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The Standard Model is incomplete
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Weakly Interacting Massive Particles (WIMPs)
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Theoretical Framework
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The Dark Matter Model
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Research Question
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The Dark Matter Escape Room
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Neutrino mass mechanism
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The Dark Matter Escape Room
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance
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Second Test: Primordial abundances and Nes

Big Bang Nucleosynthesis (BBN)
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Second Test: Primordial abundances and Nes
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Second Test: Primordial abundances and Nes

BBN and light dark matter
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Fourth test: Adding neutrino masses
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Fourth test: Adding neutrino masses
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Fourth test: Adding neutrino masses
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Fifth test: New decay modes

W boson, D meson and Kaon decays
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Final Test: Global Analysis
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Total likelihood over model prediction
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Total likelihood over model prediction
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Final Test: Global Analysis
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Final Test: Global Analysis
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Final Test: Global Analysis
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Final Test: Global Analysis
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Summary of Results
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Summary of Results
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Summary of Results
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Summary of Results
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Summary of Results
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Summary of Results
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Did this DM model escape the room?
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Did this DM model escape the room?
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The DM model escaped the room!
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The DM model escaped the room!

Relic BBN, CMB, \DM-neutrino \ Lightest v New decay
abundance an<d Lymgm-a annihilation ) mass modes
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Future work:
- Full flavour analysis
- Assisted freeze-out scenario
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Thermally averaged
scattering cross-section
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Second Test: DM-neutrino scattering
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Second Test: DM-neutrino scattering

CMB Power Spectrum
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Second Test: DM-neutrino scattering

CMB & Matter Power Spectrum
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Third Test: Late-time DM annihilation

Strongest constraint
comes from the
electron antineutrino
DSNB search by
Super-Kamiokande

27 < m, <30MeV

Linyan, W. (2018). Ph.D. thesis.
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Q
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(Olivares et al.
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101‘2 10I‘1 1-:00
m, (GeV)
Argiielles, C.A. et al. (2021). arXiv: 1912.09486 56
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Expressions in terms of ®

/ 2 )2
Feyn RU|€S —Ling = (Y, DONg + h.c.) + m3|®|? + %;ﬂ(cb? + (@h?) + %n2\<1>|2 4+ grﬁ (q) +2((I> ) ) .

Co(0, 5,0, m3, m3, m3)|?

Squared amplitude with e — A2Y4m2;s
FormCalc / FeynCalc o lesw

2 2 2
C’0 (Oa O’SamcbamNam@) =

. iLo Ay ) s iLo i s
Analytical form of the i Gt Wil o e i)

+
scalar Passarino-Veltman DiLog (—tmrones ) 1y (pdmeme s )

integral with Package-X (i) (e )

+

S S
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Expressions in terms of ¢ and ¢:

FeynRules

Squared amplitude with
FormCalc / FeynCalc

Analytical form of the
scalar Passarino-Veltman
integral with Package-X

TAUP 2023 Vienna

1
—Ling = (Y, DONg + h.c.) + Emgﬁ e

1 X A

§m%¢2¢§ + ZTI2(¢% + ¢3) + 17)2( P —¢3)

_ A2m3 sy
A 12

(Co(¢1) + Co(d2)) (Cp(¢1) + C(2))

Oa O’Sam¢7mN7m<1>

2 2 2)

2(mN2—m¢2)

Hea” =) )

s DiLo s
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DiLog (

S

+
S

2(mN2—md,2+s) Li 2(mN2—m¢2+s)
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Cross-section and relic abundance approximations

S-wave cross-section NY iy 2 2|2
(ov) m —=—=|Cy (0 0, 4m mq),mN,mq)) |
Wells, J.D. (1994). arXiv: 940219 1024w

DM relic abundance —
approximation Q2 = 292 x 10 L ( (T/H)- )
g (o) g2/ | \1+ a.(T/H),

Steigman, G. et al. (2012). arXiv: 1204.3622
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First Test: Dark Matter Relic Abundance

Interaction Lagrangian

_cint - |:

%V(¢1 2 Z¢2)NR S h.c.] + Zn2(¢% — Qﬁ%) + 51713)1@5% + §m%¢>2¢§

Passarino-Veltman reduction

2 2 2

2
Co(pip%a (pl +p2) RUSERUSY mS)

N / (numerator) dPq
iwPre ) g2 —m3] [(g + ) —m3] (g +p1+ p2)* —m3]
— AN2Y 4 m?2 ;s
2 e v N 2 2 2112
‘M’ann - 198774 ‘CO(OvsvovavaIMm(I))’
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Python

=n/s

Comoving abundance Y
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First Test: Dark Matter Relic Abundance

100 10T 102 103

Thermally-averaged annihilation cross-section

(ov) = Sm‘,*]TK; (/T /400 dso(s) (s — 4m,27) VsK (%5)

2
m'q

Non-relativistic limit

67
(ov) ~ ag bpm—n+'--

S-wave
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First Test: Dark Matter Relic Abundance

12

" - -- S-wave
< .
n 10 —  full
° o

Python O L og —— My, =1.0GeV
5 o —— my, =1.5 GeV
C o
2 S 6 — my, =2.0 GeV
g ; —_— m¢1=2.5 GeV
-g S 4l my, =3.0 GeV
e b |

(ov) ° =

10—18 “.
2 100 10! 102 103 100 101 102 103
th x=m|T x=m/T

my = 10MeV, mgy, = my,,my =5GeV,and A =Y, =0.5
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Comparison to the Boltzmann code DRAKE

0.0285;

0.0280 T

o O
o O
NN
S~
o wu

0.0265

1- QanalyticaI/QDRAKE

0.0260-

0.0255-

10 15 20 25 3.0
m¢1[GeV]

Binder, Tobias, et al. "Dark matter relic abundance beyond kinetic equilibrium." The European Physical Journal C 81.7 (2021): 1-21.
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Comparison to the Boltzmann code DRAKE
11298 [] o RatiO 00150 ? o DRAKE
« Analytical
1.1296/ 0.0145;
= O]
S © 0.0140
T 1.12941 3 !
g: S 00135y, |
¥ @© 0 0
S 1.12921 0 0.0130:
ol [0}
I = 0.01251
11290 o
0.0120+ " i
11288+ . ! ! . 0.01151, . } ! |
1.5 2.0 2.5 3.0 3.5 1.5 2.0 2.5 3.0 3.5
my [GeV] my [GeV]
Binder, Tobias, et al. "Dark matter relic abundance beyond kinetic equilibrium." The European Physical Journal C 81.7 (2021): 1-21. 64
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Neutrino masses

Dirac
Liept ,¢ X )\ijiﬁicbéj + )\f/jiﬁi@cyﬁz
EWSB

— Z m!, (D};%VE + 1721/%2)

1

Majorana
A_1¢O¢OI/EV%
SSB

1 : = .
v [ 50C =% 4,0C
N m,, (yL vy +vpvp )
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e Unlike the Higgs, the new scalar
does not develop a vev.

e Itis stable and can be a DM
candidate.

—= > m

e Neutrino masses cannot be
generated at tree-level.

-
¢"Npvp

A_lqboqﬁOuzui

SSB

TAUP 2023 Vienna

i [ 50C —i _4,C
v (VL v +VLVr )
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Low-energy effective lagrangian

Y, 7P Np
Valid up to a scale A
Trivial under SU(2)xU(1)
— N and ® have no EW 1 ; ( e )

interactions, but neutrinos do i

Not gauge invariant
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Radiative neutrino masses

arXiv: 1907.12478

= minNv

Neutrino masses are obtained evaluating the diagram with
vanishing external momenta — leading order term

External scalar lines can be removed in the context of
computing the neutrino self-energy, as their effects will
be absorbed into the masses of particles running in the loops
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