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| The Early Universe in a Nutshell

JJJJJJ NeERIEREERE. Charting the Landscape of the Early Universe Julia Harz



' ‘ - . . -
- + - % .
- oy . '
. i . ’ et
' -A A - ‘ " o * ‘
/ ~ .." ; : . -~ /
. | . g
| e .
A S0 .
. 4 Sun ;
g .
B
P £
e 2 -

credit:l*lASA, ESA, and the Hubble Heritage Team (STQCI/AURA), CCBY 4.0




What is olir Universe made of?

& L . ! B = credit: IlASA,‘ESA, and the Hubble Heritage Team (STScI/AURA), CC BY 4.0
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Our solar system
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Our earth
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The Standard Model (SM) of particle physics

~ Quarks . Leptonen o Kraftteilchen

source: Welt der Physik / DESY
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How did this all evolve?
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History of the Universe

13.8 Billion yrs
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The homogeneous and isotropic Universe

At large scales

« Homogeneous (same at every point, translational invariance)

* Isotropic (same in all directions, rotational invariance)

Experimental evidence: cosmic microwave background, galaxy distribution

Described by Friedmann-Robertson-Lemaitre-Walker (FRLW) metric

k= +1 spatially curved (spherical)
dr?

2 2 2
ds® =dt* —a (t)[l—er

20102 2 12
+77(dO” + sin"0de )} k= 0 spatially flat (euclidean)

k= -1 spatially curved (hyperbolic)
Scale Factor a(t)
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The expanding Universe

. . 30000 KOlb, 'Il'urner I I I * /-
e For k=0, choose normalization (today): a(t,)=a,=1
* Hubble parameter as measure of the shrinking / _ .
expansion of the Universe 2 20000 ]
£
H="2Hy=at) 5 ‘
“ 2
. . . 10000 [ . .
* Physical distances can be described as
R=ua(t) r
0 1 | | |
0 100 200 300 400 500
° Hubble’s law: v~ Hyd Distance [Mpc]

Galaxies are receding away from us with a velocity that is proportional to their distance to us:

— Universe is expanding! v xa(t)d
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Matter & Energy Content of the Universe

Dynamics of the scale factor a(t) depends on matter and energy content of the Universe

* Einstein equation:

G = 87GT,,

* Perfect fluid (homogeneous and isotropic):

Friedmann equations

T,uu = (p +p)UMUI/ _pg,uu

_(p 0
T = (0 —pgij)

expansion

acceleration

U* = (1,0,0,0)

- 2 2
9 = (1,—a*,—a”, —a

%)
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Evolution of the Matter & Energy Content

Evolution in terms of equation of state parameter w = P Inp A
P

dp
i H —
o T3H(p+p) =0

pla) o a(t) 20+

pr ~ const
. \ \ .
Energy content of the early Universe radiation matter cosmological Ina
domination domination constant
- - 1 domination
radiation pr < a pr = 1/3p, W =3
matter Pm X a0 Pm =0 Wi =0
cosmological constant pA ~ const PA= —pA wp = —1
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Matter & Energy Content of today’s Universe

Connecting to observable parameters

gr_1 k PLANCK (2018) !
— ) !
3 a 0.7 ! i 65
ptot - k . E
2 T 22 i
3H a*H 0.6 : - 60
2iPi __ kK e
Perit a’H? 0.5 i — 55 e
Energy density parameter: |
pi(to) 0.4 79 ----- TT,TE,EE+lowE ; 50
$2;(to) = perts (F0) —— +lensing i
0.3 B BAO 45
Consistency relation (today): . . .
—0.10 —0.05 0.00
Z R+ 020 =1 Qk
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The Flatness Problem

Evolution of flatness parameter

E(Qk) = —2%Qk a <0 Fforradiation and matter domination

Today’s Universe flat to a very good accuracy  |£2.(to)| < 0.0007

For radiation and matter domination this would imply |2, (¢p))| < 107%°

— why is the Universe so Flat? Extreme fine-tuning would have been required!

However, if @ > 0 , small values would be approached dynamically

— accelerated expansion via inflation!

JGlu Charting the Landscape of the Early Universe Julia Harz
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Concept of Inflation
Introduce scalar inflaton field with |

v/a?

1. 1.
pe = 5<152 +V(®) ps= 5452 — V()

0.4}

Flatness and horizon problem is solved, when

0.0 L

Oscillations

Slow-roll
inflation

E. Copello

. d 1
H*4+H=-=——(p+3p) >0
a 6
oL
p 3’0

This is fulfilled when the potential energy dominates over the kinetic energy: slow roll inflation

V(D) > &°
w = Pe _ —1
Po

1
4 6

JGlu Charting the Landscape of the Early Universe

Julia Harz

22



Slow roll approximation fFor Inflation

Slow-roll parameters define the end of inflation:

1.0

H 3(&2 €
=——5=——7—<1 =|—|<1 .
€ 72 2 bl ‘EH‘ 08F
o O Oscillations Sl?lw-'m”
B M1:2>1 V! 2 B ) 1" = Intlation
V=5 v <1 nv = Mp, Vv <l " oal
0.2
ool  E que!lol
Length of inflation measured by numbers of efolds: e 0 2 ) ¢
©/Mp
tend
N(®) = Hdt
ti
JGlu Charting the Landscape of the Early Universe Julia Harz 23



Linking to observables and cosmological data

Experimental constraints can be evaluated by

r = 166\/

ng =1 — 6ey + 2ny

As,* = v

and compared with

Tensor-to-scalar ratio

describes ratio between
gravitational and density
fluctuations

Tensor-to-scalar ratio (rg.g02)

24m2ey Mp,

0.16

0.00

0.08 0.12

0.04

L/

ee |11}

0.94

0.96
Primordial tilt (ns)

Spectral index

describes dependence of the amplitude of the
density perturbations on their wave length

0.98

Planck2018+BK15
Planck2018+BK18
Natural inflation
Hilltop quartic model
a attractors

Power-law inflation
R? inflation

Vx ¢2

Vx ¢4/3

Vg

V23

Low scale SB SUSY
N«=50

N+«=60

sonannes GUTENBERG
UNIVERSITAT MANz JG‘U
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Reheating

At end of inflation, inflaton oscillates and transmits energy to

SM particles = reheating

(ps) +3H (ps) = —I's (ps)

I, r— — Mo

I s xxt =
8Tme

v/at

Oscillations

Slow-roll
inflation

E. Copello

o/ MPI

1 o a§(1+3w)

aH

4

S

6

o,
The reheating temperature T is defined as pa(am) = pr(am) \;“f’
Que’ .
a-k: Qend Q;p Ina
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Inflation

* Accelerated expansion of the Universe 5 P photons
® . quarks
* New physics (particle) needed ® 5 -
® ® ®
* New particle will decay into standard model particles O ® o °
@) @)
| o ¢ ° .
* Hot plasma of standard model particles ®
° @ 0 ®
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13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA

380,000 yrs 200 Million yrs

3 min

Age of the Universe
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Big Bang Nucleosynthesis

* Forming of heavy nuclei

* Irreversible as soon as photons are not able
to break up deuterium again

Bp
® Th~
log np

photons
electrons
protons
neutrons

B

obs __

= (6.143 £ 0.190) x 1019
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History of the Universe

13.8 Billion yrs

380,000 yrs 200 Million yrs

3 min
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The cosmic microwave background

Recombination indicates the moment when stable atoms are formed and photons can freely move

The cosmic microwave background consists out of these photons

photons

@
protons
) neutrons

(@)

o 9 .@
JOMEN

@@}@@@
@

O

before recombination

after recombination
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The cosmic microwave background

=

o

strength of 9]

Fluctuation "

<

10° 10° 10"
(

<«
large angles small angles credit: Olivier Doré, Caltech 2017, adapted
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The cosmic microwave background

strength of
Fluctuation

Hu, Dodelson (2002)

Pp—
ok (¢) Baryons 3
80 .
60 B
40 F -
20F
Qph
P 0.02 0.4 0,06
Adoa s aaaal A it aaaasl Ad a asaaal A
10 100 1000
[

<«

large angles small angles

2  Photon
» Pressure

2sh? = 0.02230 + 0.00020

Contribution of baryons to
today’s total energy density

{2 = 0.05

sonannes GUTENBERG |
UNIVERSITAT MAINZ JG|U

Charting the Landscape of the Early Universe

Julia Harz 33



The Baryon Asymmetry - combining BBN and CMB

baryon density parameter Qph?

0.27 . I10|—2
§0.26F ]
..;0.25;— M/
£ 0.24] 3
[} N ]
& 0.23F ]
1073F =
z
a
Baryon asymmetry
confirmed by two independent measurements
from different times of the early Universe

baryon-to-photon ratio n = n/n,
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The Baryon Asymmetry - combining BBN and CMB

4He mass fraction

D/H

TLi/H

baryon density parameter Qph?
102

e e o @
(O N O )
O - T
e RS AmmmEe

o

[}

w
T

[

o h
&

T

10—10

10—10

baryon-to-photon ratio n = n/n,

109

Baryon asymmetry
confirmed by two independent measurements

from different times of the early Universe
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The Puzzle of Dark Matter

strength of
Fluctuation

Hu, Dodelson (2002)

[ (d) Matter

Qcpmh? = 0.120 4+ 0.001

Contribution of dark matter to
today'’s total energy density

2cpm = 0.26

Qnh

0.1 02 03 04 05
MR T | P

lo A ...].(l[) P .‘iaxj el
l
<«
large angles small angles
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The Puzzle of Dark Matter

strength of
Fluctuation

Hu, Dodelson (2002)

[ (d) Matter

Qnh

0.1 02 03 04 05
MR T | =3

Qcpmh? = 0.120 4+ 0.001

Contribution of dark matter to
today'’s total energy density

2cpm = 0.26

lo i ..u].(l[) PR ..‘ibl(xj el
l 2
< ateer:
nhat is dark ™
large angles small angles W
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History of the Universe
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Take-home messages |

— we can describe the evolution of the early Universe with the Friedmann equations

- Flatness and horizon problem point towards inflation

- CMB + BBN determines precisely the baryon asymmetry Open puzzles
- requires new physics
- CMB determines accurately the DM abundance

it L JGlu Charting the Landscape of the Early Universe Julia Harz
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Il From the Cosmos to the Lab:
Dark Matter and Baryogenesis
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Landscape of dark matter candidates

Interaction strength of

dark matter

80
PBHs
60 -
MACROs
40 1
o)
.
= i
& 20
o
o)
- SIMPs
0 -
. —\\/|MPs
SUD-GTI
ey 1J | — o
207 yitra-light .
super-heavy
B I S TR P mass of dark
log(Masspu/eV) matter

C. Arina, CERN Courier, 4 March 2021
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The “WIMP miracle”

WIMP - the Weakly interacting massive particle

dark matter mass

/

m2

2~ —X x107"GeV™ ~ 0.26
g

\

interaction strength of
dark matter
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The hunt for the WIMP

Production of relic abundance (early Universe)
Indirect detection (today)

-
t
SM DM
t Direct detection
SM DM
\J

>

Particle accelerator (LHC)
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Theoretical prediction of the dark matter abundance

d
d—TtL = —3Hn — <O-effv>(n2 o ngq)

temporal change of the expansion of the

number density of DM Universe interaction with other particles

JGlu Charting the Landscape of the Early Universe Julia Harz
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Freeze-out of dark matter

Dark matter is in contact with the hot thermal bath of the standard model from
the beginning (“in equilibrium”)

@
. quarks
@

dark matter

®
O o ©
@
..oo
S @ °®
@ © @
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Freeze-out of dark matter

* Assumption: WIMP as DM candidate is due to its interaction rate in thermal equilibrium with the
standard model bath

....................

= —3Hn — (oegv)(n® — n2))

€q
Normalized number - ] Expansion Faster than
density of Dark Matter -10- // interaction rate of dark
[log. ] I ; matter (“freeze-out”)
10

DM SM

: . . : 25
Universe cools down [log, ] >‘<
. DM SM
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Linking to PLANCK data

X
* Example: Two, new dark particles with mass difference Am
40 w w ‘
fixed coupling g,
Xl
30
=
]
Q. 20
€
<
10, "‘"._:"“._‘ / Relic abundance according to PLANCK
e — Qcpum = 0.264 + 0.002
Petraki, JH (2018)
85 10 15 20 25 30 35
my [TeV]
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Interplay of theory and experiment

* Exclusion of parameter space via (1) experimental data and (2) preventing DM overproduction

Atlas 139 fb™’

80

(- limit on gpy)

70F
L+C searche

601
SI XENON1T

a0[

40

<

Am [GeV]

Direct detection
30f

207,

10

BSF @ LHC

1.5 2.0 2.5
mpy [TeV] Becker, Copello, JH, Mohan, Sengupta (2022)
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Towards new standards for the DM abundance prediction

Improving precision of cross sections crucial for DM abundance calculation

dn
—:—SHn— (Oegrv) (N —n2

Higher order corrections Sommerfeld effect Bound states

- DK Dem =
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Impact on minimal dark matter coupling strength

Identify lower bound on g, in order not to overproduce DM

0 i 0.10 0.50 0.75 0.90 0.99 1.01 1.03 1.05

o™ _ | _

* Non-perturbative effects result in
corrections on minimal g,

 Depending on parameter space:
positive or negative correction

Am [GeV]

0.5 1.0 1.5 2.0 2.5 3.0 3.5

mpy [TeV]
Becker, Copello, JH, Mohan, Sengupta (2022)
sorannes GUTENBERG ]G|U Charting the Landscape of the Early Universe Julia Harz 51
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Impact on the interpretation of experimental results

Without SE and BSF With SE and BSF
0 . T : E 80 .
Atlas 139 fb™" Atlas 139 fb™"
70F 70F
60' 60.
SI XENON1T SI XENON1T
50F 50F
= =
U [$)
S O il
s O S
L £ W/
303 30/
20/0
2 & -
® ®
100 & 10f &
@ 2
Underabundant DM
L5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
mpym [TeV] mpy [TeV]

Previously excluded parameter space is NOT yet excluded!
Becker, Copello, JH, Mohan, Sengupta (2022)
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Impact on the interpretation of experimental results

Without SE and BSF With SE and BSF
0 . T : E 80 .
Atlas 139 fb™" Atlas 139 fb™"
70F 70F
60' 60.
SI XENON1T SI XENON1T
50F 50F
= =
U [$)
S O il
s O S
L £ W/
303 30/
20/0
2 & -
® ®
100 & 10f &
@ 2
Underabundant DM
L5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
mpym [TeV] mpy [TeV]

Previously excluded parameter space is NOT yet excluded!
Becker, Copello, JH, Mohan, Sengupta (2022)
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Landscape of dark matter candidates

Interaction strength of

dark matter

80
PBHs
60
MACROs
40 -
o
=
= 4
5 20
o
o
- SIMPs
0 -
—WIMPS
sub- Gt-'.i
Sond | — D
20 ultra- I|g1’|t .
super-heavy
T e — mass of dark
log(Masspu/eV) matter

C. Arina, CERN Courier, 4 March 2021
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The FIMP

* Assumption: FIMP as DM candidate due to its very small interaction rate not in thermal
equilibrium with the standard model bath

photons

* BUT: DM produced via decay of parent particle o . O Slectrons
‘ quarks
® parent particles
DM ’ ‘ o ‘
p ® o
o
O o ©
ypMm P X fsm SM @
® (o ®© o
O ' ® -
Feeble interaction between parent particle and ° ® o ®

standard model particles!
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The FIMP - freeze-in of dark matter

Normalized
number density of
dark matter

[log,,]

_10__
e
- 14]

- 16

| Bernal et al., arXiv:1706.07442, adapted

\
\

Expansion Faster than

1 — production rate of DM

(“Freeze-in")

\

n/T3

\
\
\
\
\
\
\
\

\

\

\ ]
1 -
1 ]
\
1

-1.0

-0.5 0.0 0.5 1.0 1.5 2.0

Universe cools down [log_ ]
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Characteristic signatures at the LHC

* Feeble interactions lead to long life
time of the parent particle

A~ O(1077) ]

Long life times lead - contrary to the WIMP -
to a late or no decay within the detector!

credit: Heather Russell, McGill University 2017
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Linking the early Universe with physics in the lab

DM
P
10°
LHC searches SM
1031
_ 101 i
£
G
1071
10—3 i
107° .
107 103 10%
mp [GeV]
Becker, Copello, JH, Lang, Xu (2023)
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Constraints from LLP searches at the LHC

Example: Muonphilic Majorana DM model - mpy = 12keV
—— k=2, T;y = 20 GeV
C) === k =4 Fermionic
101- Q&% —-= k =4 Bosonic
— k=2, T,, =102 GeV
DT === k =4 Fermionic
100 —-= k =4 Bosonic
N —— k=24,T,, = 10% GeV
El N
— 1n—1.d \
A 10 \i U
\ .~ A9 R~
10729\ > SN T
\ \\\\\ \.\ -~
\ \\‘~~, .\'\,
107 4P e
o> \
]_0_4 T T ‘\ T T T T T T
100 200 300 400 500 600 700 800 900 1000
mp [GGV]

— Dependence on reheating temperature of the Universe!
Becker, Copello, JH, Lang, Xu (2023)
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Constraints on the reheating temperature from inflation

E-Model ,a =1
107 11/ Planclt BK+ BAO
- )
1014H
10M -
% 8 E I
U 10°+ === f=i3
= I
E‘T 105 @ o ) A - TP k=6
102 i
10—1_
» BBN
10 .
0.95 0.97 0.98
- spectral index sets lower limiton T
Becker, Copello, JH, Lang, Xu (2023)
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Linking the early Universe with physics in the lab

E-model a = 1 (Starobinsky)

IR —
......... — mpu = 12keV
—:= mpy = 1 MeV
104 HSCP T mpy = 1GeV

. 101 o
=)
5

1074

10—3-

10—5_

102
mp K}qu
Becker, Copello, JH, Lang, Xu (2023)
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Linking the early Universe with physics in the lab

E-model o = 1 (Starobinsky)

M| — mpy = 12keV

10°

o 0 e e 'T’TLDMZIMGV
..'--.._".- ..... mpy = 1 GeV

103_

.
i T 7
T d
)
e ¥

O
L
“,

- 101“
£
5
1071_
1073 :
Future exclusion die to \-\
inflation / CMB obsetvables
1075 - '
102 103 10%
mp [GeV]
Becker, Copello, JH, Lang, Xu (2023)
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Take-home messages li

— DM can span a large range of masses and interaction strengths

- WIMP not yet dead

- non-perturbative effects can crucially impact our interpretation of experimental limits

— FIMPs feature interesting links between collider physics and cosmology (holistic approach!)

- ask me about effects from the thermal plasma on dark matter production, in case of interest ;-)
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Why do we exist?
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baryon density parameter Qph?
102
—

=
[\V]
3

e @
b
S

x\

1He mass fraction
e
v
=

TLi/H

10-100
10-1° 1079
baryon-to-photon ratio n = ny/n,

Why is there more matter than antimatter?

Charting the Landscape of the Early Universe Julia Harz
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

D baryon number violation

—,

JGlu Charting the Landscape of the Early Universe Julia Harz
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SL

SL tr,
SM? : : . \1 /
SM sphaleron interactions SO~
dr, —>—c:Spha1eron:»—<— br,
D baryon number violation AL =AB =3

highly active above T_, ’ / ] \ 7

Ve

Bu(JPH —JH) =0

8, (JP" 4 T £ 0

Iy 47 v,
ISM | oyp (=R e
\%4 guw T

I'$m
|4

~ ozfuT4
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? .
Charge conservation:

\Z baryon number violation

I'X - AB)=TI(X — A B)

D C and CP violation
Requirement of charge violation:
dYp

7zF(X—>AB)—F(Y—>Z§)
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? . . e
Charge and parity conservation:

\Z baryon number violation o
I'(X = qrqr) = I'(X = g qr)

X — qrer) =I'(X = q;, 91

D C and CP violation

Requirement of charge and parity violation:

dYp

—=~ (X =2 qrqr)+ (X =7, 7))

—(I'(X — qrqr) + I'(X — qrq1))]
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Why do we need new physics?
Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? Quark sector exhibits CP violation (CPV)

\Z baryon number violation .
|Kg) =
1+ e

\/ |
1
K}y = ——
2
K C and CP violation 1+ el

Jop —20 _
TIZ ~ 10 <+» 010719

= (IKY) + € |KD))

(I1K3) + €|KY))

not enough CP violation within SM!
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM?

\Z baryon number violation = Tr[e~""(CPT) " B(CPT)] = —(B)r

Departure from thermal equilibrium:

M C and CP violation * First order phase transition (FOPT)

* QOut-of-equilibrium decays

D departure from thermal equilibrium X :L > L X
B :

(B)r = Tr[e”"# B] = Tv[(CPT)(CPT) ‘e PH B

JGlu Charting the Landscape of the Early Universe Julia Harz
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Why do we need new physics?

Theoretically, we know the conditions on interactions that have to be Fulfilled (Sakharov conditions).

SM? Vdé

\Z baryon number violation

T

M C and CP violation Strong FOPT during EWSB:

Ve 3g3v?

T, — 3272m2 =

R departure from thermal equilibrium mp < 32GeV

-~ Higgs too heavy for First order phase transition

JGlu Charting the Landscape of the Early Universe Julia Harz



Why do we need new physics?

* Three theoretical conditions have to be Ffulfilled Baryos
(“Sakharov conditions”) GENESIS

baryon number
violation

* The Standard Model cannot accommodate them all

— guarantee for new physics! out-of-equilibrium

- L L ]G|U Charting the Landscape of the Early Universe Julia Harz 73



Basic principle of baryogenesis

baryon baryon
asymmetry asymmetry
washout generation

(baryon number violation (3 Sakharov conditions
only) together)

Two complementary strategies to scientifically progress:

* searching for new physics sourcing baryon asymmetry (identifying promising models)

* Finding new physics depleting asymmetry (exclusion of models)

AL JG\U Charting the Landscape of the Early Universe Julia Harz



Basic principle of leptogenesis

lepton lepton
asymmetry asymmetry Neutrino mass
washout generation mechanism?

(lepton number violation (3 Sakharov conditions
only) together)

lepton
asymmetry

SM processes

baryon
asymmetry

e JG\U Charting the Landscape of the Early Universe Julia Harz



Basic principle of letogenesis

lepton
asymmetry

SM processes

baryon
asymmetry

lepton
asymmetry
generation

(3 Sakharov conditions
together)

Neutrino mass
mechanism?

sorannes GUTENBERG JG\U Charting the Landscape of the Early Universe
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Probing LNV interactions
d u

d ¢ u

rare meson decays neutrinoless double beta decay colliders
fu\ lu\
J L
U ﬂ \/ N
K+ T
5 d .
e
AN =
f i}
nidl} id!p
a 't ‘\u/‘
s L L JGlu Charting the Landscape of the Early Universe Julia Harz 77



Probing Leptogenesis with LHC & OvBB decay =

ur €r er ur

P B
> S 9L FIL s <Q
dr dr

mp =1TeV, mg/mp = 0.5 o mpr = 1TeV, mg/mp = 0.99 L0 mp = 1TeV, mg/mp =15
1

10°

107!
1072 4
= é.:gtﬂo_girézzi; nonviable region : é.:gt;gzx;::i; nonviable region ~ : éfg%ofgéiii; nonviable region I
W Collider LNV W Collider LNV B Collider LNV
B LHC di-jet B LHC di-jet B LHC di-jet
1073 T . . 1073 T . 1073 . T {
1073 1072 1071 10° 1073 1072 107! 10° 1073 1072 107! 10°
9L gL qr
— Important complementarity between collider and OvBB decay reach
— Observation of TeV LNV would falsify standard thermal LG !
JH, Ramsey-Musolf, Shen, Urrutia-Quiroga (2021)
sorannes GUTENBERG ]G\u Charting the Landscape of the Early Universe Julia Harz 78
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Probing LNV with invisible Meson Decays

@ - v @) s e o0
Buras, Buttazzo, Girrbach-Noe, Knegjens (2015)
.—4 S| .

i o)

“Golden channel”

NA62 experiment aims for SM precision!

LNV:AL=2 Vv
What if experiments point towards a deviation from the SM expectation?

As neutrinos are not explicitly measured, a new physics contribution could also be lepton number violating!

acsnHLTENFERE JGlu Charting the Landscape of the Early Universe Julia Harz
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Probing LNV with invisible Meson decays

Allow For a NP scalar or vector contribution additionally to the SM such that the experimental upper bound

B(KT — ntvi) = 1.55 x 1071 is saturated.

100 fr—r 100 F————
T T~
T 10l Z
9 : o,
w [ w
= i S
0= ey
e 1 L<
= E =
Bt By
& % )
=~ ~
=~ 0.10: max. NP scalar o~ 0.10¢ max. NP scalar %
HS I v—'a F \\
s max. NP vector — max. NP vector \
f 1 1
0-01 L i 1 L 1 L 1 L L L 1 L L L 1 L 1 I L L L L 1 1 1 0.01 L 1 1 1 1 L L L 1 | 1 1 1 1 ‘w L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
s [GeV?] s [GeV?]

— NP scalar contribution leads to a striking difference in the distribution when comparing to vector only

Buras, JH, Mojahed (2024)

— ask me about our analysis For invisible B decays, in case of interest ;-) Deppisch. Fridell, JH (2020)
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Take-home messages llI

- Sakharov conditions to be Fulfilled to generate baryon asymmetry

- direct tests possible for low-scale BG, only indirect tests for high-scale BG
- Ovbb decay, LHC, meson decays relevant for high-scale leptogenesis

— even meson decays into invisible Final state can be useful (but not alone)

- ask me about the impact of n-nbar-oscillations, LHC, meson oscillations relevant for
high-scale baryogenesis, in case of interest ;-)

- L L JGlu Charting the Landscape of the Early Universe Julia Harz

81



11l Gravitational Waves as Window to the
Early Universe

seanesCHTENEERG Charting the Landscape of the Early Universe

Julia Harz

82



New era of physics - first direct GW observation

Inspiral Merger Ring-
f' down
1.0 —
l_fﬁ 0-5 ] ° .
o On 14*" of September 2015, First direct
= N’“‘_ observation (GW150914) of a GW by LIGO
05} . Hanford and Livingston observatories.
wn
-1.0 = Numerical relativity M 7]
I Reconstructed (template) | |
- T T T | »
L 06 14 &
2 0.5 U — Black hole separation -3 S
S === Black hole relative velocity 1z =
204 F e
o 11 8
> 03F I 1 I I 10 @
wn

0.30 0.35 0.40 0.45
LIGO/Virgo collaboration Time (s)
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Signal vs stochastic gravitational wave background

Can we directly observe sources from the early Universe?

The signal of a GW source at time t, cannot produce a signal with correlated
length / time scales larger than the causal horizon at that time

¢, <H!

Angular resolution needed for correlated GW signal at t,

o (2mdE(to) \
0 = 360 <2dH(t*)Z*>

GW detector with angular resolution of 10 deg can only resolve events up to z, < 20!
— Stochastic Gravitational Wave Background (SGWB)
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GW opens up new window to the early Universe

Tensor perturbations from early Universe events lead to gravitational wave imprints

ds® = —dt? + a2(t) (5” + hij)dl‘idxj Oihij = hiz = 0
. : \V&;
hij (X, t) + 3thy (X, t) - ?h” (X, t) = 167TGHZJ (X, t)

What can source a SGWB?

Inflation .
Temperature Fluctuations

First Order Phase Transition

Reheating (particle production) Topological Defects (e.g. cosmic strings)
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Example: Inflation

. . V2 -
hij(x,t) +3Hhij(x,t) — —5hij(x,t) =0 2 Oslltions vl
So Far we assumed “classical” scalar Field without quantum fluctuations \ _
_ k=2
d(x,t) = d(t) + dop(x,t) Wi 5 : - :
/M)
Guv (Xa t) = g;u/(t) + Iy (X7 t)
Power spectrum of scalar (density fluctuations) and tensor (GWs) perturbations
. ]{?3
(RiRiw) = (2m)°6(k + k') Pr (k) A? = = Pr(k)
27'('2 AQ Q S mE Planck2018+BK15
, r=— [ = v
3 / 2 ]Cd At 391 £ Hilltop quartic model
(hehi) = (2m)36(k + K') Py (k) A} =255 Pu(k) N\ = v
[T"(k, 70)]? Iz e
IQ k — 7P k é < —— Low scale SB SUSY
owh70) = oz P b) / ald~ . b
33 PN |1 feg)® | 16 B o oy _
02 = —-Qra PL (| = — =2 — S 0.94 0.96 0.98 1.00
GW(f) 128 aTI'g (f*) [2 ( f ) + 9 Primordial tilt (n;)
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Example: Inflation

_6 - 1 1 7 I 1 1 | |
10 i CMB BBN o1
108+ V 02 -
i NANOGrav 05
> 1070 ' GO/Virgo -
é«? i PTA
-12 | i
& 10 _ LISA
14 3"GEN
10 - Planck SKA DO .
-16 | HZ ; =
10 _ LiteBird V14 1016 GeV i) =0
10_18 C. Caprini |
10719 1014 10~° 1074 10
f [HZ]
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Example: Inflation

_6 - 1 7 1 71 1 | |
1070 cvB BBN o
1078+ v 02
i NANOGrav 05
= 10-10+ ’ GO/Nirgo -
©) i PTA
o 10712} :
L i LISA ——— Hij(X,t)%O
1071+ Y Planck SKA _---—~ .
1077 = 1 (1) =0
10—18 I C. Caprini |
1071° 1014 107° 1074 10
f [HZ]
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Plethora of GW experiments

Pulsar Timing Arrays Space based interferometers Earth based interferometers
(e.g. NanoGray, ...) (e.g.LISA,...) (e.g. LIGO/Virgo,...)
nHz mHz kHz

>
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Example: First order phase transition

. . 2
hij (X, t) + 3thy (X, t) - V—Zh” (X, t) = 167TGHZJ (X, t)
a

Bubble wall collisions: I;; ~ [0¢;09;]""

Sound waves and turbulence:  I7;; ~ [y2(p + p)viv;]TT

Primordial magnetic fields (MHD turbulence): 11;; ~ [-E;E; — B;B;]**
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Example: First order phase transition

1,=59.6 GeV, a=0.17, B/H,.=12.5

Characteristic frequency connected to bubble size: 1079  LISA C. Caprini /
10_10 ]}
a.  1.65x 1077 (g(T)\"® T.
= f,—= = H 2 011 |
f =1 .. < 100 Gev 510
(aV]
<
10-12 ]
10-13} |
Implications on detectability: \
s sound waves
10~14 —3 ' > ‘
-5 -4 0.001 0.010 0.100
Tew ~ 100GeV {.H, ~0.01 = f ~mHz LISA 10 1o
1 f[HZ]
|
T. ~ 0.1GeV ¢ H, ~0.1= f ~ 10nHz PTA f* ~ E_
k
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Sphaleron freeze-in BG with GWs Ffrom QCD transition

largellepton
asymmektny,

1°* order QCD
phase transition

restore electroweak
symmetny,

baryogenesis via ..
sphaleron freeze-in Gravitational
Waves

Gao, Harz, Hati, Lu, Oldengott, White (2024)
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Sphaleron freeze-in BG with GWs from QCD transition

Idea: Large Lepton asymmetry restores EW symmetry and can lead to first order QCD transition

* Large lepton asymmetry leads to restoration of EW symmetry at large temperatures

* restoration of EW symmetry renders sphaleron transitions inefficient and slowly translate large
lepton asymmetry into a baryon asymmetry

* Constraints on large lepton asymmetry from CMB and BBN and neutrino oscillations (flavour
equilibrations): due to charge neutrality, asymmetry must “hide” in neutrino sector

* Correct baryon asymmetry only possible with additional entropy dilution
* Large lepton asymmetry can lead to first order QCD phase transition
* First order QCD phase transition can lead to GWs

Gao, Harz, Hati, Lu, Oldengott, White (2024)
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Sphaleron freeze-in BG with GWs from QCD transition

1st order
QCD PT
lOgl() (A) 10710
§ pAres
8 B/H,
. — 10
6 —_ 107
5 — 103
4
3 —_— 10%
2 ! : — 10°
1 0* J10* 10 10* I10°* 102
0.0 R N . f(Hz)
-03 -0.2 -0.1 0.0 0.1 0.2 0.3
ini
YLM
Gao, Harz, Hati, Lu, Oldengott, White (2024)
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Take-home messages IV

- SGWB is a window to early Universe physics
(inflation, reheating, phase transitions, topological defects,...)

- earth based and space based experiments cover different frequencies

- exciting new complementary possibilities ahead

A L ]G|U Charting the Landscape of the Early Universe Julia Harz
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Conclusions

Inflation, dark matter, the baryon asmmetry and neutrinos are Four of the biggest puzzles of
modern (astro)particle physics

* Novel theoretical strategies needed to discover new physics

* Cutting-edge methods needed for accurate theory predictions and correct experimental
interpretation

* Crucial interplay with experiments not to leave any stone unturned

Exciting complementary insights from the early Universe and laboratory experiments!

Charting the Landscape of the Early Universe Julia Harz
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ASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer, and the HFF Team (STScl)



http://www.nasa.gov/
http://www.spacetelescope.org/
http://www.stsci.edu/
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Future prospects

102 10° 10* 102 10° 10* 10° 10° 10*
[ 520 AR I e LB | [ N A TN Ty “H:I'“I .......... TN e
4 unitarity T [ N0 unitarity e unitarity
10° SD DARWIN : =10 10°f SD DARWIN : =100  10% SD DARWIN : =10
g 1025- E102 g 1025- E102 5 1025— E102
s f s 1 £ |
= /—-"‘:’/—"-’—\ SI DARWIN < %—- SI DARWIN / S| DARWIN
10'F R LTI 4100 10'f 410!
E BSF @ HL-LHC r 3 £ BSF @ HL-LHC ] £ BSF @ HL-LHC E
10°k — — 100 100k . - 100 10°t el o0
102 10° 10* 107 10° 10* 10? 10*
mpm [G(’,V] MpM [Ge\f] mpwm [Ge\/'}

HSPC not strict exclusion limit (BSF@LHC is!)

* Highly testable: parameter space can be almost entirely probed
* BSF effects enlarge parameter range that still needs to be tested
Becker, Copello, JH, Mohan, Sengupta (2022)
Julia Harz 99
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Towards new standards for the DM

— First thermal description at NLO of bound state
formation beyond ionisation equilibrium in the WIMP
paradigm

— improves the unphysical log-enhanced Boltzmann
approach for massless mediators

<ov>/(ov)y

I

—
RS ) P

100+

ot
=)

SR

abundance

m,=10TeV , a=0.1

= my=0.1E9

g |

" my=FE
" my=3Ep

— Boltzmann approach

=== Thermal field theory

1 | N TN R T 1
10 100

x=m, /T

Binder, Blobel, JH, Mukaida (2020)
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State-of-the art

 Different treatments can be Found in the literature

* Boltzmann approach with decays in vacuum only

* Boltzmann approach with decays only including thermal masses

* Boltzmann approach with decays and scattering including thermal masses
* Non-equilibrium approach with tree-level propagators

* Non-equilibrium approach with HTL approximated propagators

— How do different treatments in the literature compare?

— What is the correctresult?
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Advancing methods: calculation from First principles

* Calculate freeze-in within non-equilibrium framework (closed time path formalism) with
1Pl-resummed propagators at LO in the loop expansion of 2Pl effective action

: 1 2 P
nom(t) +3Hnpy = 5— [ dlp] 7 I8y (Eoms [P) fom(Epum) — mmeeeeeeeeb e
2w EDM

Becker, Copello, JH, Tamarit (2023)
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Advancing methods: calculation from First principles

* Calculate freeze-in within non-equilibrium framework (closed time path formalism) with
1Pl-resummed propagators at LO in the loop expansion of 2Pl effective action

W v mememssmese==f pemeesee=-

0 I
X I f—— *
A 2 o v . >
T @ > f
, A x 7
7 LY . .
\ 4 . S b
X X o f v + s-channel/u-channel + 3-body decays
7
g ) b DAY
f f Ay f Ay v

E. Copello

e With generic coupling G: F-A-A G = Y?¢? + C2 (R2) 95 + C2 (R3) ¢3
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Advancing methods: thermal corrections

—r—r—r—r— 11— 10g4o(S°)
0.7 Y
L - SA ~
0.6- 2
* Invacuum §(k* — m2)
0.5
_] o
[  With thermal masses 5(k* — m2)
0.4_‘
0.3} o . . .
_ HTL approximation §(k* — XM (k) + 84
Continuum
., * 1Plresummed
: I(k) (k)
: k— XMk — XAk
MiBeter! | k=20 ey e > W Em + e
OIOI o IOI'II o .O|2. o I013. o .OI4‘ o .OIS -2
\;|.-’T
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Impact of thermal corrections on freeze-in DM production

Compared to vacuum decay only

(Qh2)dec,vac/(9h2)full -1

interaction strength of
P with the SM bath

—47% | -25% -10% -3% 0% 1% 1% 1%

-45%  -23% -9% -2% 0% 1% 1% 1%

« Q. strongly underestimated for small mass
splittings

-43%  -21% -8% -1% 1% 2% 2% 1%

-42%  -19% -6% 0% 2% 3% 3% 3%

aw s ez ow s s e Qo (accidentally) correct for larger mass
o e A splittings

-34%  -13% 0% 3% 4% 5% 5% 5%
-31%  -10% 1% 5% 6% % 6% 6%
-27% =T% 4% 8% 9% 8% 9% %
-24% -5% 5% 8% 9% 11% 10% 9%
-19% 0% 129% 129 129 129 11% 12%

-14% 4% 11% 16% 15% 16% 13% 13%

-T% 13% 15% 17% 17% 15% 12% 14%
L L 1 1 1 1 L L

-1 =79 =59 -13 -19 19 1/3 5/9 7/9 1

logyo(mr/mpym — 1)

Normalized relative mass difference between P and DM Becker, Copello, JH, Tamarit (2023)
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Impact of thermal corrections on freeze-in DM production

Compared to decays with thermal masses

(QhQ)dec,th.m4/(Qh2)full e

interaction strength of

P With the SM bath -46%  -21% -8% -2% 1% 1% 2%
-43%  -20% 7% -1% 1% 2% 2%

-41%  -18% -5% 0% 2% 3% 1%

-38%  -16% 4% 1% 3% 4% 4%

-36% -14% -3% 2% 3% 4% 4%

-32% -12% 1% 3% 4% 5% 5%

(@) -29% -8% 0% 4% 5% 6% 6%
-25% 6% 3% 6% T% T% 7%

-21% -2% 6% 9% 9% 10% 8%

-17% 0% % 9% 129% 11% 10%

-119% T 11% 129 13% 12% 13%

—6% 8% 16% 15% 17% 149% 14%

4% 12% 16% 18% 16% 13% 15%

1 1 | 1 1 1 1
-1 =79 =59 -13 -19 19 1/3 5/9 79 1

logyo(mp/mpm — 1)

Normalized relative mass difference between P and DM

Q,,, strongly underestimated for small mass
splittings

Q,,, (accidentally) correct for larger mass
splittings

Thermal masses increase the deviation

Becker, Copello, JH, Tamarit (2023)
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Impact of thermal corrections on freeze-in DM production

Compared to decays and scattering with thermal masses

(Qh2)dec+scat,th.m./(QhZ)full 1

interaction strength of
P with the SM bath

1.5 -9% -9% 0%

« Q, underestimated for small mass splittings

1.4r -9% -8% 1%

1.2F -11%  -9% 3%

« Q. strongly overestimated for large mass
splittings

1.1F -11%  -8% 4%
O 100 -12% 8% 6%

0.91 -11% -6% 8%

* When including Fermi-Dirac | Bose-Einstein
statistics in semi-classical BEQ, deviation
reduced by approx. 50%

0.8F -11%  -5% 10%

0.7r -11%  -3% 12%

0.6 -10% 0% 15%

0.5 -9% 3% 19%

0.4r -7% 8% 23%
1

=i =779 =59 -1,3 -19 19 13 5/9 9 1

logyo(me/mpm — 1)

Normalized relative mass difference between P and DM Becker, Copello, JH, Tamarit (2023)
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Impact of thermal corrections on freeze-in DM production

Compared to HTL approximation

interaction strength of
P with the SM bath

194
18%
184%
17%
16%
16%
16%
15%

15%
1

(Qh2)HTL/(Qh2)full —9

15%

14%

14%

14%

14%

13%

129

12%

12%

11%

10%

9%

8%

11%

11%

10%

10%

9%

8%

8%

8%

T%

6o

T%

6%

9%

9%

8%

8%

T%

6%

6%

T%

6%

6%

5%

9%

6%

5%
1

T%

T%

6%

6%

5%

44,

4o

4%

6%

49

5%

T%

5%
1

6%

6%

5%

5%

4%

3%

3%

3%

4%

3%

4%

5%

6%

5%

5%

4o

49

3%

3%

3%

3%

3%

5%

49

T%

4o
1

5%

4%

49

4%

3%

3%

3%

3%

49%

3%

3%

3%

1%
1

5%

49

2%

4%

1%

0%

0%

0%

0%

0%

29

1%

-1 =79

Normalized relative mass difference between P and DM

-5/9

-13

-1/9

1/9

113

log(mp/mpy — 1)

5/9

9

Q,,, strongly overestimated for small mass
splittings

Q,,, at percent level correct for large mass
splittings

Larger deviations for larger G

First consistent thermal calculation valid
throughout all the relevant freeze-in regime

significant corrections on Q_, dependent on
mass splitting and gauge coupling G

Becker, Copello, JH, Tamarit (2023)
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Impact of thermal corrections on freeze-in DM production

Including Landau-Pomeranchuk-Migdal (LPM) effect

(QhZ)lPl/(QhQ)lleithLPM o=

interaction strength of

P with the SM bath 5% -4% ﬁ'r 3% -3% -3%

U
-5% -4% -3% - [ﬁg’.-B%
4

5% -4% -3% -3% -3% -3%

5% -3% -3% -2% -2% -3%
-4% -3% -2% -2% -2% -2%

4% -3% -2% -2% -2% -2% s 5

b 2% =-1% =-1% =-1% =-1% -1%

1 =79 =59 13 -1 19 13 59 79 1

logg(mp/mpy — 1)
Normalized relative mass difference between P and DM JH, Fernandez Lozano, in preparation (2024)
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Probing baryogenesis

» Goal: Search for washout processes, P AL =2 m
e.g. (CP-conserving) neutron-antineutron oscillations < 9 @
1
’\10105 ; ATUddUdd
e 9: [ I
107 DUNE -
T : §’ Superkamiokande A
5 & kamiokand ]
o A amioKanade 1
s AKX wT A T oA a
> <A %GF ILL-2 SOUDAN-2 HIBEAM
S, IMB
- 107t m E
(%] F .
c Triga
" i BBl freen-n
(%]
<.10°% i |
I »' IE i ‘Boundn -7
= » g (model dependent)

o .
19980 1990 2000 2010 2020 2030
Year
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Probing baryogenesis

Goal: Search for washout processes,

e.g. (CP-conserving) neutron-antineutron oscillations

106}

10°}
remaining energy scale for
successful baryogenesis

PHE

107f '

10° 10° 10° 10° 107
A [GeV]

Associated energy scale of observed nnbar process

If observed, narrows down
significantly range of possible
baryogenesis

Fridell, JH, Hati (2021)
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Probing LNV with invisible Meson decays

==== SM + Scalar LRs
—— SM + Scalar

...... SM + Scalar LRa
—— SM + Tensor
—— SM + Scalar LoR
— SM + Vector LRs
==== SM + Vector L

""" SM + Vector R

—— SM + Tensor

10° x B(B — Kiwb)

—— SM + Vector LRs
==== SM + Vector L
""" SM + Vector R

10° x B(B — K*v)

109 x B(B — Kivu
10° x B(B — Kuvb) % BB = Kipr)

— A NP scalar contribution additionally to the SM leads to a striking difference in

the distribution when comparing to a vector contribution only.
Buras, JH, Mojahed (2024) |
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