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Introdution

Taken from www.secretsofuniverse.in
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First discovery of dark matter

Fritz Zwicky is usually credited the first person to hypothesis the
existence of Dark Matter, in 1933.
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Evidence of dark matter
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Continued...
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Properties of dark matter
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Types of dark matter
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Detection Techniques for Dark Matter Particles

Correct relic density → Efficient annihilations then
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Direct Detection

Searches for normal
matter recoiling
from DM collisions.
WIMP properties:

Mχ ∼ 100 GeV
vχ ∼ 10−3

Recoil Energies
∼ 1 − 100 KeV

Typically focus on
ultra-sensitive
detectors placed
deep underground.
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Few of the DD experiments

XENON1T (2018) [ITALY] PandaX (2020) [CHINA]

LUX-ZEPLIN (2017) [USA] XENONnT (Data taking) [ITALY]
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Indirect Detection

Dark Matter annihilates in the DM halo to positrons, which
are detected by PAMELA/ATIC/Fermi.
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Indirect Detection

Dark Matter annihilates in the center of the Sun to
neutrinos, which are detected by IceCube.

Taramati Singlet-Doublet Fermionic dark matter in gauge theory of Baryons 13 / 40



Indirect Detection

Dark Matter annihilates in the galctic center to photons,
which are detected by FermiLAT, HESS.
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Production of collider
Dark Matter can also be produced via the annihilation of SM

particles or as missing energy signals at particle colliders.
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Incorporating Dark Matter in
BSM frameworks

Few of the works already available in literature

Work done by us

Taramati Singlet-Doublet Fermionic dark matter in gauge theory of Baryons 16 / 40



Vector like leptonic Singlet DM Model

LDM = χ̄(iγµ∂µ − mχ)χ − 1
Λ

(
H†H − v2

2

)
χ̄χ

ariXiv:1801.04074
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Inert lepton Doublet DM Model

LDM = N̄(iγµDµ − mN)N

arXiv:1812.06505
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Inert lepton Doublet DM Model continued...

arXiv:1812.06505

Taramati Singlet-Doublet Fermionic dark matter in gauge theory of Baryons 19 / 40



Singlet-doublet leptonic DM Model

LDM = MNNN+Mχχ0χ0+[Y NH̃χ0+h.c.]+NiγµDµN+χ0iγµ∂µχ0

N =
(

N0

N−

)
≡ (1, 2, −1), H =

(
H+

H0

)
≡ (1, 2, 1), χ0 ≡ (1, 1, 0)
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Singlet-doublet leptonic DM Model

arXiv:2204.09671
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Singlet-doublet leptonic DM Model

arXiv: 2204.09671
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Incorporating Dark Matter in
BSM frameworks

Few of the works already available in literature

Work done by us
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Singlet-Doublet fermionic dark matter in
gauge theory of baryons

⇕

SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)B

Taramati et al., JHEP 01 (2025) 159
arXiv:2408.12424 (hep-ph)
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Singlet-Doublet fermionic dark matter in a gauge
theory of baryons

A[SU(3)2
C × U(1)B] = 0

A[SU(2)2
L × U(1)B] = 3

2
A[U(1)2

Y × U(1)B] = −3
2

A[U(1)Y × U(1)2
B] = 0

A[U(1)2
Y × U(1)B] = 0

A[U(1)Y × U(1)2
B] = 0

B1 − B2 = −3
Two non-vanishing
anomalies.
Adding 6 fermions to
cancel them.

SU(2)L U(1)Y U(1)B
Gauge fields W⃗µ Bµ Z ′

µ

ΨL =
(

Ψ+
L

Ψ0
L

)
2 1/2 B1

ΨR =
(

Ψ+
R

Ψ0
R

)
2 1/2 B2

ξL = ξ+
L 1 1 B2

ξR = ξ+
R 1 1 B1

χL = χ0
L 1 0 B2

χR = χ0
R 1 0 B1

H 2 1/2 0
S 1 0 B1 − B2
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Model Framework
⋆ The complete Lagrangian for the gauge theory of baryons is
given by:

L = LSM − gB
3
(
qLγµZµ

BqL + uRγµZµ
BuR + dRγµZµ

BdR
)

+ΨLiDΨL + ΨR iDΨR + χLiDχL + χR iDχR + ξLiDξL + ξR iDξR

−h1ΨLH̃ξR − h2ΨRH̃ξL − h3ΨLHχR − h4ΨRHχL

−λΨΨLSBΨR − λξξLSBξR − λχχLSBχR + h.c.
+(DµSB)†(DµSB) − V (H, SB) (1)

⋆ The Yukawa mass matrix for the neutral and charged fermions isgiven by:

LB
NF =

(
Ψ+

L ξ+
L

)(MΨ M1
M2 Mξ

)(
Ψ+

R
ξ+

R

)

+
(
χ0

L Ψ0
L

)(Mχ M4
M3 MΨ

)(
χ0

R
Ψ0

R

)
+ h.c. (2)
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Continued...

The mass matrix terms in the previous slide are individually
given as :
MΨ = λΨvB√

2 , Mξ = λξvB√
2 , M1 = h1v√

2 , M2 = h2v√
2 ,

M3 = h3v√
2 , M4 = h4v√

2 .

The unphysical flavor basis
(
χ0

L Ψ0
L

)T
is related to

physical mass basis
(
Ψ1L Ψ2L

)T
basis as,(

Ψ1L
Ψ2L

)
= V

(
χ0

L
Ψ0

L

)
. Similarly,

(
Ψ1R
Ψ2R

)
= V

(
χ0

R
Ψ0

R

)
.

Here, V =
(

cos θL/R sin θL/R
− sin θL/R cos θL/R

)
.

Also, Ψ1 = Ψ1L + Ψ1R and Ψ2 = Ψ2L + Ψ2R with the lighter
one among them being a viable DM candidate.
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Continued...

Equivalently:

Ψ1 = cos θL/R(χ0) + sin θL/R(Ψ0)
Ψ2 = − sin θL/R(χ0) + cos θL/R(Ψ0) (3)

with the mixing angle tan (2θDM) = M4+M3
MΨ−Mχ

(θDM = θL/R).
In the small angle approx. (sin θDM → 0), the masses of Ψ1
and Ψ2 states can be written as:

mΨ1 ≃ Mχ − m
2 sin 2θDM ≡ Mχ − (m2)

(MΨ − Mχ) ,

mΨ2 ≃ MΨ + m
2 sin 2θDM ≡ MΨ + m2

(MΨ − Mχ) . (4)

With m ≪ mχ < mΨ, we get mΨ1 < mΨ2 and thus, the Dirac
fermion Ψ1 is lightest and a stable dark matter candidate.
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Direct detection bounds
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Figure 1: Spin-independent direct detection (SIDD) cross-section as a function of DM
mass in the range 0–1500 GeV. Experimental limits from LZ (dashed black) and
XENON1T (dot-dashed black) are shown for comparison. Left and right panels
correspond to two different MZ ′ values. The curves represent different DM mixing
angles, as labeled in the figure, with fixed values of other parameters.
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Direct detection.......

vB = 10 TeV, gB = 0.05

vB = 5 TeV, gB = 0.1

vB = 2.5 TeV, gB = 0.2
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Figure 2: Spin-independent DM-neutron cross-section vs MDM (30–1000 GeV). Left:
Z and Z ′ contributions for various sin θDM and vB . Right: Comparison of Z and
Z ′ channels with fixed MZ ′ = 1500 GeV, ∆M = 10 GeV. LZ bound and future
sensitivities are shown. Results computed using micrOMEGAs.
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Direct detection.......
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Figure 3: Heat map showing the allowed parameter space in the MDM–MZ ′ plane
from direct detection (DD) constraints. The color scale indicates the maximum
allowed value of the DM mixing angle sin θDM at each point. We fix
∆M(Ψ2, Ψ1) = 1 GeV and gB = 0.05. All axis values are in GeV.
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Relic density analysis

ΔM(Ψ2,Ψ1) = 1 GeV

ΔM(Ψ2,Ψ1) = 10 GeV

ΔM(Ψ2,Ψ1) = 30 GeV

ΔM(Ψ2,Ψ1) = 100 GeV
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Relic density plot for the extended U(1)B Model. The plots depicts the value of relic density as a function of the
mass of new mediator MZ′ . In this plot:

Region of resonance : At MDM = MZ′/2, due to the enhancement of the dark matter annihilation cross
section, the relic density of DM is strongly suppressed.
Other values of MZ′ : Relic abundance is not strongly dependent on MZ′ at mass values other than the
resonance region.
Mass splitting in the exotic neutral sector: Relic density ∝ mass spliting (due to the presence of
co-annihilations with the next-to-lightest exotic fermion state (Ψ2)).
Breaking scale of U(1)B : not strongly dependent to relic abundance.
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Relic analysis continued...

gB = 0.005, MZ' = 150 GeV

gB = 0.025, MZ' = 750 GeV

gB = 0.05, MZ' = 1500 GeV

gB = 0.06, MZ' = 1800 GeV
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Figure shows DM relic density as a function of the DM mass with fixed (gB , vB ,MZ′ ,∆m) but different mixing
angle values. We see that the slope of resonance sharpens as we increase MZ, and DM mass value. In this plots:

location and width of the resonance region: location of the resonance region ∝ MZ′ .
Width ∝ decay width of new gauge field ∝ coupling strength of new gauge ∝ 1

lifetime . and can decay
into a wider range of final states. As a result, the enhancement in the annihilation cross section due to the
resonance is spread over a larger range of Z ′ masses.
mass splitting: mass spliting ∝ relic density, co-annihilation and annihilation.
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Feynman diagrams relevent with relic analysis:

Lint = igΨiγ
µΨj Bµ

Here, B = Z ′/Z/W +/W −

Ψi

Ψj

Z ′/Z

(h/s, Z , Z ,W +, q)

(h/s, h/s, h/s,W −, q)

Lint = igΨ+γµΨi Bµ

Here, B = W +/W −

Ψ+

Ψ1

W −
(W +)

(h/s/A)

Lint = λhΨi Ψj H, λs Ψi Ψj SB

Ψi

Ψj

h/s

(h/s, Z ′, Z ,W +, q)

(h/s, Z ′, Z ,W −, q)

Lint = λhψ
+
i ψj H, λs Ψi Ψj SB

Ψ+
i

Ψj
−

h/s
(h/s, f , Z , Z ′,W +)

(h/s, f , Z , Z ′,W −)

All the interaction channels verified by the CalcHEP HEP package.
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Discussion on Indirect detection
There are two main requirements for detecting such gamma rays:

A sufficiently high annihilation cross-section of DM, ensuring
enough flux of these rays to be detectable using current
gamma-ray telescopes.
Suppression of the continuous spectrum from other physical
processes, providing a clean signal with minimal background.

However, the above case applies only to Majorana-type dark
matter. In our case, the dark matter is of Dirac type, which
is not suppressed by the velocity of the FSR processes.
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Conclusions....
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Figure 4: Scatter plots in the plane of MDM − ∆M (Ψ2, Ψ1) for MZ ′ = 1500 GeV in
the left panel and for MZ ′ = 900 GeV in the right left panel. vB is fixed at 10 TeV for
both the plots. Plots show the allowed parameter space from DM relic, direct
detection (LZ-2022) and collider constraints.
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Conclusions....
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Figure 5: Scatter plot in the plane of MZ ′ − gB with ∆M(Ψ2, Ψ1) = 10 GeV and
MDM = MZ ′ /2. The plot shows color-coded region allowed from DM relic and SIDD
constraints. The color value shows the maximum value of DM mixing angle for which
the constraints are evaded. The blue-shaded region towards the top shows the
parameter region already probed by the collider data.
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Conclusion....

The observed relic abundance of DM implies that its
freeze-out cross-section ( 0.1 pb) is typically a weak
interaction cross-section. Therefore, it is widely believed that
DM is a WIMP.
We studied the case of a mixed (singlet+doublet) leptonic
DM, which satisfies the relic abundance within a large
parameter space.
The spin-independent direct detection cross-section is within
the reach of the Xenon1T and LUX experimental data.
In indirect detection, FSR processes are not suppressed by the
velocity, making them irrelevant for our model.
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