4y < 0.01

f
BELOW T < vy, THERMALIZATION VIA —5~—3 o*ff  FOR me = my,

THERMAL DISTRIBUTION OF N, & ¢ PRODUCES (OFF-DIAGONAL) THERMAL MASS CORRECTIONS

=X

/ h N
/ \
/ \
- v
I
e
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THERMAL HAMILTONIAN

Bt i 0  é&mi, 2 e M; (M + M,)5M,,
2 2p \6mi, o&mj,) 2p\(My+ My)6My; My + 2My5M,,
5, ~ G g T oMy = it e T mA(T) = b + 2 g2,T
[ l o vi
PR J 62922 2 ¢(T) ) ¢ T 3822
2 1 (AM? — § M2 SM? M3, = €3295,T?
HT:>4—< S s sz | AMP=ME-M3>o © BBa
p M7, —AM* + 0M3; OM7; = €12912922T
THERMAL MIXING tan26 oM R t T SRS 3
R an = = Resonace a -t Al
T AM2 — §M2, V22922 922

e 1
* THERMAL EIGENVALUES  Hpyp =+ — \/(AMZ SM2,)" + (6M2,)’
: p
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QUANTUM KINETIC EQUATION

e e e %
« LINDBALD FORM: e —i|H,p| - E{FA,p} + > {Tp, 1 =}

4
= S g
FA=522A2 Fp=522P2 A2=Pze+w/T PzzﬁT

321
W ~P
N : _M1 H_ldz 0 R 1
OTATION; z—T esoas x—T EBRRapoass
H H.—H P,+A4, P
5= 12 A= 11 22 - 2 2= 2 aZels
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QUANTUM KINETIC EQUATION

« REDUCED FORM: dpir L
Z dZ = +l5(p12 o le) Z o X _D2—+A2(p11 0 ,022)
dp1z : . 9
Z s = —(D +iA)p12 + i6(p11 — P22) P12~ Py = m(ﬁn ~ P22)
dp;,

z IR —16(p12 — P21) + 2D (P22 — feq) P22 = Jeq

1 45 my; Z z g5, Z
- §,4,D) ~ / - 2 —, 205, |— -1, ==
OUR PARAMETERS ) 64 |2m3g, M, (912922 G Y22 <Zres ) 32T Zyes

2
+ SOWMON  piy = (1—e @), (x) with I(x) = j 26%D dz
D?2+A? z
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RESONANCE PRODUCTION AND LANDU-ZENER

e NARROW WIDTH: » | ANDAU-ZENER:
D g5 5% P(N, > N;) =1— e—%yad
[E‘ ~ f L Be Sy s A R el E‘ 2 : ;
res 2 res AHp (5M122)

Vad = 150 7ar ! = ( HT M2
= P11 ® (1 o e_lres)feq Lyes = Eyad

: 1 m
o FINAL YIELD:  Ires ~ = D0 M—‘i‘ « 1

nq 0.1 2 mpl

P11 = Iresfeq v XIRRE gf/z 912922 M,
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CONDITIONS

o N; DM NUMBER DENSITY  M; L~ 0446V = 2,0, ~ 5x10~24
S

keV
Independently of M; (%) Ies S v K1
1

* RESONANCE & STABILITY 0< My —M, <my <M; +M,
REQUIREMENT

« WIDE RANGE OF DM MASS ™, S M; < 10™*g3,GeV
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CONCLUSION

STERILE (RH) NEUTRINO CAN BE COSMOLOGICALLY STABLE TO BECOME A DM CANDIDATE.

ORIGINAL MECHANISM OF DW PREDICTING KEV DM HAS BEEN STUDIED AND EXTENDED IN
MANY WAYS ASSUMING VARIOUS NSI.

WE SUGGEST A NEW SCENARIO WITH THERMAL EFFECT IN THE RHN SECTOR REALIZING DM
PRODUCTION THROUGH RESONANT PROCESS, WHICH WORKS FOR WIDE RANGE OF MASS SCALE
ABOVE O.1GEV.

THE VIABLE PARAMETER REGION EXHIBITS THE LANDAU-ZENER TRANSITION WITH Y4 < 1.
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  N


   Y 𝜈


   Y 𝜈


   ℒ 𝜈 =  Y 𝜈 L H N +  1 2  M N N N + h . c .


  ⇒      m 𝜈 =  Y 𝜈      ⟨ H ⟩ 2   M N  Y 𝜈 T


   Y 𝜈 ∼     m 𝜈  M N   ⟨ H ⟩ ∼  10  − 6       m 𝜈  0 . 05 eV    M N TeV


   Γ  N → L H =    Y 𝜈 2  M N  8 𝜋 ∼  1   10 28 sec        (    Y 𝜈   10  − 27 ) 2    M N TeV


   Γ  N → 𝜈 𝛾 =   9 𝛼  G F 2  265  𝜋 4  𝜃 2    M N 5 ∼  1   10 28 sec        (  𝜃  3 ×  10  − 4 ) 2    (    M N keV ) 5


  𝜃 =    Y 𝜈  ⟨ H ⟩   M N ∼ 7 ×  10  − 3  (     keV   M N )


  f =     𝛼 ,   𝜈 𝛼 ,   q   where   𝛼 = e , 𝜇 , 𝜏


   𝜈 a


   𝜈 a


   f 


    W , Z 


   Z 


   𝜈 a


   𝜈 a


  i  d  d t  (     𝜈 a    𝜈 s ) =  H T  (     𝜈 a    𝜈 s )


   (     𝜈 a    𝜈 s ) =    (       c 𝜃 T   s   𝜃 T   −  s   𝜃 T   c   𝜃 T )  (     𝜈  T 1    𝜈  T 2 )


   H T =  ( p +      m 1 2 + m 2 2  2 p +   V  ( T , p ) 2 ) I +  1 2  (    V  ( T , p ) − Δ  c  2 𝜃    Δ s  2 𝜃   Δ  s  2 𝜃  Δ  c  2 𝜃 − V ( T , p ) )


    Δ ≡    m 2 2 −  m 1 2  2 p


   𝜈 s = N


   𝜈 a −  𝜈 s


   n a +  n   a -


   ℒ a = (  n a −  n   a - ) / s


   V 𝛼  ( T , p ) =  V 𝛼 T +  V 𝛼 L = − 10 . 79  ( 3 . 02 ) eV      (  T GeV ) 4 + 40 . 2 eV    (    ℒ 𝛼   10  − 2 )    (  T GeV ) 3


  Γ  (  𝜈 a →  𝜈 s : p , T ) =    Γ a 2  s  2  𝜃 T 2


   Γ a  ( p ) ∼  G F 2 p  T 4


   V a  ( T , p ) =  V a T +  V a L


  ∼ −  G F 2   p    T 4   +   G F  ℒ a  T 3


   s  2  𝜃 T 2 =    Δ 2  s  2 𝜃 2   Δ 2  s  2 𝜃 2 +    ( Δ  c  2 𝜃 −  V 𝛼  ( T , p ) ) 2 +  Γ a 2 / 4  


     


   ℒ  𝐁 𝐁 𝐍


   ℒ  𝐁 𝐁 𝐍 ∼ 𝟏  𝟎  − 𝟐


  Ex )     𝜙  𝜈 a  𝜈 a ;   𝜙  𝜈 s  𝜈 s ;   𝜙  𝜈 a  𝜈 s


   X 𝜇    𝜈 - a  𝛾 𝜇  𝜈 a ;    X 𝜇    𝜈 - s  𝛾 𝜇  𝜈 s ;     X 𝜇    𝜈 - a  𝛾 𝜇  𝜈 s


   g 11 ≪  g 12 ≪  g 22


   N 1


   N 2  


  𝜙


   𝜆  𝜙 H ≲ 0 . 01


  T <  v H


   m 𝜙 ≳  m 𝜇


   N 2   &   𝜙  


       𝜆  𝜙 H   m f  2    m h 2  𝜙 2  f - f


  −  ℒ N =    g  i j 2  N i  N j 𝜙 +    M i 2  N i  N i + h . c .


     𝜆  𝜙 H 2      | 𝜙 | 2    | H | 2  


     H ^ T ≈ p   I +  1  2 p    (    0  𝛿  m 12 2   𝛿  m 12 2  𝛿  m 22 2 ) +  1  2 p  (     M 1 2   (  M 1 +  M 2 ) 𝛿  M 12    (  M 1 +  M 2 ) 𝛿  M 12   M 2 2 + 2  M 2 𝛿  M 22 )  


  𝛿  m  i j 2 ≈  1 8  g  i 2  g  j 2 ∗  T 2


  𝛿  M  i j ≈  1 6  g  i j  g 22    M 2   m 𝜙 2 ( T )  T 2


     H ^ T ⇒  1  4 p  (    Δ  M 2 − 𝛿  M 22 2  𝛿  M 12 2   𝛿  M 12 2  − Δ  M 2 + 𝛿  M 22 2 )  


  𝛿  M 22 2 =  c 22  g 22 2  T 2


  𝛿  M 12 2 =  c 12  g 12  g 22  T 2


  Δ  M 2 ≡  M 1 2 −  M 2 2 > 0


  tan 2  𝜃 m ≈   𝛿  M 12 2  Δ  M 2 − 𝛿  M 22 2


  ⇒   Resonace   at        T res =    Δ  M 2    c 22  g 22 ∼  8    M 1   g 22


     H ^  T 1 , 2 = ±  1  4 p       ( Δ  M 2 − 𝛿  M 22 2 ) 2 +    ( 𝛿  M 12 2 ) 2


   m 𝜙 2  ( T ) =  m 𝜙 2 +  1 3  g 22 2  T 2


     Γ ^ A =  𝛿 22  A 2


  𝜔 ∼ p  


    d  𝜌 ^  d t = − i  [  H ^ ,  𝜌 ^ ] −  1 2  {    Γ ^ A ,  𝜌 ^ } +  1 2 {    Γ ^ P , I −  𝜌 ^ }


  𝛿 =      H ^ 12 H                     Δ =      H ^ 11 −    H ^ 22 H                         2 D =    P 2 +  A 2 H =    P 2 H  f  e q  − 1


  z =    M 1 T                     H =  1 z   d z  d t                         x =  p T                            f eq =  1  1 +  e x


   P 2 ≈    g 22 4  32 𝜋 T


     Γ ^ P =  𝛿 22  P 2


   A 2 =  P 2  e  + 𝜔 / T


   ( 𝛿 ,   Δ , D ) ∼  1 64   45  2  𝜋 3  g ∗    m  p l   M 1  (    g 12  g 22 2  z   z res  ,    2 g 22 3  (  z   z res − 1 )  ,     g 22 5  32 𝜋  z   z res )  


  z   d  𝜌 11  d z = + i 𝛿 (  𝜌 12 −  𝜌 21 )


  z   d  𝜌 12  d z = −  ( D + i Δ )  𝜌 12 + i 𝛿 (  𝜌 11 −  𝜌 22 )


  z   d  𝜌 22  d z = − i 𝛿  (  𝜌 12 −  𝜌 21 ) + 2 D (  𝜌 22 −  f  e q )


  𝛿 ≪ D ≪ Δ           with            g 12 ≪  g 22 < 1


   𝜌 11 ≈  ( 1 −  e  − I  ( x ) )  f  e q  ( x )         with       I  ( x ) =  ∫             2  𝛿 2 D      D 2 +  Δ 2   d z z


   𝜌 22 ≈  f  e q


   𝜌 12 ≈  𝜌 12  q s =   i 𝛿  D + i Δ (  𝜌 11 −  𝜌 22 )


  z   d  𝜌 11  d z ≈ −    𝛿 2   D 2 +  Δ 2  (  𝜌 11 −  𝜌 22 )


   N 2


   N 1


   N 1


   P LZ =  e  −  𝜋 2  𝛾 ad


   𝛾 ad ≡ |     Δ  H T  d  𝜃 T / d t | =    (      ( 𝛿  M 12 2 ) 2  H T  M 1 2 ) res


  P  (  N 2 →  N 1 ) = 1 −  e  −  𝜋 2  𝛾 ad


     [  D   Δ ′ ] res ∼    g 22 2  64 𝜋 ≪ 1     ⇒     I  ( x ) ≈  I res = 2 𝜋      [    𝛿 2   Δ ′ ] res  


  ⇒    𝜌 11 ≈  ( 1 −  e  −  I res )  f  e q


   I res =  𝜋 2  𝛾 ad


   I res ∼  1    g ∗  g 12 2  g 22


     m pl   M 1 ≪ 1


   𝜌 11 ≈  I res  f  e q     ⇒      n 1 s ∼   0 . 1   g ∗  3 / 2  g 12 2  g 22    m  p l   M 1


   N 1  


    0 <   M 1 −  M 2 <  m 𝜙 <  M 1 +  M 2


   M 1    n 1 s ≈ 0 . 44   eV   ⇒    g 12 2  g 22 ≈ 5 ×  10  − 24    


   M 1


   m 𝜇 ≲  M 1 ≲  10 14  g 22 5 GeV


   ( ∗ )    I res ≲  keV   M 1 ≪ 1


   𝛾  a d ≪ 1

