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LHC results able to confirm the validity of the SM, with no sighatures of nhew physics.



Who can be a DM ?

> Should be massive

~ Should be electrically neutral

- Should be present in early universe .

/ ‘\

> Should be stable or at least with half life greater than the
-~ age of the universe Need a symmetry
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Zoo of Dark Matter Candidates
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STFM to explain DM and neutrino mass

Symmetry Baryon Fields Fermion Fie Scalar F}gzis
Group Q| uby | diy Ly en | N 14 1] po E On
SU(3). 3 3 3 1 1 1 1 1 1 1 1
SU(2)r 2 1 1 2 1 1 3 3 3 2 3
U(l)y 1/6 | 2/3 | —1/3 -1/2 | -1 0 0 0 0 1/2 0
Lo + | + | + + + | - |+ |+ | - + +

Particle content and their corresponding charges under various symmetry groups.




The complete Lagrangian for the model:-

3
L=~Lsu+ Y Tr(piiv"Dupi] + N'iy* DN’ + Tr[(DyA)(D*A)] = V(dn, A)

(3,2) 3
— Y XjLidnp)—|Yoa (Tr[ps A]N' + he)— Y~ M, Trlpép;) — My NN’
(i.d)=(1,1) i=1

Yukawa interaction term for neutrino mass generation in the Type III Hig g S triplet is necessary

seesaw mechanism.

A
V(gn, A) = —pdélon + Ih(qblth)z + WA Tr[ATA] + Aa(ATA)? + A, (] én) Tr [ATA]

A (TT[ATA})Q + A3 Tr[(ATA)Y] + My ¢! AAT by, + (ud] Ay, + h.c.)




* ¢y, accquires vev and EWSB takes place. o= |v+Btie| A=| ] A{Tgm
' N
« N\ acquires an vev and takes the following form, V2 /2
_________________________________________________________ :
;,:,1;2

(AO) = VA =

After SAEn ey breaking, CP even neutral The charged scalar also mixes with each other
Higgs mixes with each other. after EWSB takes the following form,

P T T Ty - . L ) L
1 . i — cos O sind A
|@: cosa H + sin o AY ; & COs 0 ™ + sin
o i —sin(‘)-gbi—l—cosr‘)—&i
H2:+COS(IA :
.............. ,\_;.._.._.._. T ——
‘?'A

SM like Higgs CP even neutral Higgs mixing

Charged
Higgs mixing




Dark Sector

. / .
Two neutral fermion states pg and N also mixes.

L 0 o ;;C_ o Mixing between singlet and
'\ p=cosfpgtsingNT triplet states due to
' N = —sinfipy+cos BN Y,an Trips A]N'

..........................................................

M N ~ M N7 M p ™ ﬂ’fp:;



DM Constraints:-

Collider constraints on p :-

10

Rules out mass < 580 GeV :

T, [nS]

STFM

p contains pY and p*

l

AM =M, — M,, = 167 MeV

l

0O __+

pE — pOx*

l

Decay of p* manifest itself as
disappearing track signal

ATLAS [13 TeV, 36.1 fb')

ATLAS [13 TeV, 136 fb']

CMS [13 TeV, 38.4 fb']

ATLAS [14 TeV, 3.0 ab"' (Projection)]

0.1« v v v w0
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Theory Prediction




DM direct and Indirect Detection
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= No tree level diagram
= One loop mediated by W and
two loop gluons

[JHEP07(2011)005]

Theory Prediction




M, < M,
‘©” DM Candidate

Production Processes

v v

Decay Dominated ||  Fusion Dominated

pp ->BPBP,

pp - > BP BP
BP BP->N,N ->p H,

H,->Np,N->pH, ||

Dark Matter (DM)

H

MNc_ Mp
‘N’ DM Candidate

Production Processes

'

Decay Dominated

| Substantial Annhilation Contribution

pp ->BPBP, pp ->BPBP,
,->Np,p->NH, BPBP->pN,p->NH,

# BP = Bath Particle

> WIMP Dark Matter

> DM is in thermal bath

> Annihilation of bath particles, decay of
H, and late decay of N plays important

role.

A\

A\

FIMP Dark Matter

N is non thermal

Freeze-in production through decay and
annihilation of bath particles.

Late Decay of P also contributes substantially.



P is DM candidate.
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Annhilation and co-annihilation channels of p in the early Universe .
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Feynmann diag. for the dominant production of N as well its late decay to DM.

Boltzmann Equation for DM and NLOP:

. B.ean to determine the
_ H;,—Np AB—Np N—s all \ q
Lfn = Z C +C +C ) distribution function of

221,2 ‘N’

-----------------------------------------------------------------------------------------------------




B.eqn for the evolution of DM:

dr

Do~ o MV T (5 oy (7 — (v59)?)
+I\Jpg 7 /G« (T)

?’12

1.66 M2. g<(r)

{CryonNp) Y, — YNY,) + (Cnopa)Nnta (YN — Y, Ya) ]

10¢
: Freeze-out Production
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Evolution of distribution function for ‘N’

/ Benchmark Point

My = 2000 GeV, M, = 1300 GeV, Y,a = 2.5 x 10712,

10— T T

g1’
) = o

B(?“)S/dfp fg fn(&ps )

This gives number density of ‘N’ at

values of r.

where,
| B0 — (GS(TO))I/S _ (.qs(Msc/r) )1/3
E Js (T) gs (ﬂJSC/TU)
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Results:-

My = 2000 GeV, M, = 1300 GeV, Y,a = 2.5 x 10712,
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Results:-

Parameters Varied

700 GeV< M, < 1500 GeV,

125 GeV < My — M, < 3000 GeV,

1500 GeV < My, < 20000 GeV,
0 %< Yo <107

103« a <05,

0.01 R ™
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BBN Constraint

107"

Bhad Evis Yn [GeV]
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Results:- Parameters Varied

107 < ¥ya < 107,100 GeV < My < 1800 GeV and 600 GeV < M, < 4500 GeV
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BBN Constraint:-
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Results: allowing for a light scalar sector.

* In previous scenarious, ‘N’ is dominantly produced through decay at high temperature.

* Now, we assume ‘N’ is produced through annhilation of bath particles and production through
decay is kinematically forbidden.
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Production channels for IN.
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Substantial Annhilation Contribution: My < M,
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Summary

> We extended SM with three fermion triplet, one singlet and one real
triplet to explain DM and neutrino mass.

> We investigated different production mechanism for the production of
DM.

> We also constrained our model paramters through BBN and found the
model to viable in large areas of parameter space.

- If the channel H; — pNis kinematically forbidden, observed dark matter
relic density can also be realised with a few hundred GeV BSM Higgs and
such scenario can be probed in MATHUSLA.
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