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Neutrino mass problem

» Neutrinos have extremely small non-zero masses. Neutrino oscillation
data:

Mighe =| 7| 1/|1Am3;| ~0.000eV {/[Am2,| =0.049eV /|Am2, =0.050eV

» Neutrino mixing matrix Upnins

Vi = g (UpMNS)aiVa
[e3
» In Standard model neutrino are massless particles
» Possible natural explanation - Seesaw mechanism (and its variations)

1. Seesaw | or Minimal Seesaw
2. Seesaw Il or VEVs seesaw relation
3. Inverse seesaw (ISS)

» They can be used as models with fermionic warm dark matter (WDM)
candidate mpy ~ O(keV)
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keV ’sterile’ neutrino as warm DM

Warm Dark Matter: The lightest sterile neutrino with mass ~ 1 — 10 keV.

> Lifetime: quasi-stable because of very small mixing with active neutrino

Vzllg(ms) H-1 ~ 107
Ty 0 Y, 75”12(29) sec > Hj 0" sec

> Non-observation of radiative one-loop decay
[Aliev, Vysotsky, Sov. Phys. Usp. 24 (1981)]
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[Boyarsky et al, arXiv:0811.2385v1]
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DM relic density: production via oscillations

Framework of 1 v, + 1 vs states. Mixing parameter is sin(6)
» Boltzmann equation for DM production via v, < vs
2f( t) — H 2f( t) = Cosaa(p, t, T)
ot s\P, Pap Ny \ P> = CoscIlP, T,

. 27 -1
where Cooyy = FO‘T(F) 5|n2(2094:f) [1—5—(%) ] [fon (Pot)—1fs(p,t)]

.2 — A2 (p)sin? 20 (2 2
sin”(0esr) A2(p)sin2 20+[A(p) cos 20— VD VT (p)]? A=(my—my)/2p

[Abazajian et al, Phys.Rev. D64 (2001) 023501]

> |t gives estimation for relic density of sterile neutrino

.2
> sin“(26) ms \2
b= Ko‘(ms)< 10-8 (1 keV)

where K, ~ 0.3 with weak dependency on M; within the considered
limits, « = e, u, 7
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Seesaw type | mechanism

Additional fields: SU(2), x U(1)y - singlets vg x, k = 1,3 (flavour
basis) with heavy Majorana mass term ~ Mg. Mass states N, J =
are heavy neutral leptons (HNL).

. . 5 =~ 1
Lagrangian: £ = Lspy+ 7RO,V VR — <Y liovr + 5I/CRI\/IRI/R + h.c) ,

. vy 145 _ v
After SSB: £ > (77, /5 (5 MR><VR)’ <VE>_pLU N)

loot -0 3
U=wv U_exp( ) ( %9T9)+0(9)
U, 0 .
V= (0 UN) m, = U,mU] My = UyMU},

here (] = diag(. .. ) - diagonal matrix.

| (v— N)-mixing: ©= 06Uy | PMNS: Upyns = (/ - ;efe) U,
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Heavy neutrino mixing and vMSM

A system of matrix equations for diagonalizing transformation U:
(leading order 6-accuracy)

1 1
6 ~ mpMgt, seesaw | equation
, =—0Mg0T, = m, = —mDM,glmE
MN >~ MR

Seesaw | equation can be rewritten as a so-called Casas-Ibarra
parametrization: [Casas J., Ibarra A., Nucl.Phys.B 618 (2001) 171.]

I=0qT = [¢ “TUlmp Uy M1 } [—,\/ Ui mpUyV 1],
mp = UbynsVAQVM-1 = @ = iUl nsVAQV M1

vMSM - model [T.Asaka, M.Shaposhnikov,Phys.Lett.B 620, 17(2005)]

3 sterile neutrino:

Ny - WDM with My ~ O(keV)

N, and N3 heavy neutrinos with masses M, ~ M3 ~ Agyy,

A = |My — M3| < My 3 need for Resonant leptogenesis (lepton asym. —
baryon asym.)
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Short overview of LRSM: Higgs fields

Higgs fields SUB)c | SU2). | SUQR)r | U(1)g-1
S s+t
A= V2t 1 3 1 2
0 -
S& g+t
Ar= V2 R 1 1 3 2
S —5
_ (4 ¢1+>
o= (5t % R °

Table: Representations of the Higgs fileds in LRSM

Liggs = tr|D,®> + tr| D, AR + tr|D AL — V(®, AL, AR)

[P.S. Bhupal Dev et al. JHEP 02 (2019) 154]
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Short overview of LRSM

1. LR-model gauge group: G g = SU(3)c x SU(2)r x SU(2). x U(1)s-1
(AR)
2. SU(2)r x U(1)g—1 m UQ)y/Z

with VEV of Higgs right triplet Ag
3. SU@)L x U(L)y 2 U(L)am, Qe = Tag + Tae + B3t

Vacuum structure of Higgs fields

(AL,R):%( 0 8) <¢>:\%(lg /2) VK2 + k2 = 246 Gev

VLR

Leptons SUB3) | SU(2). | SUQQ)r | U1)s-1
Lo, = (’j‘”) 1 2 1 “1
(278
Lag = (7" 1 1 2 -1
aR

Table: Representations of the lepton fields in LRSM
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Seesaw relation for Higgs triplet VEVs

(-sector of the Higgs potential:

Vs(®,80,8r) = Ba(Trpare! AL+ Tr[ot ALoAL))+5:(Tridare A]1+ THET ALGAL])+
Bs(Tripardt Af1+ Triet ALdALY),

Additional GUT and/or SUSY assumptions — 3; =0 or 3; ~ 0

Seesaw relation between v, and vg

- (246 GeV)? where ~ = Bak? + Brkika + B3k3
SV 7= (2p1 — p3)(246 GeV)2
Bi=0: (2p1—p3)vgvL =0 Bi — 0
General LR-condition: (246 GeV)?
—vg #0 VL = e
Vacuum stability
— (2p1 — p3) £0 (vr > 246 GeV or v < 1)
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Neutrino mixing in LRSM: Seesaw | + II

</\/IL mD> Mp = %(thl + hrko),
mp Mg My =V2hyvi, Mg = V2huvg,

here hy, hy, hy are Yukawa couplings with left triplet A; and
bi-doublet ®

Mixing matrix in Casas-lbarra parametrization

I _ —1pgT
seesaw Il equation: | m, = M, — MpM,,~Mp

©=il, (\/%)Q\/ma Vi = \/’?7 - UIIMNSMLU;MNS

Assumption: Uy =1/, >« 1

M ~ ~ 73 VIt
ﬂVR VR

h/\/[ﬁ
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DM mixing: seesaw | and LRSM

"= Vil QaQ [©omf? =

M, keV

v-MSM limit: pure seesaw |
L=O—>ﬁ=\/_ﬁ\7$trongDM

constraints and v-oscillation data lead to a

fine-tuned (FT) form of Q

le — (5]1

QJ'3 — (5j3

QNH .
Qi

m@"(ve = 0,Q = FT) = mygne

Miighe = 107 eV, My=M;=vg=3 TeV

My, keV

LRSM with v, # 0: seesaw | + |l

> mygny > V/_imax Ms — yMSM-
limit;

> Mgy < VL
dominance — strong increase in

max M
71 — seesaw |l

mixing, inconsistent with DM
constraints;

> = UpynsMiUpyins — DM
mixing decreases by 1-2 order due to
seesaw | — seesaw Il cancellation for

some entries of [v//#|2, 12/24



Cancellation effect in the mixing: seesaw | + Il

2
vMSM-benchmark for Q: mi" = ’\/rﬁ - :—;U;MNSMUI*;MNS

11 (NH) or 33 (

1 0 0 0 Q
il FT 2x2
Qg\IH)f 0 Q , Q%H )— 0
0 2x2 1 0 0
S 2 — 2 2 _ 2
Ug = Z |eozl|2 U/ ‘ea/| ) |eDM| = Ul
a=e,u,T
=1
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10°p _
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Inverse seesaw: General approach /SS5(p, q)

Field content of the /SS(p,q)

Consider three types of neutral lepton fields:

— left-handed flavour neutrino v; 4, a=eu,r,
— right-handed neutrino Ng , a=1p

— right-handed sterile fermions Sg 4 b=1,q

Lagrangian after SSB: (Naturalness condition: 1 < mp < Mg)
1 - (07)_3><3 mp 3xp  O3xgq v
Liss = E(Vb Vi, XR) m(g px3 /\?Tpxp MR pxq )’éR
. . . 3 12 R
Diagonalization: step 1 7 R pxq =
Rewrite mass matrix to the seesaw I-like form mp = (mp, 0)
(@) m (0) M
Moyo = (~T 33 D;X(Hq)) where X = (MTPXP R qu)
mp (p+q)x3 axq R gxp H gxq

UTMU, U=W (@Uu 3x3 u@3x(p+q) > W = exp (w) ~ lHw+. ..
(p+q)x3 (p+q)x(p+q)
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Inverse seesaw: ISS(p,q) diagonalization

Shur complement

Let M = (é g) then Shur complement is (M|D) = A— BD™'C

Neutrino effective mass operator

m,=(M|X)=—mpX " *m)=—(mp, 0) <(Xi)1 :) ('Z»g> =mp ((MR);FI(MR)T>_ mp

2
. _ _ m
Onlyif p=gq: | m, = mo(ME) "u(Mg) 'mf ~ 72

Diagonalization: step 2 (Sterile block)

Case 1: All sterile fields form pseudo-Dirac pairs

Opxp Mg qu> uT — (N Mg +p  O(n) >

X =U
(ngx,, 1 o)  ~Mg+up
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Inverse seesaw: Toy-model ISS(1,1)

Toy-model ISS(1,1): my = @
(0 M m. 0\ (p—M 0
(- )00
1 1
U \/1+2 \/1+;"7‘2§ (V2 12
m+2 - 71/\/5 1/\/5
M\/1+M2 M\/l+%

S”, N are mass-states, N’, S’ - "middle” basis states (after the 1st step

of diagonalization) Pseudo-dirac HEAVY (~ M) states with small mass
splitting ~ .

N"=N_ ~ %( — 5
S =Ny~ (N +9)

There is no V\/DI\/I candidate!
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Inverse seesaw: Toy-model ISS(1,2)

Toy-model 1SS(1,2): ml o~ £/ M2+ M3 +0() mz=~0O(n)

0 M M 0 0
X =M 1 0 =X+ 5.)((/14) X, — 0 m_ 0
My 0 o 0O 0 m,
Mass of light sterile state: | m3 ~ M ~ i~ O(keV)
& T T T
My My Mo
V2AMZEMZ)  \2(MZEME) o/ ME M2 N N,
a _1 0 S| = N_
2 2
)4; I\/)[ _ My Sé
V2AMZ+MZ)  \/2(M2+M3) /M2+M3

phys.states

There are light sterile fermions (g — p states) with u-scale mass when
p < qin ISS(p, g) model.
This fact has already been highlighted in [Asmaa Abada et al

JCAP10(2014)001]
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Conclusions

> We explored a possible scenario for warm dark matter (WDM) realization
within the Minimal Left-Right Model (MLRM) and Inverse Seesaw
Model (ISS).

» 1SS(2,3) or ISS(p, p+s), p,s € N: this Inverse Seesaw models can
naturally provide a light warm dark matter candidate - either . In this

scenario, the lepton number violation scale i1 should be of the order of
keV.

» A modified mixing matrix formula was derived, incorporating the effects of
non-zero vacuum expectation value (VEV) of the left Higgs triplet:

© = iUpmns VAQV M1, Vin = \/’ﬁ — UbansMcUgins

» A suppression regime was identified, where the mixing of the dark matter
candidate N is significantly reduced (by 1-3 orders of magnitude) due to
competing contributions from Type-l and Type-ll seesaw mechanisms
(i.e., for v # 0 and muighe/vi ~ max M,/ vg).

» The vMSM case was embedded into the left-right symmetric model as a
limiting scenario.
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MacwTtabbl macc KaanbpoBOYHOIo n
XUITCOBCKOro CEKTopa

50-

Mass of gauge boson, TeV

Mg > 1162GeV.

My > 715GeV

1 2 5 10 20
Vg, TeV

Figure: Masses of new vector gauge
bosons Z> and W>»

50

Mass of Higgs boson, TeV

Vg, TeV

Figure: Masses of all 14 Higgs bosons
in LRSM with tuning of self-interaction
constants: az = 0.01 p1 = 0.1, p> =
0.3, p3 =0.9,

A1 = Asy = 0.118,

A2 =0.01, A3 =0.1
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?)apﬂ)KeHHble n HeI7ITpaJ'IbeIe TOKM

e = %(UPMNS)Q,- I, Wi (cosCPL —sinCPR) v,
+£2(UPMNS)ai Jo Wa (sinCPL 4 cosCPg) v, + h.c.
v g (L)
= _— U i
NC 2w PMNSUPMNS)UV X;Z X( PL—
1,42
EIC\!C = —\%@w /_a Wl (COSCPL—SinCPR) N_/
—\%ew T Ws (sin P, + cos CPr) Nj + h.c.
Lh. = %(eTe u R Y K (0P aOPR) N+

X=271,72

+

X=2,,2>

ag(R)PR) Ny + h.c.

ECTORRITTE

(1a)

(R)PR) Vj (1b)

(1c)
(1d)
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AddekT cokpauieHusn seesaw | un Il (mon)

M, [keV]

Normal hierarchy, migh; = 107 ev

05

2 4 6

€= lem“gm

M, [keV]

Inverted hierarchy, mygn = 105 eV
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Inverse Seesaw and Casas-lbarra Parametrization
ISS with (p=q)

Inverse Seesaw Formula
m, = mp(MZ) " u(Mg) ™ mj (ISS with p = q)

é = ﬁ'ID)C‘il = (mD’ (O)) ((X“:)_l (X|M)_1MRM_1>

Casas-lbarra Parametrization
Through matrix decomposition:

Q= Ump(ML) i mp = UV Qi M
where Q is orthogonal (QQ7 = /).

v — N Mixing v — S Mixing
01 = UVm Q\/uMzt ~ O < m”“) 0, =UNmQ/u ' ~0 ( m”)

M
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