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The Standard Model is incomplete
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Theoretical Framework

Dark matter
interactions with the
standard model
through the neutrino
sector
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Scotogenic model

Ma, E. (2006).
+many more extensions

TeVPA 2022
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LR/U(1)’ models

L, B-L symmetries

Senjanovic, G., & Mohapatra, R. N. (1975). PRD, 12(5), 1502.
Mohapatra, R. N., & Pati, J. C. (1975). PRD, 11(9), 2558.
G.B. Gelmini and M. Roncadelli, Phys. Lett. 99B (1981) 411 5
+many more
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Research Question

Can dark matter interact 7 Y

. : . . [
with neutrinos via a 1-loop .. ¢,

4
diagram, reproduce the \(/ N
4

observed relic abundance AR
and still be consistent with RSN
current constraints? © v

Chao, W. (2020). arXiv: 2009.12002
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Dark matter annihilation into neutrinos
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Dark matter annihilation into neutrinos
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The Dark Matter Escape Room
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The Dark Matter Escape Room
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Neutrino mass mechanism
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Baehm, C. et al. (2007). arXiv: 0612228
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Neutrino mass mechanism

Neutrino mass 771,
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First Test: Dark Matter Relic Abundance

10-2 Boltzmann equation
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First Test: Dark Matter Relic Abundance

10-2 Boltzmann equation
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First Test: Dark Matter Relic Abundance

Boltzmann equation

dY  s(ov) 1 d(Ings) 2 2
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TeVPA 2022
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First Test: Dark Matter Relic Abundance

10-2 Boltzmann equation
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance

10-2 Boltzmann equation
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First Test: Dark Matter Relic Abundance

Interaction Lagrangian
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First Test: Dark Matter Relic Abundance

. . 1
Interaction Lagrangian ~Lin = gmee” + 3 A<I>2s02+YuL<I>NR+ h.c.

Feynman rules
and diagrams
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First Test: Dark Matter Relic Abundance

. . 1 1 _
Interaction Lagrangian ~Lint = 5mep” + 5A0%" + YV, 7LONR + he.
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First Test: Dark Matter Relic Abundance
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First Test: Dark Matter Relic Abundance

. . 1
Interaction Lagrangian ~Lin = gmee” + 3 A<I>2<p2+YuL<I>NR+ h.c.

Package-X Python

Feynman rules |_| 2 Analytical (ov)

and diagrams Loop Integral Qcphz
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First Test: Dark Matter Relic Abundance

Cross-section
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First Test: Dark Matter Relic Abundance

DM relic abundance
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mg, = 1GeV
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Constraint from Planck 2018

Q.h? = 0.1200 + 0.0012

(68%, Planck TT,TE,EE + lowE + lensing)
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Second Test: Primordial abundances and Nes

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

BBN and light dark matter
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Second Test: Primordial abundances and Nes

BBN and light dark matter
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Second Test: DM-neutrino scattering
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Second Test: DM-neutrino scattering

3
Thermally averaged _ [d’pufio
. . <O->DM—I/ S 3
scattering cross-section | d3p. fo
Fermi-Dirac distribution £, (k) = ———
ermi-Dirac distribution  f,, (k) = 77—
_,] [100GeV
SN Strength parameter v = [<0>DM ] [ ¢ ]

Wilkinson, R.J. et al. (2014). arXiv: 1401.7597
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Second Test: DM-neutrino scattering

CMB Power Spectrum

0 500 1000 1500 2000

P(k) (h™" Mpc)®

Matter Power Spectrum

Wilkinson, R.J. et al. (2014). arXiv: 1401.7597
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Second Test: DM-neutrino scattering
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Second Test: DM-neutrino scattering

CMB & Matter Power Spectrum
ODM—v,0 ,S 1074 (mDM/GeV) cm?
opM_p X T2, 10130y < 2.56
Wilkinson, R.J. et al. (2014). arXiv: 1401.7597
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Strongest constraint
comes from the relic
supernova electron
antineutrino flux
detected by
Super-Kamiokande

27 < m, <30MeV

Linyan, W. (2018). Ph.D. thesis.
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DM-v interactions

Third Test: Extragalactic DM Annihilation

Q

Borexino

TeVPA 2022
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Argiielles, C.A. et al. (2021). arXiv: 1912.09486 38
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Fourth test: Adding neutrino masses

100 DM relic abundance 0.56
mg, = 1.1 GeV
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Fourth test: Adding neutrino masses

Neutrino mass
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Fourth test: Adding neutrino masses

Neutrino mass

101 5.0
my = 15 GeV
100 Yv =05 2.5
0.0
— S . .
> 107 25 2 Mass of the lightest neutrino
O, £
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TeVPA 2022
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Fourth test: Adding neutrino masses

i 2 2 2
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Karen Macias Cdrdenas DM-v interactions TeVPA 2022

Fourth test: Adding neutrino masses

. 2 2 2
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Final Test:
Combining All Constraints

Supernova relic neutrino flux
SK — v, (ov)
27 < m, < 30 MeV

Argiielles, C.A. et al. (2021). arXiv: 1912.09486

BBN primordial abundances

Nege, my, < 20 MeV

Obtained using AlterBBN

CMB & Matter Power Spectrum
ODM—v,0 g 10-% (mDM/GeV) cm?
opM_p X T2, 10130y < 2.56

Wilkinson, R.J. et al. (2014). arXiv: 1401.7597

Relic abundance

Q.h? = 0.1200 + 0.0012

(68%, Planck TT,TE,EE + lowE + lensing)

Mass of the lightest neutrino
m,, < 0.037eV

95%, Normal ordering. The GAMBIT Cosmology
Workgroup. (2021). arXiv: 2009.03287
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Final Test: Combining All Constraints

Preliminary MCMC

emcee run in the Frontenac cluster

2,9, 9,9, %
D% % D

Prior my > mg > my,

log10(6my)  logio(my,)

Mg,

5m¢:1—

logio(my)

Wl
Strongest constraints
Neg + My, + Q¢h2

More tests to be done!
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Did this DM model escape the room?

TeVPA 2022
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Did this DM model escape the room?

Relic Annihilation\ Extragalactic \ Lightest v
abundance \& scattering ) annihilation ) mass
Qgph2 Neff, u <O"U> ml/()
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Did this DM model escape the room?

¥ v
RN Relic Annihilation\ Extragalactic \ Lightest v
o abundance \& scattering ) annihilation | mass
<I>“‘~ Q¢h2 Neffy U <O'U> myo
¥ v
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Did this DM model escape the room?

_0 Relic Annihilation\ Extragalactic \ Lightest v
o abundance \& scattering ) annihilation ) mass
) o nghQ Neff, U <O'U> myo

Future work:

- MCMC for + masses, constraints & errors - Allow for DM underabundance

- Statistical analysis: profile likelihood ratios & p-values i
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Questions?

Collaborators: Aaron Vincent (Queen's) and Gopolang Mohlabeng (UCI)

E-mail: karen.maciascardenas@queensu.ca
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FeynRules

Squared amplitude with
FormCalc / FeynCalc

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

DM-v interactions

Squared Amplitude

TeVPA 2022
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Cross-section and relic abundance approximations

S-wave cross-section
Wells, J.D. (1994). arXiv: 940219

DM relic abundance

approximation
Steigman, G. et al. (2012). arXiv: 1204.3622

DM-v interactions TeVPA 2022
A2Y 4m?2
(ov) ~ #775]\]‘00 (0 0, 4m mq,,m?v,m%) \2
O — 9.92 x 10—28 4 (I'/H),
S (ov) gi/? 1+ a.(T'/H),
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Comparison to the Boltzmann code DRAKE
11298 [] " Ratio 00150 o = DRAKE
« Analytical
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Binder, Tobias, et al. "Dark matter relic abundance beyond kinetic equilibrium." The European Physical Journal C 81.7 (2021): 1-21. 54
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DM mass vs heavy neutrino mass likelihoods
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2D Relic Abundance Likelihood

DM relic abundance

log10(my/GeV)
bk
N o
Ul o

&),' me, = 1 GeV

’ﬁlqgl = 1.1GGV —1.75- |
L i
mg, = 1GeV ool $ 2 im¢; 109 GeV
A=Y,=05 ' . s. —IV—0.5.
20 22 24 26
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my [GeV]

TeVPA 2022
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DM-v interactions

Relic abundance for fixed + varying parameters

DM relic abundance

mg, = 1.1GeV
meg, = 1GeV

A=Y, =05

my [GeV]
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100 101 102

my [GeV]

TeVPA 2022
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Yukawa coupling vs DM mass likelihoods
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DM-v interactions

Karen Macias Cdrdenas

("W7)60| (24°07)60|
— (o] m <t N <t [(e] (o)
| | | | | | |
] s e——
Fe NN
® o S
. iy .-\‘ X \.‘sh‘
. F oS
~ (& Q\A .,. L.
s \.( ’ i~ ,‘l »
° FO ,9 ; )
=] g Y < :.. '
o e ; S FA #J s»
0 ».‘ m.. .“!‘
= 4 g NS
ARy 4 Wiy
82° e y
- .wwp 'y’ .w >
© Y o~ ¥ -
| < 9 _ &
e ) " o i ) " © n )
e S S 5 7 S 8 3 4
mu (4)016o0| (4)0160]
-
© (153937)b0|
© N <t (o} (o0}
< | I |
) |
>
(=) v ey |
om ® é » .\ 9
= Rt
s | oa‘r.l e &.
w - .4\' s p
ség Y - - O
a s BP -~ Py
< <
w L4 vv © e
© 9% m
- UL (0 3
— Lo SRR Ae =
> 7.8 % ol
> ﬁ "
b e
9 P
e o
w9 S
o o _I__

59

log10(A)



Karen Macias Cdrdenas DM-v interactions TeVPA 2022

Scalar mediator mass vs A coupling likelihoods
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