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The cosmological coincidence

Large range of DM candidates
o Axions, WIMPs, sterile neutrinos, PBHs...

° How to guide our model building?

Clues from current observational
evidence:

o Apparent coincidence in the mass densities of
visible and dark matter

Opy 2~ 98vMm
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Planck 2018, arXiv: 1807.06209
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Why is it a coincidence? TTER\CY o

Unrelated mechanisms generate the mass 105/ <
density of visible baryons and most dark
matter candidates

o Visible baryons: baryon-antibaryon asymmetry from 10
baryogenesis

o WIMPs: thermal freeze-out

1032 i

Matter

WIMP

= == = AXION

=22
o Axions: misalignment mechanism 10
10—40
A priori we would not expect the dark and W0 s o e gew s
visible mass densities to be on the same order /
aja

of magnitude
Stephen J. Lonsdale, Thesis (2018)
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Our goal is to build models in which the mass densities of visible and
dark matter are naturally of a similar order of magnitude

This is a problem in two parts: QX — NxXMyx /pc
Relating number densities Relating particle masses
ng ~ Np mp ~ Mp
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The visible number density: asymmetry between baryons and antibaryons (or a
nonzero baryon number By,)

Pp — Pp Ppe—" proton

Q\/M — .
- — critical

In Asymmetric Dark Matter models there exists a similar asymmetry in a dark baryon
number Bp

Wide range of ADM literature where g ~ 1 p
Most ADM models do not motivate T g ~ MM p

These are not satisfactory explanations of the coincidence problem
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The visible baryon mass: largely from the QCD confinement scale Ay¢p

Dark matter: baryon-like bound states of a QCD-like confining gauge group

SU(3)dQCD Wlth
Aqcp ~ Aaqep

There are two main ways to achieve this:
1. Introduce a symmetry between SU(3)qcp and SU(3)gocp e AR, Volkas: 2101.07421

2. The gauge couplings of the two groups can evolve to some infrared fixed point
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Infrared fixed points & Dark QCD  W&ITEREY =
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Bai and Schwaller [1306.4676) Field |SU(3)aon X SU(3)aqon| Mass | Multiplicity
© Dark QCD - SU(3)dQCD (3, 1) M nf.
> New fields Fermion (1,3) < Aaqep|  nygy
o All at a heavy mass scale M M "fan
o Except for some light quarks (to be confined into dark (3,3) M N
baryons) (3,1) M Ns..
Scalar (1,3) M N,
(3,3) M N
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Bai and Schwaller [1306.4676) Field |SU(3)aon X SU(3)aqon| Mass | Multiplicity

o Dark QCD - SU(B)dQCD (3,1) M nf.

> New fields Fermion (1,3) < Aaqep|  nygy

o All at a heavy mass scale M M "fan

o Except for some light quarks (to be confined into dark @’ @ M N

baryons) (3,1) M Ns..

Scalar (1,3) M N,

Get coupled two-loop beta-functions for the (3.3) M Ns;

coupling constants
2 1

38

3

(s, + 3ns,) — 11]

11
_|__

(nfc + 3nfj) 5

(nsc + SnSj) — 102]
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Infrared fixed points & Dark QCD

Bai and Schwaller [1306.4676]
o Dark QCD - SU(B)dQCD
o New fields

o All at a heavy mass scale M

o Except for some light quarks (to be confined into dark
baryons)

Get coupled two-loop beta-functions for the
coupling constants

2 1
3 (”fc + Snfj) + G (nsc + 3nsj) — 11]

38

3 3
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Field SU(3)QCD X SU(?))dQCD Mass | Multiplicity
(37 1) M nfc,h
Fermion (1,3) < Aaqep Nfy,
M Nfan
(3 1) M nsc
Scalar (1,3) M N,
(3,3) M

— (ng. +3ny,) + U (s, + 3ns,) — 102]

Depending on the field content (model),
can have an infrared fixed point where

Belag, ag) = Palag, ag) =0



Relating the confinement scales ﬁ%TTER@ e
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1. the coupling constants evolve to the fixed point
(as, aj) regardless of their initial value in the UV

2. The decoupling scale M is determined by
matching the running of a; below M with
experiment

3. The dark confinement scale A;c¢p is then
determined by running a, until it reaches /4

Process: model (field content)-> {ag, a;} > M >Ag49cp
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However!
Couplings do not always evolve to their L ng ngwg?:tﬁﬁv
IRFP values by the decoupling scale v d
0.3 0.3
Ay = 10%° GeV | A = 103 GeV
0.2 4
o]
(o]
0.1 - &
0.0 1 T
0.0 0.1 0.2 0.3

New process: model, {aﬁ"’, aZV} > M ->Ag0cp
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model: 0, 3, 3,3,3,2,0

For a given model, plot M and Agqcp on 0.30

alV,alV axes

0.25 ~

0.20 A

0.10 A

0.05 4

W////}//////////A

0.00
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model: 0, 3, 3,3,3,2,0

For a given model, plot M and Agqcp on 0.30

alV,alV axes

0.25 ~

Goal : obtain similar confinement scales for 0.20
visible and dark QCD

0.2 GeV < Aggcp < 5 GeV

0.10 A

0.05 4

W////}//////////A

0.00
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model: 0, 3, 3,3,3,2,0

For a given model, plot M and Agqcp on 0.30
alV,alV axes

0.25 ~

Goal : obtain similar confinement scales for 0.20
visible and dark QCD

0.2 GeV < Aggcp < 5 GeV

0.10 A

W////}//////////A

: 0.05 -
Define ¢,
‘“, f A uv uv
° ‘viable fraction’ of {ag'", ;" } parameter space
. . . . 0.00 T T T T 1
© S|mp|e heuristic for the naturalness of a given 0.00 0.05 0.10 0.15 0.20 0.25 0.30
model al




ARC CENTRE OF EXCELLENCE FOR

PoS“"‘F
e S u S TTE R THE UNIVERSITY OF
PARTICLE PHYSICS MELBOURNE

First looked at models with at most 3 of each new field
© 12,288 models
> 155 with a perturbative IRFP
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General observations
o g, isatmost~ 0.4

o IRFPs with smaller coupling values generally lead to larger ¢,

0.30 T T -
* * :
[« H 1
- 0257 . J
. * .x :
v 20 - 0.201 » .
V * i
-8 . "** % * 1
£ 15 5 0.15 - *
: A
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3 A b Sy
5 0.05{ %k 4
X
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Issue:

M < 1 TeV for much of the
viable parameter space

New sub-TeV coloured fields
would be produced at
colliders
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Looking for models with large M »&ITeREY =7
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Look at models with large ns; (# of joint

scalars)

° Increases the magnitude of all beta-function
coefficients

° Increased coefficients = stronger running

o Couplings reach lower values at higher energy
scales, so the decoupling scale can be higher
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Looking for models with large M

0.30 0,4,00,0917, 10 0.30 0,4,00,10,18, 10
. . 30 =7 I 3017 I
188 mOdE|S W|th TlS] 2 10, One-|00p beta‘funCt|On 0o New = 0.3208 + 0.0006] o N, = 0.3212 + 0.0006]
coefficients between -0.1 and 0, and a perturbative
I R F P 3 0151 0.15 1
N
0.10 0.10
35 1 0.05 0.05 /
30 - 0.00 L 0.00 e ey
0.00 005 010 015 020 025 030 0.0 0.05 010 015 020 0.25 0.30
%} 0,4,0,0,11,19, 10 1,4,0,0,7,19,10
Y 25- 0.30 1 _, 0.30 1 ,
o N, = 0.3207 + 0.0006] N, = 0.3206 + 0.0006]
£ 0.25 - 0.25
o 201
o 0.20 0.20 1
_
g 151 3 015 N 0.15
£
S 10 | 0.10 0.10
=
s 0.05 1 0.05
0.00 Fl— / 0.00 ———— /
0.00 0.05 010 0.5 020 025 030 0.0 0.05 0.10 015 020 0.25 0.30

o

uv v
aS aS

0.15 0.20 0.25 0.30 0.35




ARC CENTRE OF EXCELLENCE FOR

\ f;’?‘-" 1
Il * = \
* » N\
e *
pos«e\"‘c“s 2
O I I C u S I O I l S I | El 2 THE UNIVERSITY OF
PARTICLE PHYSICS

MELBOURNE

0,4,00,09,17,10 0,4,00,10,18,10
0.30 0.30

Cosmological coincidence inspires interesting
model building
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Heavy fields can still affect beta-functions 0.7 R
at energies below their mass scale M az
0.6 1
o Ndqcp
= 05 1o € (0.5M, 2M)
Need to apply threshold conditions at a 50_4 m al(My)
decoupling scale uy = O(M) O S
o 0.3
)
©
_ O 0.2 /
This introduces an uncertainty into M, _
Aggcp for a given {ad", ai"} 0-11
0-0 1 1 1 1 I
100 10° 10° 1012 1015 1018

u (GeV)
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0.30

N 2|z 3/ 32 R
With coupled beta-functions, 0_25_§ 3| g g o § l
asymptotic freedom depends § i g S
on the values of the gauge °2°'§ 0.3
couplings 35 015 1)
\
0.10-\ |
We only work with couplings 005 ? o
that are perturbative below . / S
the Planck scale, so do Jote s ol ol 1.
consider non-asymptotically T
free regions = —
> N
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To fully explain the coincidence problem, need to relate number densities (embed in an
ADM model)

Bai and Schwaller: thermal leptogenesis model, taking advantage of the new fields
introduced for the IRFP mechanism

The ingredients: The mechanism:
* 3 heavy right-handed Majorana neutrinos N; 1. Out-of-equilibrium decays of N; generate
* Two bitriplet fermions ¥;~(3, 3)1/3, asymmetries in Y;,®
V2~(3,3)-2/3 B L > kY1®N; + h.c.
* One bitriplet scalar @~(3,3)3 2. These asymmetries are transferred into visible

matter and dark fermions X
LK P ?ICYQ + Ko (I)?Q ep + kg P XL dr + h.c.

3. After equilibration and sphaleron reprocessing,
the number density ratio is:

I'TI.-D‘ o 79
ng 56
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Bai-Schwaller results
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Model D: 1, 7,0, 2, 2,0, 2
£, = 0277 % 0.000 $
S
| N
) ;#
77
0.00 0.05 0.10 03‘? 0.20 0.25 0.30
Model | ng,  ny, ngo MNs, MNsy N, oy a
A 6 5 3 0 2 0 [0.095 0.175
B 6 6 3 1 0 0 [0.083 0.120
C 6 6 3 2 2 0 [0.070 0.070
D 7 7 2 2 0 2 10.078 0.168
E 7 7 2 2 1 2 10.090 0.133
F 8 8 2 2 0 1 [0.074 0.149
G 8 8 2 2 1 1 [0.082 0.118




Small IRFPs have larger g,

To match with a,(M,), a.
needs to evolve below
0.11729 by the decoupling
scale

If a; > as(Mz), then for
many initial UV couplings,
will not be able to match a;
to experiment

0.30

*

a,(My) = 0.11729

a;
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