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LHC results able to confirm the validity of the SM, with no signatures of new physics.



Problems in the SM
Y

* SM fails to explain neutrino mass and ™.
mixings. A\

e SM doesn’'t have DM candidate.

* SM fails to explain observed baryon
asymmetry.




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

/////




Zoo of Dark Matter Candidates

neutrino
masses

1 am still
the king

| exist in QCD so
why
can't | be dark?

If he dies it's
my turn

| do not like to
interact with anyon

SR

A

Well..we never
know..

I'm still in the pic
you know...

I bad luck...
nightmare
scenario

| have to freeze-in
to survive

O

dark photon _u




Overview WIMP and FIMP Mechanism
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Overview SUPER-Wimp Mechanism

Dark Sector
¢D X Standard
X / | Model /
Assumptions:-

* »p Isthermalized with the thermal bath due to gauge interactions.
* X being singlet and having feeble interaction never thermalizes.
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Overview SUPER- Wlmp Mechanlsm

' X_is DM candidate $D is a DM candidate
\ A
)
4\ X
= \
\ o X
\
>

x(=MTT) x (= M/T)



SFTM to explain DM and neutrino mass

New Particles

Symmetry Baryon Fields Fermion Fields Scalar F}gzis
Group Q| uby | diy Ly en | N ’Ipl P2 | p3 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 + | + | + + + | - |+ |+ | - + +

Table 1: Particle content and their corresponding charges under various symmetry groups.
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The complete Lagrangian for the model:-

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

i=1
(3,2) 3
— Y XjLidnp§ — Yoa (Tr[ps A]N' + he) = Y~ M, Trlpép;) — My NN’
(i.4)=(1,1) i=1

A
V(n,A) = —uidfon + 5 (6hon)” + KATTATA] + Aa(ATA) + A1 (6],6n) Tr [ATA]

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

* ¢y, accquires vev and EWSB takes place. o= v H it A= AZ A\@M
: 7 5

 Ag Acquires an induced vev and takes the following form,é

Hy = cosa H + sina A"
. Hy = —sina H +cosa A"
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The charged scalar also mixes with each other after EWSB takes the following form,

GF = cosd T +sind AT
H* = —sind ¢F + cosd A+

Dark Matter(DM) Mass:-

- , -
Two neutral fermion states pg and N also mixes.

Mass matrix takes the following form,

.......................................................................................
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The mass eigenstates and weak eigenstates takes the following form,
. p=cosfp;+singNC !
: N:—sinﬁpg+cosﬁN’c.:

where the mixing angle is,

..........................................................
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DM Constraints:-

Collider constraints on p :-

10

STFM

ATLAS [13 TeV, 36.1 fb']

ATLAS [13 TeV, 136 fb'']

CMS [13 TeV, 38.4 fb'']

ATLAS [14 TeV, 3.0 ab™' (Projection)]

+ Recent bound on DM
mass from 136 fb?
data of 13 TeV run is

M > 580 GeV.

+ |In future at 14 TeV run
and for 3 ab*!

luminosity, it can
explore M, upto 750

GeV.

ééﬂll IISGDII ..?éd |
M, [GeV]
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DM direct and Indirect Detection
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* In the LP DD suppression happens due to the 2-loop gluonic contributions.

« RP gives bound on DM mass from its annihilation to W* W™ which is I\/Ip > 300 GeV.
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BBN Constraint

* Primordial elements
nucleosynthesis occurs
approximately between

1 and 1000 secs.

* The long lived particles
decaying after 1 sec
can inject energy to
thermal bath and
perturb the primordial
elements.

i
on

—
o

T T T T T T | T T T T "_'

log(mass fraction)

2
log(t [sec])
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The energy released through late decay of long lived particle takes the following form,

Yield of NLOP
before its decay

where,

S, I(NLOP — DM X;)Br(X;)

total
FNLOP

X; EB/Sﬂ&f

2 2
o Myrop = Mpy
vis QﬂfATLOP ?
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DM Productions

Dark Matter (DM)

M <M,

‘p> DM Candidate

Production Processes

.o v

Production Processes

. Decay Dominated . Substantial Annhilation Contribution
. pp->BPBR i op ->BP BP,
. H,->Np,p->NH, BPBP->pN,p->NH,

# BP = Bath Particle



m—’ My > M, —> P is DM candidate.

F I i'--_ ..Ir [e E
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.00/ + Hl

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’
LT
A Tg,\ "' 9 M gs(To)\/* p
L=rH(1+Z>2) — | Do (95 b
n(ivge) 5 o= e=(Sm)



Collision functions

) N\ 2 , N 2
-1 y 2 o gmin 28(?‘)2—|—( }ufq2‘1 ) _\/ max 28(?")2—|— ( ‘M-FZMT )
Cha'—>Np r B (T) M” % | e \/( k ) M _ . ( k ) Mec

-~ 167M 2
s€ My r
@V&B&P+(ﬁw )

The amplitude for the process ha — Np can be expressed as,

M2 = 2)3,, M2 (1 - :1:‘2) 0(1 — x)

M+ M N min

where x = M, ANphy = Ypa cosO and Anpp, = Ypa sin@. The parameters & and

2% can be expressed as,

in M. B(r) x Mg,
k (fpﬂ?n) - QB(T')TAJN n(&pﬂr) _ ﬂ/IN % ﬂ’{sc pT

mas M. B(r) x M,
&kﬁ (fp: T) - QB(T) TﬂJN (ﬁ(fp: T) + AJN % ﬂ{[‘gc pr> ?

My, M3, My 1\~
(&) = ( )J —ay /@B +
P M, M3 P M.
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Evolution of distribution function for ‘N’

gT°
TLN(T) — F

B(?“)Sfdﬁp fg fn(&ps )

This gives number density of ‘N’ at

| values of r.

where,

i B(T) _ ((}S(To))l/S _ (gs(jursc/r) )1/3

3 gs(T') gs(Ms. /1)
00 —T0° o001 01 1 10 100 24
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B.egn for the evolution of DM:

dY, T Mpi\/gs«(7) .
s Va2 <J€ff‘”‘>(yﬂz_(ypq)2)
Mpyr+/g4(r)
166 112 ;(T) (Cry—sNp) (Y, — YNY,) + (Cnopa) Nl (YN — Y, Ya)|
where,
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Results:-

- Freeze-out Production
Mpz 1000 GeV
M, = 1300 GeV
Mpz 1500 GeV
Mpz 2500 GeV
1 -
it |
-~
=)
o =
-
0.1} .
D.Dl s syl N s 9 o4 s aaall ' A | \ RN | L M
10 100 1000 104 10°
r (=M_/T)

Relic density satisfies around 2.5 TeV.
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Results:-

My = 2000 GeV, M, = 1300 GeV, Yo = 2.5 x 10712,

Q, yh?
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Results:-

T T T T T r T 1

L " 1 2 | n__n__n | T §
1000 1500 2000 2500 3000 3500 4000 - —3 -2 -1 0 1 1.99

1 0.01F

10—12

1 s . | s . | 1 10—3
2000 5000 10

My [GeV]

= All the points in LP and RP satisfy relic density and BBN bound.

= InLP, M, <7 TeV, there is effect of phase space suppression arises from the decay of H,»p N

decay. To counter the suppression, the portal coupling is increased. This is in turn decreases the
life time of N which is shown in RP.
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BBN Constraint
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> All the points in LP and RP satisfy observed DM relix density.

> Lower value of YpA and sin a gets rules out from BBN due to excess hadronic injection to 29
plasma at late times.



Boltzmann Equation for the evolution of DM and NLOP:-

dy,
d—; = k(r)0(My, gz — (MN + My o ))Upp, iz on pypt ) (Yo — YNY))
—r(r)0(M, — (Mn + Ma))Tpsna) (Y, —YNYa)
™ Mpi\/g«(T) 2 2
_ V2 _(vyed
e e oeprlvl (Y7 = (V)?)
dYn
S = k(MO(My, e — (M + Myy0)) [(rHQ/HSE%Np/pixYHQ —YNYQ)] +

HJ(T)< iﬁp”—}NHi/Hg> (Y YNY :i:/;H ) +
H:(?") (ﬂffp — (ﬂ’fN + ﬂ{q))(f‘p_}NA) (Yp — YNYA) )
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Results:-
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Results:-

M, = 4000 GeV, My =600 GeV, My, = 7000 GeV and Y,

A= 356 x 1072

Parameter fixed
unless varied

r (= M,/T)
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Results:-

Parameters Varied

107 < ¥ya < 107,100 GeV < My < 1800 GeV and 600 GeV < M, < 4500 GeV

2500

2000¢

1500F

My (GeV)

1000f

200F

0.01

T 10 T T T T
B "
1000 2000 3000 4000 Bl N
M, (GeV) 8 10°* 1<:r1 10°
/Qt}bs

50 % thermal and
50% non thermal
contribution

0.1 " T 500 1000 1500 2000 2500
NTFI !Q obs MN [ Gev]



BBN Constraint:-
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> All the points in LP and RP satisfy observed DM relix density.

~ Lower value of YpA and sin a gets rules out from BBN due to excess hadronic injection to

_ 34
plasma at late times.
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> LP: the yellow region is ruled out by the BBN bound, and the red region is overproduced because
Mp > 2400 GeV, the green region NTFI dominating and the grey region is FlI dominating.

> RP: small ratio region contributes small mass splitting between N and p. This result in large non
thermal contribution and less sensitive to YpA. 35



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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Fusion dominated scenario: M, < My and My, < M, + My

0.11 0.12

ATLAS [13 TeV, 136 fb']
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= Large portion of the region is already ruled out by the ATLAS 136 fb* data.

Substantial Annhilation Contribution:

My < M, and My, < M, + My

I 1
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= MATHUSLA can detect MeV to GeV range DM mass with the large coupling strength.



Conclusion:-

> The present work can solve two well-accepted SM problems namely a dark matter
candidate and the origin of the 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.

> We investigated the possible detection prospects of FIMP DM at the MATHUSLA
detector

> Detailed collider anaylsis and cosmological implication of our model is left for our
future work.
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