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Our history

An expanding thermal universe!.
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cceleration -
Dark energy dominate

Solar system for

Star formation peak

Recombination Atoms fom
Relic radiation decouples (CMB)

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion begins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagneic and weak nuclear
forces fist differentiate:

Supersymmetry breaking
Axions etc.?

Grand unification transition
Electroweak and strong nuclear
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Inflation

Quantum gravity wall
‘Spacetime description breaks down
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Energy in the universe

Dark matter (DM) evidence:

® Large-scale structure of the
universe.

® Cosmic microwave
background.

® Rotational curves.

Qomh? = PPM — 012

c

Conclusions

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK
ENERGY)|

26% DARK
MATTER

NORMAL MATTER
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DM candidates

Conclusions

(not to scale

Mass scale of dark matter

WDM limit unitarity limit
keV GeV

100 TeV

My

““Ultralight” DM “Light” DM WIMP
non-thermal 2
bosonic fields

e DM Primordial
Yballs, etc)
can be thermal

black holes

Figura 1: Some of the possibilities for the DM (TASI T. Lin 1904.07915)
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Results

Conclusions

DM production mechanisms

There are many ways to produce Freescout of
DM: “ E

non-relativistic particle

® Thermal: freeze-out.
® Non-thermal:

misalignement, freeze-in,
DW mechanism,

m/T (time)

gravitational production Figura 2: Different mechanisms of

DM production (TASI T. Lin
1904.07915).
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Results

Conclusions

DM production mechanisms

There are many ways to produce Freescout of
DM: “ E

non-relativistic particle

® Thermal: freeze-out.
® Non-thermal:

misalignement, freeze-in,
DW mechanism,

m/T (time)

gravitational production Figura 3: Different mechanisms of

DM production (TASI T. Lin
1904.07915).
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chu\ts S(Z)HC‘US\(Z)HS
Leptophilic dark matter

Appe

© Let us consider a Majorana fermion x coupled to the SM
leptons via a scalar mediator ¢ (Honorez et al 2019, JCAP).

_ _ 1
LD —My XX — ()‘x¢X/R + h.C) — 5””5)’@2 - /\H!H\2\¢\2

Figura 4: Some Feynman diagrams for relevant process in the calculation
of the relic abundance.
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DM production mechanisms

o If my < mgy, x is the DM candidate.

© Solve the Boltzmann(s) equation(s) for x and ¢.

m=150GeV, Am=2GeV, Ay=0.1
Freeze-In

iConversion |

Mediator FO
FO

Figura 5: DM abundance as a function of the Yukawa coupling for
150 GeV, Am = 2 GeV and Ay = 0.1.
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@ Model.

® Relic.

® Long-lived particles.

@) Conclusions

Results Conclusions Appendix
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Lagrangian

Let us add a U(1) gauge symmetry to the SM plus a singlet

pseudo-scalar. Assuming a dark-CP symmetry (A, ¢) — —(A', ¢),
the Lagrangian is:

v 1 !
LD _ZF;IAVFM o 5 W’Auz (au(b) 7m¢>¢2 /\H5¢2‘H|2

with F},, the U(1) dark photon field strength, and H the Higgs
doublet.

No vev for ¢.

Due to the darkCP, no kinetic mixing between A, and A/
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Lagrangian

® A five-dimensional operator

is allowed (Kaneta et al
2016, PLR):

gD ~uy
ﬁs:Tngl,“’Fu 5

where the dual field strength
defined as

Frv = L1emoBF g

If m, < mg, v isa DM

candidate and ¢ an unstable
mediator.

Conclusions

Figura 6: Vertex.

Four free parameters:

My, My, 8D, AHS
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Previous and present studies

Various studies of this scenario have been carried out. Some of
them:

@ Freeze-in (Kaneta et al 2017). d,)

@® Supernova constraints (A. Hoob’et al, 2021 JHEP).
® CMB (A. Hook et al, 2023 JHEP).
® Thermal dark axion portal, (H. Hong et al 2024 JHEP)

® Freeze-in history (Arias P., B.D.S, Jaeckel J., Arza A., under
construction!).
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Thermal dark photon DM

® Mass focus GeV < (my, my) S TeV, with my, < my.
® T 2 (my,my): dark and visible sectors in thermal equilibrium.
® Chemical equilibrium (CE) within the dark sector

F(7' +0 > &t 0) > H (1)
\
at the epoch of freeze-out of thg DM is not necessarily
guranteed in the whole parameter space (Garny et al PRD
2027, D'Agnolo et al 2017 PRL).

Y
v P1tp2
W—

-

Figura 7: Feynman diagrams relevant for ',/_, 4 conversions.
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Conclusions

Reul
Full Boltzmann equations

Appendix

The cBE for the yields is given by

_ ldsT,
de  3Hdz |\

with 0 indicating a SM state, and Y,/ and Yy, the equilibrium
yields. The rate of particle conversions per DM particle is given by

My = Z (Oy k1) Nk,
k1

()

with k,/ a SM state. Here ny . T
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Full Boltzmann equations

Conclusions

Implementation: LanHEP — micrOMEGAs 5.3.41. The latter solves
the cBE using two different solvers

@ darkOmega : It assumes chemical equilibrium (CE) within
the dark sector for all T. This is:
’D(/T[ = S\;T[K"ju') (Y0 = Yorseq)

1

E il

v)ij with  ger = Z r;
and 7; = gi(1+ A;)*exp(— xr;) .

i

where it was assumed that Y./ /Y e = Y3/ Yge.

® darkOmegaN : No CE assumption, then it solves the full cBE.
LanHEP software package

relic density,

indirect rates
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Results: relic abundance

Expected behavior relic abundance with a similar pattern as in the
leptophilic scenario.

my = 100 GeV, Am =1 GeV
- my =100 GeV, Am =5 GeV
—— my = 100 GeV, Am = 10 GeV

Figura 8: Relic abundance as a function of gp. The red curves are obtained with
darkOmegaN, the blue ones with darkOmega, and the orange ones without considering

conversion processes. The regions shown as I, Il and 1ll, correspond to the case
Am =5 GeV. Besides, A\ys = 1.
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Yield and rates of region | (coscattering)

®@ In the coscattering regime the DM decouples earlier.
® Conversion rates comparable to H rate.

Figura 9: (left) Yield evolution for the DP and the ALP as a function of the inverse
of the temperature. Here we consider m., =100 GeV, Am =5 GeV, gp = 108

GeV~1! and M\ys = 1. (right) Particle interactions rates over Hubble rate as a function
of the inverse temperature. " 0" here refers to a SM particle.
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Long-lived particles (LLP)

@ In collider environments:
particles that decay far from
the interaction vertex
("long' lifetimes).

Particle Mass m [MeV]

® In the SM we have some
LLP.

271072 107 107 107 1077 1073
Proper Lifetime  [s]

® Different experiments to
search for new LLP: ATLAS, Figura 10: Lifetime of some SM
CMS, FASER, MATUSHLA,  particles.
etc...
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Results

Long-lived particles (LLP)

Conclusions
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At the LHC, we may pair produce ALPs as displaced vertex from

ptp—=o+¢, b=+~
)
® o(p+p— b+ d) ox N. L

4i’
® Mo —9+7) x g,%, then ¢ =

1 =
%. (BI’(b_),y/7 = 1)
Remember that the thermal dark-axion scenario gives the

correct relic abundance for EW masses of the new states and
for A\ys =1 and gp < 11
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Prospects of LLP at detectors

Conclusions

@ Small gp: region | and Il (coscattering and mediator FO,
respectively).

® Displacement vertex in the distance reach of LHC and
MATUSHLA.

mg — my [GeV]

- . 0 0.00
100 500 0 2 )0

v [GeV]

Figura 11: Points fulfilling the correct relic abundance. The color of each point
represents A%. Here we have set Ays = 1. In the plot in the right, we highlight the
expected distance of MATHSULA from the proton-proton colliding point, and the
region expected for displace vertex (DV) in the detectors at the LHC.
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Conclusions

® Several DM candidates and production regimes: freeze-in,

freeze-out (coscattering, mediator FO, (co)annihilations),
misalignement mechanism, etc...

® We have studied a dark axion’pQrtaI scenario. For very small
gp, we enter into the mediator_‘FﬁO and coscattering regime:
relic abundance succesfully"t)ﬂtained.

® Long-lived particles are a natural consequence of the
coscattering regime, and also in the mediator FO regimes.
ALPs can be (eventually) seen at the different experiments!.

® Future: A more precise analysis of the viability of the model at
the LHC and future experiments (e.g. Matushla).
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Matter dilutes as the Universe expands

H wversus T

HEE

® The interacting particles are in an expanding universe.

® The expansion of the universe h \~ T2/Mp, Mp Planck mass.

> Neutrinos: ,, ~ G2T2, Gf ~ ;6_5 GeV~2 (At T ~ 1 MeV,

ow ~ 10710 GeV~2).
Ty
H 1MeV

® Thomson scattering, e +v — e~ 4+, 0 = 1 bn =~ 103
GeV—2.
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(Early universe) Expansion vs interactions

Matter dilutes as the Universe expands

H wversus I

A | /l
(-
[ |

" ‘

o Assume that S initially was in TE with the SM:

® What about a WIMP?.

ns(to) = ns’eq(to). § ’/.7
© The expansion can deviate S from its TE at some T: Lost of
CE.

© We want to know ng. Solve Boltzmann equation (BE):

E(at — Hp- vp)fS = C[fS]
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Figura 12: At high T the rates of the forward and reverse reactions
ocurrs at an equal rate. At T < m,, the equilibrium is broken.

© The Boltzmann equation (BE\\)\_%[[fX] = C[f] to track the
abundance of x in a FRW universe:
v

E(9: — Hp - Vp)fy = Clf] = Calfy] + Cinelfi]

© The picture of DM chemically decoupling (but in kinetic
equilibrium) is described as a dilute ideal non-relativistic gas
fulfilling

F(t,p) = A(T)fyeq(t, p) = e DeE/T ©)
Wlth/B:]./T «O> «F>» «E»>» «E>»
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(Early universe) The freeze-out of a WIMP

Conclusions
(o]

© One can recast the BE for ns = Ns/a%:

s + 3Hns = — (o) (1§ — nf oq)
® To get rid of H in the equatioah”;‘})change of variables:
Ys =ns/s, x=ms/T
with s = 272 /45g,s(T) T (entropy density), then
d¥s A
dx

- (Ye— Y], x=ms/T
where A ~ (ov) and Yeq(x) ~ e~

X
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(Early universe) The freeze-out of a WIMP
17
. ] Z 0s Equiliorium e
Simplest scenario: A real gauge =
singlet scalar S.

o |
(4) 107°

| 107
For ms = 100 GeV, the relic
depends only on Agy.

LD m2S? + AsyS?|H|?

(o v)=10%cm¥s

Figura 13: DM particle abundance
showing chemical decoupling.

Qh? x Yo ms =~ 0.12
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®@ In the first case, 15 > H, CE at freeze-out.
® Two coupled Boltzmann equa‘ti&ons (cBE) can be reduced to a
single one: 3
WA

n+3Hn=— <O'effV> (n2 — ngq)
where n = nj + np, and (oesrv) is the effective cross

section.
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Relic abundance as a function of gp

Thermal relic

10°°
9p [GeV] ™!

10°
gp [GeV] ™

Figura 14: Relic abundance. The red curves are obtained with
darkOmegal, the blue ones with darkOmega, and the orange ones
without considering the process 1020. The regions shown in each plot as

I, I and 11, correspond to the case of A =5 GeV. In all the plots we
have set Ays = 1.
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Results: Am 2> 1 GeV

@ Viable DM masses from ~50 GeV.

Figura 15: (top) Relic abundance as a function of m.. In the left, middle and right
columns we consider gp = 6 x 1079 GeV~1, 107° GeV—! and 10~3 GeV I,
respectively. The red and blue lines are obtained with darkOmegaN and darkOmega,

respectively. Here we set Ays = 1. (bottom) Relic abundance as a function of Ays, for
m., =500 GeV. The values of gp follows the same order than the top row of plots.
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@ Viable DM masses from ~30 GeV.

Thermal relic

Thermal relic

Thermal relic

Figura

16: Same than before but in the small mass shift scenario.
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