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Dark Matter Production gamsye et ai 2019y

Mediator
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Boltzmann Equations

Boltzmann-Equations

aYy r
@~ H (H yea gyeq)
Process Efficiency? — Compare I to H ~ T?M;;"

— If I <« H process decouples; If I" > H process is in equilibrium
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Dark Matter Production ichunambyeytgat o1y
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Dark Matter Production — Freeze-Out
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Mediator z:%
Yom,1
Yom,2
Yoms
_____ Yeq

Mathias Becker

}’|1M3>,V|)MA2>,‘V|)MA|
DM density decreases with an
increasing coupling
Qpy ~< oV >
Typically bounds DM mass from
above
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Logqo[DM-Mediator coupling]
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Dark Matter Production — Freeze-In pai st aieoos

OO,

Mediator
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http://inspirehep.net/record/836205?ln=de
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Dark Matter Production — Freeze-In pai st aieoos
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Dark Matter Production — Freeze-In
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Dark Matter Production — Dark Freeze-Out

y=1

1.

Dark Freeze—Out

Energy transfer into the dark
sector (DS) stops before the DS
self-interactions decouple.

A larger SM-DS coupling
increases Qpu

A larger DS self-interaction
decreases Qpwy.

Mathias Becker May 2020 7127
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Dark Matter Production — Reannihilation

— Yom
— YMediator

— Ym

m
z=2
T

Reannihilation
Energy transfer into the dark
sector (DS) stops before the DS
self-interactions decouple.
A larger SM-DS coupling
increases Qpu
A larger DS self-interaction
decreases Qpy.
Mathias Becker May 2020 8/27
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Dark Matter Production — Reannihilation
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Experimental Constraints

SM DM

SM DM

Mathias Becker May 2020 9/27
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Direct Detection

B > m Search for DM scattering with

H nucleons on earth.

5 5 m Looses sensitivity for

H 0k Mpy < 10GeV.
107 - . .
w0 m Constrains the DM-SM coupling.
104 . .
10k . . m Light Mediators: Even Freeze-In

1 2 3 5 10 20 30 50 100 200 500 1000
WIMP mass [GeV/] can be tested (Hamoye et. al (2018)]
[1903.03026]
Mathias Becker May 2020 10/27
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Direct Detection

H
:
0 Dark Freeze-Out ~ J
f
]
— |~ S 0
=2 “~<._ Reannihilation "
- 2 0 .
DAMAT [oN e
E <= DAMANG =] |
E Dy Q '
& - — R oad (&} N
' oy N | S | SR
3 v s S /
£ R Freeze-InB /
% \7‘1/\\ ,M\f ‘u\!* 8
g ot
§ \ o=
\ =
\ 1 B8 -1
R A Freeze-In A
2 3 5 10 20 30 50 100 200 500 1 8) / reeze- n
WIMP mass [GeV/c*] ] //
’
[1903.03026] /
4
4
_15] £
-15 -10 -5 0

Log4o[DM-SM coupling]

Mathias Becker May 2020 11727



. o AR
technische universitat P Durham
dortmund University

Collider Constraints

Requires a sizeable SM-DM or SM-Mediator coupling.
Large SM-DM : DM production and its signatures, e.g. missing energy.

Large SM-Mediator can test feeble SM-DM interaction via long-lived particle
searches.

Mathias Becker May 2020 1227
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LHC frlendly Freeze-In [Belanger et al (2018)]

T ser
DT

m,=12keV, Ty = 50GeV.

10"GeV

=10 MeV, Ty =

DLS
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Mathias Becker

May 2020

= Lines indicate correct
relic density

= Hadronic model:
mg > 1.5TeV

= A measurement of the
leptonic model might
rule out certain
leptogenesis scenarios
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https://arxiv.org/abs/1811.05478
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Collider Constraints and Self-Interactions
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m DM self-interaction is
constrained to
;,gx S195 o from
Bullet CIuster.

= Astrophysical
constraints
(BBN,CMB,Lyman-a)
constrain small DM
masses.
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Portals to Dark Matter

Higgs Portal Vector Portal Neutrino Portal
T 2 N =% _
(¢’ ¢) n Bt Bl“’ LoN
[Arcadi,Djouadi,Raidal (2019)] [Hambye et. al (2019)]

Mathias Becker May 2020 15/27


https://arxiv.org/abs/1903.03616
https://arxiv.org/abs/1908.09864
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Portals to Dark Matter

Higgs Portal
(¢70) n?

[Arcadi,Djouadi,Raidal (2019)]

Vector Portal
B*B,,

[Hambye et. al (2019)]

N itself can be a DM candidate

Neutrino Portal
LoN

— simplest scenario tightly constrained from Lyman-a and N — v~

Mathias Becker

May 2020
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The Neutrino Portal to Dark Matter

m Dark sector: Fermion x and scalar ), stabilized by U (1) or Z».

L = Lsw + Liinps — Vsc. — (N [(yngL + anXL] o h.c.)

Mathias Becker May 2020 16/27


https://arxiv.org/abs/1606.01258
https://arxiv.org/abs/1709.07001
https://arxiv.org/abs/1806.08579
https://arxiv.org/abs/1607.02373
https://arxiv.org/abs/1704.08708
https://arxiv.org/abs/1806.10606
https://arxiv.org/abs/1601.05051
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The Neutrino Portal to Dark Matter

m Dark sector: Fermion x and scalar 7, stabilized by U (1) or Z>.

L = Lsw + Liinps — Vsc. — (N [(yyq;L + yanL] + h.c.)

Type-l seesaw Inverse seesaw Type-l seesaw
Freeze-Out Freeze-Out Freeze-In
[Escudero,Rius,Sanz (2016)] [Batell et. al (2017)] [MB (2018)]

[Escudero,Rius,Sanz (2016)] [Batell,Han,Es Haghi (2017)] [Chianese,King (2018)]
[Gonzélez Macias et. al (2016)]
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The Neutrino Portal to Dark Matter

m Dark sector: Fermion x and scalar 7, stabilized by U (1) or Z>.

L = Lsw + Liinps — Vse. — (Nn [(y,,d;L + anXL] + h.c.)

Type-l seesaw Inverse seesaw Type-l seesaw
Freeze-Out Freeze-Out Freeze-In
[Escudero,Rius,Sanz (2016)] [Batell et. al (2017)] [MB (2018)]
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Freeze-ln, based on (mB,201g]
SM Particle Scattering o ~ y2y2 ~ Heavy Neutrino Scattering o ~ y

v X N X

/// \\\ :77
N X

Mpi (2.2 4
™ (6v2% +35%%)
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Results |
Same suppression mechanism for y, and y, can lead to y, ~ y., e.g. extra

dimensional model. Mg pas 2017], [Bhattacharyya et. al 2002]
Mn

resonant

Asue@ WQ 1994100

Correct DM Density

10TeVf===—======= r
/E
1
! non-resonant
1
1

200eV T
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https://arxiv.org/abs/1707.02882
https://arxiv.org/abs/hep-ph/0212169
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Results I

10° / .......................
10°

>

Q [— =

o 10 / Yy=01%
=z

/ s — Yx=Yv
= 10%

/ ~ — y, =10y,
T — My=2m,

10> 10° 10* 10° 10° 107 10® 10°
m,[GeV]

= Heavy neutrino scattering suppressed for m,, > 10°My.
4

= Lower Bound: m,, > (ﬁ—;)é MeV
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Constraints

Non-resonant case hard to constrain.
Resonant case is mainly constrained from the Lyman-a measurement.

Yx 2 Y- Freeze-Out Yx < yv: Freeze-In
Thermal DM spectrum Non-thermal DM spectrum
Zprod = Z ( T= TFreeze—Out) Zprod = Z ( T= MN)
mpy 2, 10keV mpm = 3keV

— This case is ruled out. — This case is constrained.

Mathias Becker May 2020 20/27
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Consistency Conditions, ongoing work with C. Hormigos-Feliu
Scalar Potential

£>-—mipty— % (nfn)z —Xs (¢T¢) (nTn) — Y\ Xvan

0< A <2(4m)*; 0< M <2(4n)%; —VAide < Xg < (4n)

Strategy :

m Randomly generate data points that fit DM phenomenology (2pu, DD,
Colliders).

m Take these values at the DM mass sclae p.puw and run them up to higher
sclaes.

m Determine scale Amax, Wwhere the model becomes inconsistent.

Mathias Becker May 2020 21/27
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RGEs

B, ~ 1003 4+ 4X35-36y; + 1222,
By ~ Yoyx + V3

Mathias Becker May 2020 20127
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RGEs
= Type | Seesaw: y, ~ 1077 \/My[GeV]

Bry ~ 1003 + 4)8—36y" + 12),y2
/B,Vx ~ ,yg.VX +y§

Mathias Becker May 2020 20127
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RGEs

= Type | Seesaw: y, ~ 1077 \/My[GeV]

Bry ~ 1003 + 4)8—36y" + 12),y2
/B,VX ~ ,yg.VX +y§

Yx (pom) < i35 /5] s
N3 (1+V3T) f1 410 ()

Mathias Becker May 2020 20127
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Numerical Study |

Br, ~ 1003—36ys+12X0)2
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Numerical Study |

Br, ~ 1003—36ys+12X0)2
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Freeze-Out Contributions

Neutrino Portal Contributions o ~ y;i Higgs Portal Contributions o ~ 3
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— ;
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m? Q Moy 23
—_— ~ ~
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X
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Numerical Study Il
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Numerical Study I
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Numerical Study Il
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Conclusions

Successful DM production is possible in a very large coupling range.

The neutrino portal relies on Yukawa interactions to produce DM
— Potentially unstable vacuum

Consistency conditions might constrain the DM mass in the neutrino portal to
mpy < TeV and improve limits on the mediator-DM coupling (yy) significantly.

Small SM-mediator interaction (y, ) in the type-l seesaw motivates Freeze-In
scenarios, which, in the non-resonant scenario, remain unconstrained.

Mathias Becker May 2020 27/27
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Freeze-In Parametrics

Dark Matter production stops at Tg =~ Myax-

SM DM
Mwax = Mpm
Mediator
T < mpm — SM particles dont have
enough energy
SM DM

Mathias Becker May 2020 27/27
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Freeze-In Parametrics

Dark Matter production stops at Tg =~ Myax-

SM DM
Muax = Mswm

Mediator

T < msy — SM too diluted due to
Boltzmann suppression

SM DM

Mathias Becker

May 2020 27/27
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Freeze-In Parametrics

Dark Matter production stops at Tg =~ Myax-

SM DM
Muax = Miediator

Mediator

T < Myediator — Resonance is not
accessible

SM DM

Mathias Becker

May 2020 27/27
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Freeze-In Parametrics

Dark Matter production stops at Tg ~ Myax-

Production Time: t = H™' (Tr) ~ T2 My = M2y M.

Production Rate: I" (Tr) ~ TEMy" = Muax-

Freeze-In Yield
M
Yo~ Ptrto ~ g
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. . L AR
technische universitat P Durham
dortmund University

3 Generation Setup

Yo = VM, Ul
— vV VAm,
=V =R’
v X
. : Coupling Strength \_ﬁ_/
, . xf (R)
R’ : Flavor Stucture //
h @

Mathias Becker May 2020 27/27
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