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Problems of the Standard Model

@ Presence of dark matter — hint to new elementary particles beyond
the SM.

Qpmoh® = 0.120 £ 0.001  [Planck 2018 results]

@ Neutrino oscillation phenomenon — there is no mechanism for
small neutrino mass generation in the SM

m, <0.2 eV

~

@ Baryon asymmetry of the Universe — 3 Sakharov's conditions (We
need a source of B-violation, C and CP-violation, no thermal
equilibrium)

Yeo = N8 —N& 10~ _1p-11
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Theoretical motivation: Grand Unification

Gauge group of Left-Right Symmetric Model (LRSM) can occur as a chain
link of SO(10) Grand Unified Theory symmetry breaking. Gzao1
corresponds to so-called Minimal Left Right symmetric model (MLRM).

s()(m

Notations:
Gs1 = SU(5)xU(1)
Ggs = SU(5)
Gps = SU(4)cxSU(2),xSU(2)x
Gaz1 = SU(4)cxSU(2) xU(1)s-1
U211 = SUE)cxSUR)xU(MRxUWp—1  Figure: Possible breaking chains of

SO(].O) to QSM. [Fig. from M.Pernow,"Models of
SO(10) Grand Unified Theories", 2021, Doctoral thesis]
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LRSM: Fermion fields

LR-model gauge group:

Gir =SUB)c x SU(2)r x SU(2)L x U(1)g_1 X P,
where P is L «<— R discrete symmetry.

Fermions SUB3)c | SU@2)L | SU2Q)r | U(1)g—1

Lo, = <7“L> 1 2 1 1
o

LaR — <7QR> 1 1 2 -1
R

Qa = <Z§L) 1 2 1 1
L

_ [ Yar 1

Qap = (daR> 1 1 2 3

Table: Representations of the fermion fileds in LRSM
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LRSM: Higgs fields

Higgs fields SU3)c | SU(2). | SUQ2)r | U(1)B—1
S s+t
Ap=|V2 ot 1 3 1 2
50 oL
L s
S st+
Ar=|Vv2 K. 1 1 3 2
-
i
o1 ¢1>
o= (% 1 2 2 0
<<z>2 3
n 1 1 1 0

Table: Representations of the Higgs fileds in LRSM

Lhiiggs = tr| Dy @[ + tr| Dy Agl|* + tr|DyAL* — V(®, AL, AR)
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Spontaneous symmetry breaking

Steps of SSB:

@ P broke at scale Mp ~ Mgy ~ 10 GeV due to non-zero vacuum
expectation value (VEV) of Higgs singlet scalar field n = (1,1, 1,0)

P /L 4 /R, qL < gRr, A[_ 4 AR, $ CDT
Q 5U(2)R X U(l)B_L 4&0—) U(l)y X Zz
Mg~O(1 TeV)

with VEV of Higgs right triplet Ag

© Electroweak SSB at the My z-scale due to non-zero VEVs of the
Higgs bi-doublet ® and the left triplet A;:

(DY (AL) -
SUR2)L x U(L)y —% U(L)em | Qem = Tag + Tar + B3t

0 O ki O
<AL,R>:\}§< ViR 0) <¢>:}§( 01 ko ) k2+k3=246 GeV
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Seesaw for VEVs
[3-sector of the Higgs potential:

Va(®,80,8k) = Bi(TrloBre A1+ Triot Ao L)) +62 (TridAreT A1+ THE Ao L)+

85 (Trloard! All+ Triot A3AL)),

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

Seesaw relation between v; and vg

VL =7 7(246 GeV)2 where ~ = ﬁzk% + Pkke + 531(22
t ve = (2p1 — p3)(246 GeV)?
(2p1 — 103)VRVL — 0 v ~ (246 GeV)2
vi=20 (VR;AO and (2p17p3)7$0) )

vi >~ 0 (vp>246 Ge&V  or y<1)
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LRSM: Gauge sector

o New SU(2)g-gauge field V,J%,*’N, (=13
@ SM gauge fields G2, VL"# and B, (a=1,8, i=1,3)
Basis of mass states:

VL3 Cwcp CwSe Sw 71
VI% = | —SwSmCp — CMSp —SWSMSy + CMCy CWSM > |,
B —SWCMCp + SMSp —SWCMSy — SMCp CWCM A

WLi [ cos¢ sinC\ (Wi L1, ,
(W,%t)(—sing cos( W2jE ’ WL,R*\/E(VL,R:F VL,R)

2
g
My, = 5[ +vRF /v +arid], (1)

1
Mz, = &%k +2vr(g® +67)]

1 2
T 1\/[g2k-2+ +2v3(g? + g7)]" — 4g%(g% +28”) kv (2)
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Masses of Higgs and gauge bosons

50=

>
@ q0.  LHC E-utev
= s
8 2
£ 10- LHC 5 = 147ev I r
g 5 050
a 5 ‘mn
§ = A H®  my=125GeV
% 0.10 Ho®
5 ]
(ﬂn My > 1162GeV. 0.0573 2 5 10 20 50
= 17 My > 715 GeV ] Vg, TeV
0.5? ]
i 2 s w 2 %  Figure: Masses of all 14 Higgs bosons in
Vg, TeV . . . .
LRSM with tuning of self-interaction
Figure: Masses of new vector gauge constants:
bosons Z, and W5 az = 0.01 p; = 0.1, po =0.3, p3 =0.9,

A1 = Agy = 0.118,
X2 =0.01, A3 =0.1
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Neutrino mixing: seesaw I

In flavor basis:

(M M Vs v v
o (1) (2) (5)=na(i) o

MD:%(th]_-‘riukz), ML:\/EhMVLa MR:\/ihMVR7

where hy, hy, hu are the Yukawa constants
Move to mass basis with unitary transformation U:

com w7 o) (n) (@

Form of U choose as a generalization of Casas-lbarra approach
[Casas J., Ibarra A., Nucl.Phys.B 618 (2001) 171.]

P\t o o Uy —0TU, (1-3070) U5, , Upnns=(1-3007) Uy
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Neutrino mixing: parametrization

Matrix equation system for transformation U/: (leading order
accuracy)

0~MpM5?t seesaw |l equation
m, =M —0Mg0T, = m, =M, — MDMNIME
MNZMR

Orthogonality condition: (where m=diag(m:,mz2,ms), NM=diag(M:,M2,Ms) )

,
1=QQ7T = [iv,ﬁ—l Ul Mp Uy M—l] [—i\/ﬁ‘:—l U Mp Uy /\?1—1} ,

o= iuy(\/%)m/m, Vin = \/rﬁ — Upins M Upinss

Using approximation: Uy =/, 6% < 1 we can write

~_ 1 o * w11 )T Yo M N — M —
b2 (01 Us UL 0"+ Uy KU} )= =|m="m

T 71 %
Vom Upnins M Upnins

Vi
VR
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Charged and Neutral currents

tc = %(UPMNS)ai/_a Wi (cos Py — sinCPgr) v
+%(UPMNS)Q,/ Wh (sin P, + cos CPR)v; + h.c. (5a)
, g L) (R)
NC = E(UPMNSUPMNS)UVI Z X( Py L — ax PR) (5b)
X=21,7>
. = —%e T WA (cosCPL — sinCPR) Ny
%e T Wa (sinCPy, + cosCPR) N + h.c. (5¢)
Lhe = %(@T@)u N, Z X(aﬁé)PL—a&R)PR) N+ (5d)
w X=21,7
+ |5 (Uhns®) , i Y2 X (a0PL— a0 Pr) N+ hc.
‘w X=21.7
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Sterile neutrino as warm DM

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

We use notation
mdm = Z |Uni(V1)iQ1]% = M1 Y [@a1/?,  Q -3 x 3 orthogonal matrix
(07

o Lifetime: quasi-stable because of very small mixing with active
neutrino (|©41/% < 1)

My \~* mgmy -1
22 1 —1
TN, = 10 <1 keV> (ﬁ) sec > Hy'~10" sec (6)

@ Non-observation of radiative one-loop decay N; — ~, v with
E, = My /2 lead to strong lifetime limit

025 [Aliev, Vysotsky, Sov. Phys. Usp. 24 (1981)]

Tn, > 1077 sec ,
[Boyarsky et al, arXiv:0811.2385v1]
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DM mixing parameters

vMSM-limit: v, =0 — Vi =vVh

Gunh bount

e
1
T 1
Tremaine—

| | | |
0.5 1 5 10 50

M, keV

Strong constraints indicate an explicit
form of Q-matrix: (for normal/inverse
hierarchy)

QNH: Qj]_ — 5j1 QIH: Qj3 — 6j3

mdDm(VL =0) = Miight

Sterile neutrino DM in LRSM

o if > LM — vMSM limit;

e if M« “;—'L?/\}I — high increase of
effective interaction between active
and sterile neutrinos;

o + » ..
o if M~ UbynsMLUpuns — mixing
decrease for vi ~ mjign:.
We illustrate it for normal hierarchy, Mo = M3 = vg =3
TeV and Qj; = 6j3

My=Ms=vg=3 TeV
T T N

Might = 102 eV

0.1 05 1 5 10 50 100

VL/Miight
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Conclusions

@ We considered the lightest sterile neutrino as warm DM in the
framework of the MLRM.

@ We proposed a modified seesaw type Il expression for the mixing
matrix

© = iUpwnsVRQVIIL, Vit = \/1i — UlyunsMi Ubans

@ We found out that the mixing parameter significantly depends on v, in
the regime of My ~ O(keV) and Mp 3 ~ vg

o At the scale of mjjgp; fixed, the mixing extremely rapidly increases in
range of vi = (2 — 5)myign:.
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