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Matter content of the universe

DM makes up the majority of matter content of the
universe

When discussing DM we usually try to find a viable
production mechanism that explains observed
abundance
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Motivation

Naively pp,, can have any value, most models allow wide range of DM
abundance

Similarly pp is exponentially sensitive to a,p through dimensional transmutation

_
2

pp X Ny, X Npep x e«
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Motivation

The fact that pp,,/pp = 5 seems very accidental

Like axions explain why @ =~ 0, perhaps there is a
mechanism that prefers pp ~ ppy,
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Ppy = dppe current approaches

- -

Asymmetric DM Unification Coupled CFTs
Nussinov 1985, Hodges 1993 Murgui, Zurek 2022 Bai, Schwaller 2014

Gelmini, Hall, Lin 1987 Berezhiani, Dolgov, Mohapatra 1996 Newstead, TerBeek 2014
Kaplan, Luty, Zurek 2009 Foot, Volkas 2003 Ritter, Volkas 2023
pan, Luby, Barbieri, Hall, Harigaya 2017 ’

Linde, 1988
Wilczek, 2004
— Hellerman, Walcher 2005
Bousso, Hall 2013
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The goal

Energy densities

These models work only if mp,, ~ GeV

Our goal was to find a dynamical

mechanism that works for arbitrary DM
mass.

Here, energy densities of DM and B can
be vastly different. Then as the

relaxation happens they become
comparable.

time
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Checklist

 Toy model
e More realistic model
 Example

 Bounds and signals

Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities

14



The mechanism

We achieve this by introducing a scalar that controls masses of Baryons and Dark Matter. If Baryon
mass decreases, the DM mass goes up and vice versa.

Baryon mass Dark Matter mass

mp(t)
mpm(t)

time time
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Potential

We require baryons and dark matter to . Potential

be non-relativistic and the evolution of
the scalar to be governed by a finite
density effective potential

PB~PDM

V = my(@)ng + mpy(P)npy,

my = my(0)e=?/

TV(@) = cgpp(@p) — cpppy(P) =0
Pov! P = cglcp ~ O(1)
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EFT

For simplicity we assume that DM is an ALP of the dark sector

11 2
¢ CB:BB B CDﬂD Gz, where 3 = —N. - _]Vf
f 3272 64 12 3 3
1 I cpPp ¢
—— é — — S

82 cpd
Dimensional transmutation 7, Npcp X e p* ox e/
167

cpd
. ) D
Similarly, mp,; < Af, x e "¢ o e 7
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Evolution

We focus on scenario when initially pgp > ppa,

and the universe is In RD Potential

PB~PDM

Then, the early evolution is dictated by baryons

We have two distinct regimes that depend on the
initial value of m¢/H
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my(h) < H(T)

Pseudo slow roll

Here, the scalar is initially frozen at Aocn >> 100 MV
some Iinitial value

Once m¢(gb) ~ H(T) the field starts
rolling down

AqcD

When it reaches the minimum Iits
kinetic energy is has mostly redshifted Agep = 100MeV N
away and subsequent oscillations

change baryon and DM masses time
marginally

Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities

12



my(¢) > H(T)

Underdamped

The scalar oscillates from the beginning

| . >> M
with large amplitude Aqep >> 100 MeV

This can make protons much lighter thang| | | | [\ [\ /\ N A AAAAA

1GeV which can invalidate non-relativistic =
assumption

\/ Aqcp << 100 MeV
For that reason we will not discuss It

further

time
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Summary so far

Potential

PB~PDM

Underdamped initial condition can lead
to protons becoming relativistic which
would alter the potential

Overdamped initial condition allows for -

Npcp > 100 MeV  while preventing

protons to become relativistic as the
fleld relaxes towards the minimum
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my(¢) < H(T) : Frozen phase

Frozen

Throughout this talk we will be
assuming RD. (t) = const

Initially the evolution is dominated by
Hubble friction

¢+ 3Hp ~ 0

$(t)

@(t) = const

time
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m,(¢) < H(T) : Pseudo slow roll phase

Pseudo slow roll

L 0
&+ 3Hd + ch;( ) enblf — 0

The field value changes logarithmically in
time

¢ xInt

P(t) o In(t)

$(t)

We can use this observation to find how
Baryon mass changes

¢d+3Hp x 17> - CB'O]Ij(O) e8Pl o 172

mex e «xt™T? xa ' T

time
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m,(¢) < H(T) : Pseudo slow roll phase

Pseudo slow roll

Amusingly, we can find exact trajectory the field

follows by changing variables in the EOM to A(t) o In(t)

Since this quantity is constant during this phase, _
all we have to do is to find a static solution which ig
reads

foH()?
cgmp(0)ng(t)
This means that once field starts rolling its mass

will equal Hubble until it reaches minimum. As a

result this phase iIs independent of initial
conditions!

x(f) = . my(¢) = H(T)

time
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m,(¢) < H(T) : Pseudo slow roll phase

Pseudo slow roll

. P(t) o In(t)
To summarize here are the most

Important results

1. mp X Npep X a~!

$(t)

2. Pp X a=*

3. m(p(Qb) = H(T)

time
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m,(¢) < H(T) : Oscillation phase

Oscillation

Here, the field undergoes small oscillations around the
minimum. We can use adiabatic invariant to understand

_3/4
the field evolution P(t) oc a(t)

3 _ 2.3 _
nya” = mypa> = const

Mass depends on the linear combination of baryon and
DM densities. Since both are non-relativistic we get

$(t)

Ci Ch
mz = f_ng(o) + f_zpDM(O) xa>

¢ X mq;1/2a—3/2 X 61_3/4

qu — m¢n¢ X Cl_4°5

time

Dawid Brzeminski, Dynamical equilibration of dark matter and baryon energy densities

19



my(¢) < H(T) : Summary

Pseudo slow roll Energy densities

¢(t)

ppxa™® ppoca i ppea”

¢(t) = const d(t) o In(t) A(t) o a(t)

pB(t)

time time
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Does the scalar overclose the universe?

Slow roll regime allows us to make precise prediction about the energy of the
scalar

We can find the ratio of these energies semianalytically p,/pp < 1/2

As the field reaches the minimum it undergoes small oscillations and its energy

redshifts as p, = myn, né/2n¢ x g4
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Checklist

« Toy model
e More realistic model
« Example

 Bounds and signals
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How to make 1t happen

Main challenges to overcome:
1. Finite density effects today
2. SM bath contribution to the potential
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Macroscopic objects

The potential we are considering is very sensitive to
finite density effects. In particular it has vastly different
minima in the vacuum and inside dense objects. Potential

Vacuum

cpp _chb
V =mg(O)ngoe 7 + mpy(0O)npye 7

Inside dense object Ny .
A Dense object

cpop _chb
Vacuum
As a result baryons would be much lighter on earth ¢
than in the vacuum! Y
¢
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Solution

We solve this problem by introducing vacuum potential that becomes important
once the scalar reaches the minimum

VO=Agcos%+«9

Once this happens, the scalar becomes a subdominant component of DM
-3
Py X a
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Vacuum potential

Potential

In order to preserve pp ~ Ppy
we require F' S f/c &\

T1> T2> Tg

¢
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Vacuum potential

The most dense object that we need to consider are neutron stars
Png ~ (100 MeV)*

In order for the vacuum potelr}’iial to solve the problem we need
, cpl”
Vo > Vs = Ao > —pns

]('
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How to make 1t happen

Main challenges to overcome:
1. Finite density effects today

2. SM bath contribution to the potential
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Coupling to photons

We expect quantum corrections to generate coupling to photons

C
Z D ol G; + c},F2
f 3272
We can estimate the coupling by RG evolving through confinement
J . ) ﬁ; flavor d J § )
dlnu ’ ‘//‘>4”AQCD 2 Tooan dln u “ ‘/4<47TAQCD -
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Coupling to photons

Since the QCD is exponentially sensitive to a change in scalar value, we get

ﬁ3 flavor ﬁﬂ,K Ch 7

Aa~1 ~ In A ~
2 CeD 2rf

Cp

Thus, we see that ¢, ~ O(1)
! 3272
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SM bath

Correction to the free energy density due to EM
interactions is given by

_ 20 4 10-674CBP
Jem = TR ()T ~ 107°T 7

While the Baryon contribution is
CpP
]['

The mechanism has to finish before BBN, but at
T > 1 MeV EM contribution dominates over baryons.

fz = 6x 107 %m, ($)T"

We are forced to consider other cosmology in order
to make mechanism possible.

Reheating

10 %pgppoca™
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Entropy dump

We can evade this hiccup while keeping
RD by introducing a relativistic scalar that
dumps entropy into the SM through
decays to Higgs

In order to avoid detection at colliders we
take its mass to be large, e.q.
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Early decays
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Initial conditions

Reheating

We use Initial conditions inspired by today,
where non-relativistic baryons have more
energy than the relativistic content of the 5

S

There are examples of Baryogenesis
mechanisms that can generate such
h Ie rarc hy, e. g . Aﬁl ec k_ DI ne Thermal contribution subdominant
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As a result we avoid SM contribution from
affecting the mechanism. scale factor
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How to make 1t happen

Main challenges to overcome:

1. Finite density effects today

2. SM bath contribution to the potential
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Checklist

e Toy model

e More realistic model

 Example

 Bounds and signals
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Putting everything together

Initial conditions

History

flcy = 1012 GeVv

CB/CD — 5 5 pBocCL_3

F=3x10°GeV

Px

poutlps = 1/50
T?‘h — 10 MeV

a; (yrelax a Cleq

~
~
~
~
\\
3

1SS
~
~
~
1 Y 1
~
SS
~

~
~
~
~
~
~
~
~
\\
~
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Putting everything together

Scalar starts rolling

History

Pp, = 10° Tev*

pr=2% 10" GeV*

Pom = Pp! S0
m, = 100 GeV

scale factor
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Putting everything together

Scalar falls into the minimum

History

Urelax = 10~

pr=2%10"1 Gev*

Ppoym = dpPx
m, = 1 GeV .
scale factor
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Putting everything together

Vacuum potential (¢,) and SM bath (aeq) become important
History

A  Ueq

a() ~ aeq — 10_4

pay = (100 MeV)*

Px

pr = (100 MeV)*

~
1 ~
~
~
~
| ~
~
~
~
~
\\
~

Ppm = dPg
m. =1 GeV - -
P scale factor
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Putting everything together

Reheating

History

pr=4x%x10"* MeVv*

Ppym = dPg

scale factor
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Checklist

e Toy model

e More realistic model
e Example

 Bounds and signals
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Coupling to nuclei

The baryon part of the Lagrangian gives ! !
rise to a fifth force between nuclel ®
C
f p p

The range of the force is controlled by the
vacuum potential
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Coupling to nuclei

. . . P
At macroscopic ranges the coupling Is

subject to constraints from experiments ¢
looking for Equivalence Principle violating
forces.

At masses above mg, > 1 eV the stellar g

cooling bounds are the dominant source
of constraints
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Decay into photons

Linear coupling to photons inevitably results in the decay into photons

C, P
¥ > —L—F? S
f /
Parametrically, the decay rate is
2
L, =
¢ry — f ¢

For masses my, ~ 1 eV we need to satisfy f/cp 2 1010 Gev
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Parametric resonance

Potential

The scalar gets trapped In the
vacuum potential once Iits Kinetic \A

energy falls below the height of the
- 4
potential p, S A

Before then it will roll over bumps of .= |/
vacuum potential. /

WU
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Parametric resonance

Potential

This can lead to parametric resonance

that could remove energy from zero mode \q
before the scalar reaches the minimum.
(Fonseca, Morgante, Sato, Servant, 2020)

The timescale of this process is
t F¢’ =
frag Ag - \ﬁ

In order to prevent this effect from being
important we require Higag 2 1 at

d = dyrglax:
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Parameter space

Parameter space

Iy = 10 MeV

10"

I [GeV]

1011

10Y 102 104

Ty [eV]
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Summary

* Ppy N dpp seems accidental

* All models that address this problem predict DM of order GeV

» We presented a dynamical solution that explains pp,, & Spp  without
assuming any DM mass

* UV complete model with QCD axion/ALP in progress

* |t would be interesting to see applications of the mechanism to other models
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Thank you!



Backup slides




Naturalness problem

We can protect the mass of the scalar by using Z,, symmetry (Hook 2018, Brzeminski, Chacko, Dev, Hook, 2021)

The coupling to gluons is generated by integrating out heavy fermions which are charged under (dark) SU(N) and whose
mass is controlled by the scalar

md ) = my £ yfcos(p/f + 2nk/N))

where k is the number of the copy of the SM/dark sector.

N, | m(¢)
Og
37[ AUV

This affects IR value of the strong coupling as A(a™!) =

Which translates to a qb-depezndence of the confinement scale

A = A1 +2EBPT T A O)exp(en cos pif) ~ AO)xpenp/f)

My
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Naturalness problem

To get a quick estimate of the leading term In
the Coleman-Weinberg potential we notice that

N
Z cos"(p/f + 2nk/N) = constif m < N,
k=1
Therefore, we need N insertions of the cosine

N N
V(g) ~ mg y_f cos No/f

Ml

where yf/im, < 1
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