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Problems in the SM @

* SM fails to explain neutrino mass and ";,___‘“
nngs ey ) o

* SM doesn’t have a DM candidate. 21 :, “)u

* SM can not explain the observed baryon ™, e [ o
asymmetry. :.J ) )
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* The origin of smallness of the ¢-parameter. 2 )
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SM Particle Spectrum

‘r' 2"" 3" T i
e T — ralie Pary g AR Pl el el

* Neutrino has all the properties
mentioned before

* |t can not account the whole
amount of DM

o — * Relativistic in nature so no
me- . B structure formation
| T
s : !'i  SMisincomplete, need new
aas -i BSM physics to address DM
Vo, v ]V ]
. P T : I

1Ill|"l#|ﬂ'|-1:---|-|-.
) s —



Strong CP Problem

—» = —d,E.5
nEDM :

s | he measurement of nEDM d,, will imply P, CP violation and could
be related to the early matter-antimatter asymmetry.

__p L= —dn%ﬁJW%nF“”

= nEDM puts bound on d, i.e. [dy| < 1.5 x 1072 GeV ™ Aveletal PRL20
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= [, = Og—SGG contribution to nEDM which comes out asd, ~ 1.2 x 1072fe GeV !

322
Pospelov, Ritz '99

= Comparing theoretical and the experimental values of nEDM, we obtain § < 107

= The problem arises why the 6 parameter is so small




Gauge group and Particle content
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Complete gauge group — G gps X U(1)x X Zo

Accidental Symmetry
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* KSVZ type axion model has been considered
* Zo-symmetry forbids mixing among the exotic

guarks and also stabilise the FIMP DM

* WWe have two DM namely axion and right

handed neutrino which is odd under Z,

from U(1)x gauge symmetry

« U(1)pq symmetry is accidental and extracted

Gauge anomaly will put
bound on the additional
abelian gauge group charges




Choice of a1, and 5

U(1)y and [Gravity]” x U(l)y —» (n2 = 1)¢? + 3(ny — 2)y +3(1 — 22) =0

wherezzﬁ—L n =—Xandy:ﬁR_ﬁL:A
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Choice of o, and

Depending on the sign of 4nf — 1, different ranges for = are allowed, i.e.

« when ny > 1/2, we must rnquirﬂs for large fi,, 22 —+ £1/2 this
reduces to the requirement |z > 1/2 in the limit n, > 1,
o when n, < é, we must reqtd this reduces to |z| > 2 for n, < 1.
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Considered n, > 1 because n, <1— 11; @gaN@p ¥ Nxanx L 1/7%
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(BL — Br), n = nxz_ 1(5L — Br) and m = —
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Kamionkowski et al PLB 92,
Fukuda et al JHEP 18,

Ibe et al JHEP 18

Gravitational Effect in axion Potential ;

Total axion potential | ===

IV,/, Nx
. . ) ) g D, "D,
PQ breaking higher dimensional operator at the Planck scale mp> Vpr(P1,P2) = — + h.c
Q g hig p | (®1,®2) = N, TN
g
7 (Ma)?
V(0,)=F:MZ|(1—cosb,)+r,(1— cos(pb,+9))
(M%)2 = 4] (@) (@)% guantum-gravitational
A NyINx! (ay Nt Nx ppp v X~ induced axion mass
o — Tg|psino|
Extra potential term shift the minima from 0 = 0 by an amount | —f -
P 0 =0by [1 + p*r2 + 2p?r, cos 5] 1/2
lg| vy Yy (M, +ma)4

rq < 1 and |psind| ~ 1
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Analytical Estimate of Ag

Ty
2 2 2 2 r ny—3 4
v1 = Vo and |g| ~ 1 == pg L |1 Fo Fa (M + ma)
1 2 g A Tiy ) 2 femr| | Mpr m2m?
Stirling’s formula for n, > 1 1+ 10 57%) <€

e 14ny

Nx 2 / 2 72 nx =3 4
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Ruled out by nEDM
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Ny <8 == Ag>10"1 Ny = 9 s AQ ~ 29.41 x 10710 [mfﬁ}
e
Running of SU(3) coupling o3 2(Ny + Ny)
above the EQ mass scale | — Palas) = -5 17— 3 > Ny + N <10 9
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Axion relic density using misalignment:

1.1
Q,h% ~ 0.1862 (L>
'\ 1012 GeV

* n, = 10 can not give us total amount
for dark matter although not true for
higher n values.

« n, = 12 Can give right relic density
for part of the parameter space.

e From the asymptotic freedom we
can not take high value of 7, .

 Weneeda second@%% fill
the gap to the total relic density.
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Axion coupling with SU(2);, and U(T}y Gauge Bosons

2
Cywiwa = :"_r FIJH;H,H Fia
== Non — trivial contribution from SU(2), x SU(2)r, x U(1)pq anomaly : :
= [.Iri' =S i L1
= G4 F, i g
o o Layy = (2VE - 12) if' !14' ¥ )
= Non - frivial contribution from U(1)y x U(1)y x U(1)pq anomaly : g
) ml—:a; s

== Combining W3 and BY we get exact cancellation of axion coupling with photons

== Nevertheless a non-vanishing coupling arises from the pion-axion mixing giving  Luzio etai 20

3 5 b+ Ty
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= MADMAX can explore F in between (1.4 —14) x 10'® GeV which corresponds
o (40 —400)pueV axion mass ===  babylAXO will explore even higher mass range i.e. from meV to eV range 11




FIMP DM

xh® ' !
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I N
,,,,,,, | x=mmyf1

bound on its parameter space e In the present model vevs are very

FIMP DM is difficult to probe in different% heavy from the axion study

experiments due to its feeble interaction « To have TeV scale extra gauge boson

This work has both Axion and FIMP type DM and DM, their associated interactions
depending on choice one can dominate over other

become very suppressed 12




N, as FIMP

== |N the present work, we can consider one of the RHN as DM which is odd underz,

- gt
= Lagrangian for the DM candidaten; : [Cy, = %ley“ (6” - ig§{fZX) Ny + ANEN; ?}qs + h.c

== Boltzmann equation for the DM evolution:

d'}";_-:__,t_ 2 Mpyz /.3

dz LG6ME g(z)

Z (Ch,szyzy Jra (Y, = Y ) = (Czyon v NTH 1"&-]

dYn, _ 2Mpiz /g.z)
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g ]2

Non-thermal average of gauge boson decay: (P v e = Mg P g, et o

I fau (piifp

==> DM relic density:  Qx,h* = 2.755 % 111“(%%) Yiva (Tvow) -
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as FIMP

== |N the present work, we can consider one of the RHN as DM which is odd under Z,

==> | agrangian for the DM candidate N;:
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FIMP is produced from the
decay of h; and Zx

Zx never reaches thermal
equilibrium so we have
determined its distribution
function.
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Scatter Plots
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Cyan region is
from the higgses
decay.

Green region is

from  additional
gauge boson
decay.

Red region is the
total contribution.

= Higher values of FIMP DM mass are ruled out due to over production of DM
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Neutrino Oscillation

Parameters Range
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Associated model parameters
are tightly constrained by the
neutrino oscillation data

16




Neutrino mass

e " e . T ——— : - T = . ——
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Model parameters

. have the correlations

+ as shown in the two
ot - plots
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* Present model can generate oscillation parameters in the correct range by varying the model parameters
* The lightest eigenvalue among the active neutrinos is zero since the mixing involves only two RHN
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Conclusion

> Present model can accommodate neutrino mass with the allowed range of the neutrino
oscillation parameters.

> It also explain the smallness of the @-parameter and solves the strong CP problem

naturally.
> With asymptotic freedom, we could have a not so small contribution to @ which
corresponds to small F; and may be measured in near future experiments.

> Unless we choose very high value of n, (> 12)which might ruin the asymptotic freedom
of QCD coupling, axion can not accommodate whole amount of DM relic density.

> ADMX, MADMAX, babylAXO can explore the present model for axion mass range from
MeVand above, even if axion is not the total DM density.

> One of the right handed neutrino can be a FIMP DM and fill the deficit in the total DM
relic density.

18
> RH FIMP DM is produced from the decay of thermal Higgses and non-thermal gauge boson.
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Yukawa for RHN

Lagrangian

= =
SM Lagrangian

Lagrangian associated with the right handed neutrinos:

(AL

- =

Full Lagrangian —» L = L gpns + ﬁ}\/f“k 4+ Elégl;:w
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Yukawa for EQ
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» Dirac mass terms

—» | RHN mass terms

N

Terms associated with the exotic quarks: £, = S Ay divhor + 3 i vhoe + hec..

i3]

21 R, Ay

Redefining the fields: 4y — '#1, v = e 51, v — €', yp — e I
X

ig=1

; il
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IT.'- ':'H' r; A _ ’Ugal + nxvla2 Fa

Axion gluon coupling: £« = (-‘ﬂ-r!: > -‘ﬂuu)

Iy 'y

! 32
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Axion Density

Misalignment mechanism gives us the axion density:

PQ symmetry breaking happens before or during
Inflation then the axion field as massless field contains
guantum fluctuations:

These fluctuations of the axionic field contribute to the
axion energy density:

axion fluctuations generate an isocurvature
perturbation (SDM) on top of the curvature
perturbation given by the inflaton:

Hubble parameter H_inf and F_a must satisfy the
following relation to be consistent with the CMB data

Preskill et al PLB 1983

) J'-' (L]
(AR = i LR [— '-;—)
TIEEETY Turner et al ‘85

o= Hiuf :

Kawasaki et al PLB 2018
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Analytical estimate of FIMP DM

2.038 x 1027
: Y QF IMP h2
h; = N1N; decays contribute to the FIMP DM 04! Z TG, F2 (n2 1)

h; — ZxZx — N1N; decays contribute

to the FIMP DM 1t

2.038 x 1047 .Z\J]\]lth},,z

Q3 h? 2B
( h ) gs\/g_p RZx—)NlNl Z 327rq2(n2 + 1)2F2

Zix — N1N7 branching analytically can be approximated as

==> |n the DM scatter plots, we have

3 (ny+1)?

, for n,, > 1

2BRZ}C—)N1N1 = ﬂnz 8'nx + 28/3

considered contribution both axion and FIMP DM
23



Neutrino Mass

> Neutrino mass
Type-l Seesaw mechanism

> Dirac mass matrix takes the form:

> Right handed neutrino mass matrix:

IS generated by

Parameters range: P

> Neutrino mass matrix in the basis (/¢

0

mR}

TP LILA] |_'J.'.|'F'I.I_I.||IJ
-I'”.?l .'1-f|-|
. . | a4, e e MR
Iilgy = THf iy = — =
Ve LU
Magt Wy F g

A I‘_I!

mnp =
(_u._ﬁ kM,

ME 4 i,

. 1

m, = -mp Mz Mp

10°

P GeV < g £ < 1077 GeV |
1GeV < mp < 100GeV .
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