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The study of Dark Matter
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The study of Dark Matter

Experiments
(In)Direct Detection

String theory (susy)

Model building

Bottom-up

rase (o vis e ) oo ) [o 128 Goves
e 25 m z o o
L. wLe T @ . H
up charm top gluon g‘éggﬁ
s s Sy o
d 9 b ®
down strange bottom photon
4 ! . o
- 9. ® .9 @
electron muon tau Z boson
2200 017 wovie a5 uovee 204 5o
Ve w0 T W
http://www.ep.ph.bham.ac.uk : ; sleciron muon tau W boson
.p/ / , By / https://science.nasa.gov/mission/webb/ https://cerncourier.com/a/testing- falie Al
DiscoveringParticles/lhc/experiments/ times-for-strings/ https:/ /nhsjs.com/2024/the-holes-in-our-universe-

beyond-the-standard-model/



The study of Dark Matter

Experiments Model building
(In)Direct Detection

String theory susy) g it ST

ass - =23 MeVI .
» I » o 0
W 9 | @®| H
up charm top gluon ggggﬁ

.........

4.8 MoVic? ~4.18 Govic? o
3 d -3 S -3 b 0
" "” "” 1

down strange bottom photon
4 e 4 4 T o

electron muon tau Z boson

eeeeeeeee

wDe L e, Do
112 e 12 102 1

http://www.ep.ph.bham.ac.uk/

. . electron muon tau W b
_ , _ : https://science.nasa.gov/mission/webb/ https://cerncourier.com/a/testing- falie Al ==
DiscoveringParticles/lhc/experiments/ times-for-strings/ https:/ /nhsjs.com/2024/the-holes-in-our-universe-

beyond-the-standard-model/

Astrophysics

Large structures
Distribution of DM

https://nhsjs.com/2024/the-holes-in-our-universe-beyond-the-
standard-model/



The study of Dark Matter

Experiments Model building
(In)Direct Detection

String theory susy) g it ST

.........

99 -0 @
down strange bottom photon
ron uon
| | T |
Do e L e T W
. . . htt . t t neutrlng neutrir?o neutr?no W boson
https://science.nasa.gov/mission/webb/ ps://cerncourier.com/a/testing-

times-for-strings/ https://nhsjs.com/2024/the-holes-in-our-universe-
beyond-the-standard-model/

http://www.ep.ph.bham.ac.uk/
DiscoveringParticles/lhc/experiments/

Astrophysics ; :
Py Early Universe dynamics
Large structures

Distribution of DM

freeze-out, freeze-in, Phase Transitions

e @

\/
/V_»

/

https://nhsjs.com/2024/the-holes-in-our-universe-beyond-the-
standard-model/



Freezing-in Cannibal Dark Sectors

DOI:10.1007/JHEP11(2024)050

Esau Cervantes and Andrzej Hryczuk h Standard COSHlOlOgy

National Centre for Nuclear Research,
Pasteura 7, 02-093 Warsaw, Poland

E-mail: esau.cervantes@ncbj.gov.pl, andrzej.hryczuk@ncbj.gov.pl

Freezing-in Cannibals

with Low-reheating Temperature Eaﬂy Univel“se dyna/m’l:cs
DOI:10.1007/JHEP09(2025)083 .
/ ) of Cannibal DM

Nicolas Bernal,” Esau Cervantes,’ Kuldeep Deka,® Andrzej Hryczuk®

%New York University Abu Dhabi
PO Bozx 129188, Saadiyat Island, Abu Dhabi, United Arab Emirates IlOIl—St andard COSHlO]Ogy

® National Centre for Nuclear Research
Pasteura 7, 02-093 Warsaw, Poland

E-mail: nicolas.bernal@nyu.edu, esau.cervantes@ncbj.gov.pl,
kuldeep.deka@nyu.edu, andrzej.hryczuk@ncbj.gov.pl



Cannibal Dark Matter
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Simple realisat;lion with a scalar 5 “““ ‘
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If DM is non-relativstic, I';_, > I',_ 3. The DM fluid exchanges particle
number for kinetic energy!
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Evolution of Cannibal DM

Absence of portals leads to Tp,, # Ty, Temperature evolution
becomes relevant:
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Evolution of Cannibal DM

Absence of portals leads to Tp,, # Ty, Temperature evolution
becomes relevant:

® DM is initially relativistic;

® as the DM fluid cools down, the dark sector exchanges number of particles for kinetic
energy;

® all interactions decouple and the system behaves as a non-relativistic gas.
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Evolution of Cannibal DM

Absence of portals leads to Tp,, # Ty, Temperature evolution
becomes relevant:

® DM is initially relativistic;

® as the DM fluid cools down, the dark sector exchanges number of particles for kinetic
energy;

® all interactions decouple and the system behaves as a non-relativistic gas.
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See also Hufnagel, Tygat 22 and Arcadi, Lebedev 19



The freeze-in mechanism

The freeze-in mechanism assumes n; = 0, and feeble portals:
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The freeze-in mechanism
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Cannibals produced via freeze-in

Consider & D — /1h¢g02H H, A < 1, 4, 2 10~* and initially cold
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Cannibals produced via freeze-in

Consider & D — /1h¢g02H H, A < 1, 4, 2 10~* and initially cold
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Cannibals produced via freeze-in

1 A
Toy model: &> — yg(éﬂ + (5%)%) — T 1S|* =4, |SI*|H|?
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Cannibals produced via freeze-in
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Cannibals produced via freeze-in

1 A
Toy model: &> — yg(éﬁ + (5%)%) — T 1S|* =4, |SI*|H|?
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Inflaton decay and reheating

Transition between non-standard and standard cosmology is due

Ht)

to a scalar (inflaton) field that rolls (a « e™) in a potential and

subsequently oscillates in the minimum decaying into SM states.

V(g)

Slow-roll
Inflation

Reheating P, d

Cicoli, String Cosmology



Inflaton decay and reheating

—3/8 (

During reheating T « a matter domination), and H « T% i.e.,

rapid expansion of the universe

10%7 TTTI T TTI T TT00m T TTI T TT0mme T I T T T TTIr T T T TIm T ITimm T TTI0m T L 1065\ TTITIE T TTT T TTTm T T T TTImm T HNQH [T T T T TTTm T T T T I TH
B - . ]
L \ |
\
L 10° = \\ .
1031 L ; TSInl\/aI’X ~ 36 Tev \ ;
L \ |
10* £ '\ =
L = N -
1025 L C ?> \ i) -
L : &47 qﬁ \\‘ég\ :
\

— 8 e @ \ _
. = = % 2\ 5
> - [«B) — \ ' —
55 101 - o, - * .
L | A |

< & \
10% = \ =
= \ =
L L \ —
1013 - = ]
] 10! = =
] = T = 5GeV =
107 - i B 7
" 7 10° E Tnon—standard é:‘-' =
I - = I ]

10 : pqﬁ : — - Tstandard S
e O 1 1 R AT\ N = T T T
10-1 20 10 10® 107 10% 10° 10* 10 102 10t 10° 10! 104 1009 10 10 107 10 10®° 10* 10 102 10! 10° 10¢
a/am a/am

Freeze-in initial condition (n”" = 0)



Production during reheating

Production rate from SM has to catch up with H « T*, and pj,,
dilutes during reheating.
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Impact on collider phenomenology
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® Low T, leads to
detectability:;

® The case of instantaneous
reheating is studied in

Lebedev, Morais, Oliveira,
Pasechnik 24.



Early Universe dynamics
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Thermal corrections

In the early universe there is a thermal (ensemble) background of
states ¢. This ensemble leads to thermal corrections:

Veff(¢b) = V() + Vew(dp) + Vet(dp)+ Vi) @:@ q ?

T —
VT(¢b) — —g¢ [dyyzln <1 —e \/y + (m(,)/T) >
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In the early universe there is a thermal (ensemble) background of
states ¢. This ensemble leads to thermal corrections:
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Thermal corrections

In the early universe there is a thermal (ensemble) background of
states ¢. This ensemble leads to thermal corrections:

Veff(¢b) = V_(pp) + Vew(dy) + Vet(dp)+ V(o) @/’ q ?
o .0
4 : 4
VT(¢b) — Lg¢ [dy y2 In <1 —e \/y + (m(¢)/T) >

Ver(d, T > 0) When the temperature
drops, the system will
roll to the true

. minimum in a smooth

\‘/:aff(qbba T = O) | . .
‘ ! transition.




U(1) theory

If the transition is more abrupt, it can leave imprints in the early
universe. Simple realization: complex scalar field ® charged under a
U(1) gauge symmetry

. | S € :
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If the transition is more abrupt, it can leave imprints in the early
universe. Simple realization: complex scalar field ® charged under a
U(1) gauge symmetry
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Dark gauge boson (dark photon) Kinetic mixing



U(1) theory

If the transition is more abrupt, it can leave imprints in the early
universe. Simple realization: complex scalar field ® charged under a
U(1) gauge symmetry

N T ) & v
<z =1(0,—igA)P| —ZFWF + U O*O — J(O*D)” + B, F*.

/ 2cos 0, /
Dark gauge boson (dark photon) Kinetic mixing
. /\
And we expand the scalar as ® — (¢ + ¢, + ip) Goldstone boson
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First order phase transition

The appealing of this theory results in the interactions with the
gauge boson, they can induce first order phase transitions:

‘/eff(¢b7 1 > O)
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gauge boson, they can induce first order phase transitions:

‘/eff(¢b7 1 > O)

interactions
with A’

A Veff




First order phase transition

The appealing of this theory results in the interactions with the
gauge boson, they can induce first order phase transitions:

‘/eff(¢b7 1 > O)

interactions
with A’

Thermal fluctuations |
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First order phase transition

The appealing of this theory results in the interactions with the
gauge boson, they can induce first order phase transitions:

Formation of ‘true vacuum bubbles’ Verr(¢%, T > 0)

interactions
with A’

See e.g. Ertas,

Kahlhofer,

Tasillo 21

and Bringmann, AV@ff

et.al 24 Thermal fluctuations

trigger a transition



Vacuum bubbles

Vacuum bubbles nucleate and percolate (they form, grow, collide
and merge)

Nucleation and percolation on the lattice. Image courtesy of Henda Mansour



Vacuum bubbles and GWs

Space-time feels the percolation: energy and momentum determine
the curvature of space-time. If energy moves or oscillates
unevenly, it disturbs the space-time fabric.
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Space-time feels the percolation: energy and momentum determine
the curvature of space-time. If energy moves or oscillates
unevenly, it disturbs the space-time fabric.
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Vacuum bubbles and GWs

Space-time feels the percolation: energy and momentum determine
the curvature of space-time. If energy moves or oscillates

unevenly, it disturbs the space-time fabric.
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Vacuum bubbles and GWs

Space-time feels the percolation: energy and momentum determine
the curvature of space-time. If energy moves or oscillates
'l].lf-le'v'er]-l}]'7 it disturbs the Space_time fabriC. Balasz, et.al. Gravitational waves from cosmological first-order

phase transitions with precise hydrodynamics
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Vacuum bubbles and GWs

Space-time feels the percolation: energy and momentum determine
the curvature of space-time. If energy moves or oscillates
'l].lf-le'v'er]-l}]'7 it disturbs the Space_time fabriC. Balasz, et.al. Gravitational waves from cosmological first-order

phase transitions with precise hydrodynamics
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Nucleation Percolation

Possible observable GW
background with the

Laser Interferometer
Space Antenna (LISA)

Wikipedia



Inverse First order phase transition

There are different scenarios leading to FOPTs. The system can go
from a broken to a symmetric phase:

Standard assumption: symmetric to broken phase

Time
T drops
over time
N
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Inverse First order phase transition

There are different scenarios leading to FOPTs. The system can go

from a broken to a symmetric phase:

Standard assumption: symmetric to broken phase

T drops
over time

‘\Vveff(gbba T = 0)

Vet (0, T > 0)

Initial

(hot) state

Time

. @19 20

Final (cold) state

Inverse transition: broken to symmetric phase

See e.g. Dent, Duttas, Rai 21

Initial (cold) state



Inverse phase transition

Realizable with injection of entropy from the SM plasma as in the
freeze-in mechanism:

® Zero or negligible initial population of ¢ and A’ (n, = 0).



Inverse phase transition

Realizable with injection of entropy from the SM plasma as in the
freeze-in mechanism:

® Zero or negligible initial population of ¢ and A’ (n, = 0).
® Tnverse decays from the SM: ff — A’ populate the DS.
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Inverse phase transition

Realizable with injection of entropy from the SM plasma as in the
freeze-in mechanism:
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Inverse phase transition

Realizable with injection of entropy from the SM plasma as in the
freeze-in mechanism:

® Zero or negligible initial population of ¢ and A’ (n, = 0).

® Tnverse decays from the SM: ff — A’ populate the DS.

® Strong self and gauge interactions thermalize the system instantly.

® The system is dilute (z = ! < 1).
(e(E_//l)/T — 1)_1 (EWIT _ 1)1 « (BT — 1)~
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What about a chemical potential?

In the previous discussion we implicitely assumed two things:
® Local thermal equilibrium (Bose-Einstein);

® Chemical equilibrium (u = 0).
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What about a chemical potential?

In the previous discussion we implicitely assumed two things:
® Local thermal equilibrium (Bose-Einstein);

® Chemical equilibrium (u = 0).

Are there modifications to the effective potential when u # 07

r —\/ " + (my )/ T)*
VT,/,z(¢b) — F Z g, de y2 In <1 _gﬁ/Te \/y + (my(p)/T) >
& a=¢,p,A’ <

In fact Free energy density

2 3 2
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Dynamics

Evolution of T, and z with m, = tew MeV and m,, = 1 GeV at T = 0.

T, > my,my due to initial injection ff — A’
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Results

The temperature drops, while z — 1 due to 2 — 3 reactions.
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Bubble profile

The shape of the vacuum bubbles is given by the bounce
equation (Klein Gordon equation)

2
(0,,,, + 70r)¢b(r) — a¢bVeff, 0r¢b(7' — O) — O

Bubble profile
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Conclusions

® SIDM produced via the freeze-in mechanism has a unique
evolution in the Early Universe;

® Temperature can have a non-trivial impact in such scenarios
and need to be studied carefully;

® The impact of self-interactions in an inverse PT requires a
careful treatment of the Boltzmann equation coupled with
the effective potential;

® Possible gravitational waves signatures might arise from such
scenario (under current investigation).
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Effective potential

Consider a simple QFT model with a real scalar field ¢:

1 1 A
LIl =2 0,4) = Su'd* = 4",

Using the Feynman path integral definition:

Z[J] = e BV = [gqu exp in“x(g[qﬂ + Jo)| .

We define a background field and effective potential

IQZ¢ CXp [ljd4X(°(Z[¢] + J¢)] ¢ i.e., averaged/

mMacroscopic

J@gb cXp [l Id4X(fZ[¢] + J¢)] behaviour of ¢

= (§) =~ /] =
b= () = ——ELJ] =

EJ]+ [dYJO)dp(y)

Volume

V(@) = a.k.a. free energy density
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Classical potential

Consider a classical theory:

1 A
Vo) = 5#245;3 + 4—!45; : ¢, = (D)

\Va(n) p? <0 |
The theory has to be
expanded around ¢,
/ ¢ — ¢+,
(9) # 0

1 p 1 1 p
Z¢p] D - 5/42(¢ + ) — 4—!((/5 + )t = — Emz(cbb)cbz - 58(4519)453 - 4—!¢4
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0g

Vew(P) = 8 gu A2
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The classical potential is not the full picture:
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(Quantum corrections

The classical potential is not the full picture:
Vil @dp) = Vo dp)+Vew(dy) + Vet(dp)

4(€bb) m2(¢b)
5¢ 647> log

Vet(dy) = ou’dy + Si¢;)

Vew(@y,) = — 3/2) . mgy) = 3A;

A2

AVeff < A_VCI

cl




U(1) theory

The transition might be more violent, leaving imprints in the
early universe. Simple realization: complex scalar field ®
charged under a U(1) gauge symmetry

1 €
_ c A 2 ! Uy 2 2 'uv
L = 10, — igADD* = TF L F + 0% — A @) + B, F"

2cos0,

—la oV +la o¥ L g L 2+l 2A72
- 2 Iu¢ ¢ 2 Iu¢ 7 4 121% 2m¢¢ zmA’ U

2
/ g / /
—gA(90"p — PpoF'p — v,0"p) + 7¢2A,f + 87V ypA;
Lo, A

A
Cv.d? — v.02d — Zd20? — Lt — Lt
Vp” — Ao P 4¢(p 4¢ 4

€ ,
+ B, F*
2cosf, ™



Effective potential of a U(1) theory

The effective potential of ¢ will receive corrections from its
interactions with ¢ and A"

1 A

V.(p) = 5”2@3 + Z@f
() ( m2(¢y) )
VC (¢b) — ga log _ 3/2
v a:%, o 6472 A2
4 : 4

Vi =55 X & J 4yy?1n <1 R e >

ﬂ a=a¢,p,A’

T
Vo) = =0 2 8al(mi() + TLAT))™ = (i)™
a=p9.A}

mg%(ﬁbb) = 3/@5 - ﬂz, m£(¢b) = /1(/513 — //iza mj/(¢b> = & 24513 -



What about a chemical potential?

Not surprising (V,; = — pressure), but useful:

e

d3p pZ E-u —1 B m(¢b)2T2 00 Zk
[ (27 3E (e - 1) == ;pKz(km(gbb)/T),

which converges for z < 1. The evolution for T and z are given by
the Boltzmann equation

_ — Collision Freeze-in and ff—> A’ and
<0t Hpap)f(pa t) - C[f] Operator Self—int. 34) o 2¢

-
Oth AN _ 612 C
moment E — g ~0°

\ 4
2nd des _ 1 2 Tds 1 P 612 N’ T
moment| da 14k ( a T 3a \ E3 + 3HN C2 N ds T K2




Coupled Boltzmann equations

To obtain ‘temperature’ Boltzmann equation:

2
& f(p);

first we define 7" :=
2rn)3 E

8dm [ d3p
3n
2

2
we integrate g(2n)‘3jd3p %(dt — Hp - Vf = g(2n)_3jd3p %C[f] =: C;

o dr 2T 1 / p* a’ a’T
to obtain = — +—( = )+ C, — Cos
3a \ E°

da a 3HN HN
AN 2 3 2
along with the usual nBE: — = a—gJ £ Clf]=: hall C,, N = na’;
da H ) (2n)3 H
e
we close the system assuming f(E) = L exp = (local thermal eq).
Neq L |




Coupled Boltzmann equations

When the mass changes over time (due to the effective
potential)

2
the integral Jd3p %(d[ — Hp - V. ,)f contains the term;

d(mz) d3p p2 V) 0
- J o) B f because E = (p~ + m(1)).

dT,, 1 2T,, 1 [ p* a* N’
therefore = — + + C——T,+K|;
da 1 + K a 3a \ E? 3HN N

with x; = g<p2/E3><V¢¢T— il ¢T) and k, = — g(pz/E3)(V¢¢Z T ¢Z) :

2 2
m m Neq



Inverse phase transition

The system is initially in a broken phase and is ‘pushed’ towards a
symmetric phase:
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Inverse phase transition

The system is initially in a broken phase and is ‘pushed’ towards a
symmetric phase:

‘/eff(¢bv 1 > O)
See e.g. Dent, Duttas, Rai 21

interactions
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Thermal fluctuations

trigger a transition




GW spectrum

The spectrum is calculated via Latent heat (AV,)
/
Qawh’(f) = Rh* € < = > ('B/H>_1YS, a = =
a+ 1 4(:0DS + psm)
¢ 3 . 712
A®
S =+ =
’ (f) (4 + 3<f/1;>2> T A
10-°

LISA

10"

10~

10-5 104 10-3 T R T 10"
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Gonstal, Lewicki, Swiezewska 25



