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Dark Matter Evidences and Scale
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trino Physics
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Effective Operators

@ Dark Matter (x): A Dirac fermion; Gpy = Zo
@ Right-Handed Neutrinos (vg): 3
@ EFT Operators:

OpmOsm,  OpmOug,  Osm—uy

@ Symmetry Requirements:
o Operators are invariant under Gy = SU(3)c x SU(2). x U(1)y

o Global lepton number (AL)gina1 = O is preserved, preventing Majorana
mass terms and ensuring the Dirac nature of vg.

v
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Effective Operators

Dimension-6 Operators

The operators are of the form:

c CSMv
XV R
OX/7 A2 OXV) OSM*VR

where c;; are Wilson coefficients and A is the scale of new physics.

Class Name Opm Osm, Oup
DMEFT | Oy | (x7*x), 00v*v’x) | (Lyul), (€rVuer)
vDMEFT | Oy | (X7"X), XXv*7°X) (VRYuVR)

Table: Operators involving DM, SM, and vg leading to interactions relevant for
leptophilic DM phenomenology
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Operators for SM-vg Interactions

No. | Name Operator No. | Name Operator
1 | Own (Lvr)H(HTH) + h.c. 9 Oy (dry*dR) (VRYuVR)
2 | Op | @ry*ve)(H'IDLH) | 10 | Ogue | (dry*ur)(Ryucr) + hoc.
3 Ouve | (Wry*er)(HYiD,H) +he. | 11 Op, (Ly* L) (ZrRyuvR)
4 O (Lopwvr)HBH 12 Oqv (" Q)(TrRVuR)
5 Ouw (ZO’MVI/R)TIFIWI“V 13 Olvle (ZIVR)G,'J'(ZJ eR) + h.c.
6 OVV (W’YMVR)(W’YHVR) 14 OLqu (ZIVR)E,‘J'(aJCIR) + h.C.
7 Oey (BrY" er)(PRYLVR) 15 | Ordav (L'dr)ei(Q'vg) + h.c.
8 Ouv (arY* ”R)(W’Y}LVR) 16 Oquut (6l UR)(WLI') +he

Table: Dimension-6 ¥YSMEFT operators. AL=0,AB =0
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DM Relic Abundance and Freeze-Out

Thermal Equilibrium and Freeze-Out

Free Parameters: DM mass (m, ) and cutoff scale (A), with Wilson
coefficients O(1).

@ Boltzmann Equation:
dy, m
TXX = _]"32\/3Tk MP' 7;( <UV>2DM—>2SM (YX2 - Ye2q)

Relic Abundance:

Q. h? x 1/{ov) x /\4/m>2<

Effects of New Operators:

o New annihilation channels delay freeze-out, reducing relic abundance.
o O,,: parameter space shifted upward: increase in annihilation
channels.
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Relic Allowed Parameter Space
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Figure: Relic allowed parameter space in A — m,, plane
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Direct Detection

Figure: 1-loop Feynman diagrams from DM-nucleon scattering

The SI DM-nucleon cross-section for the O,:
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Direct Detection
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Figure: SI DM-nucleon cross-section for relic density allowed parameter space.
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Indirect Search
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Figure: The shaded region is excluded from combined data analysis of MAGIC
Cherenkov telescopes and Fermi-LAT experiment in (V) _,r+,— Vversus m,
plane.
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Collider Phenomenology

Collider Signatures
@ Mono-X + F, where X refers to y, H, Jet, and Z.
o Multi-lepton / Multi-Jet channel: HDSP.

Hadron Colliders Lepton Colliders

@ /& unknown. EFT validation @ Known +/s. EFT applicable for
questionable for /s < A. Vs <A

@ QCD background. @ Less QCD background.

@ Unpolarized beams @ Initial beam polarization.

.

FeynRules (LanHEP), MadGraph, Pythia, Delphes, micrOMEGAs
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Collider Search: ILC

VR ot

Beam Polarization Cross-section (fb)
{Pers P} | XXy (S) | vy (BI) | vrPRY (B2)
{0%, 0%} 12.34 2450 19.65
{+20%, +80%} | 10.38 630 16.50
{—20%, +80%} | 14.30 463 22.79
{+20%, —80%} | 14.33 5218 22.92
{—20%, —80%} | 10.35 3476 16.54

Table: /s =1 TeV and relic satisfied EFT parameters, m, = 260 GeV and
N = 2450 GeV

- = = = - ~r
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Distributions and Significance
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Left: E, distribution)
Right: Signal Significance

Vikram Discussions on Neutrino Astrophysics




Cosmological Signatures

@ Light Dirac neutrinos: Contributing to ANyg

o Radiation energy density:

74\
Pr =Py + Py + Pug = 1+8(11> Neg Pry-

@ SM prediction: Ngé\d = 3.045. Deviations signal BSM physics.

Current and Future Bounds
e Planck 2018: AN.g < 0.285 at 20 CL.
e DESI 2024: AN.g < 0.4 at 20 CL.
o CMB-S4 (Future): ANz ~ 0.06.
@ CMB-HD (Future): AN.g ~ 0.014 (10).
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Thermal Decoupling of vg

106.75 )4/3
g*p(Tdec) ’
&p(Tdec) is the relativistic DOF at vg decoupling.

ANgg = 0.047 x 3 <

Case | _ Interactions Planck 2018 DESI 2024

(fL,rY"%1 R type only) | Limit on A Limit on A

1 All fermions AN<S116TeV | AST7.8TeV

2 leptons A <10 TeV NS 6.7 TeV

3 SM neutrinos N <8 TeV N <52 TeV

4 quarks A <9.8 TeV N <6.5 TeV
5 3rd Gen quarks AN<0.6 TeV | A<0.001 TeV
6 Dark matter (x) m,, dependent | m, dependent

Table: vg - SM interactions and disallowed values of A
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Figure: Variation of AN.g with A
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Summary Plots
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Conclusion

@ We have Studied leptophilic DM with light Dirac neutrinos using an
EFT approach.

e vDMEFT / vSMEFT features enhanced N.g measurable by future
CMB experiments.

@ BSM Discovery prospects explored at future lepton colliders (1C,
CLIC, ILC, FCC-ee) and CMB experiments (Planck, DESI).

o Collider sensitivities on A (~ a few tens of TeV) and m, (~ a few
TeV).

o Future CMB and Collider experiments can provide complementary
searches for BSM Physics through EFT.

Thank You!
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Backup: AN.g for vg Interactions

o Interaction Rate:

f
r:Z ] <O-V>ff~>VR17R
f

where f(f): SM fermions and DM

@ Decoupling Temperature:
r( Tdec) ~ H(Tdec)

vgr decouples when interaction rate falls below Hubble expansion rate.
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Backup: Results and Figures
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@ Results:

Left Panel: ['/#H vs T for various A

Right Panel: ANeg vs A

Planck 2018 excludes A < 11.6 TeV for AN.g > 0.28
DESI 2024 excludes A < 7.8 TeV
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Back Up: Collider Details

Collider Specifications
Maximum reach of various lepton colliders, including /s and beam

polarization.
Colliders (v/s, Lint) Beam Polarization
{Pe+a Pe*}
FCC-ee | (365 GeV, 340 tb~1) —
ILC (1 TeV, 8 ab™1) {£20%, +80%}
CLIC (3 TeV, 5 ab™1) {£0%, +80%}
uC (10 TeV, 10 ab™!) -
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