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The Standard Models

Particle physics Cosmology
* Quantum Field Theory (QFT) « ACDM: FLRW + SM + BSM
¢ Ggy= SU(3).xSU(2) xU(1)y * General relativity (background)
« Particle content: * QFT (particle processes)
*  (Quarks

e Charged leptons
e Neutrinos

* Higgs boson

* (Gauge bosons
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The Standard Models

Particle physics Cosmology

ACDM: FLRW + SM + BSM
General relativity (background)

Quantum Field Theory (QFT)
Ggy = SU(3)xSU(2) xU(1)y

Particle content:
*  (Quarks
e Charged leptons

QFT (particle processes)

Energy content of Universe (€2, ):

1

* Relativistic matter (y + v)

* Neutrinos e Non-relativistic matter

* Higgs boson (Baryonic matter + DM)
* Gauge bosons « Dark energy (vaewwm; 777)
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What do the numbers mean?

* Framework: fundamental constants (A, c, ...)
 Fundamental constants = conversion factors between different units

* Set (almost) all of them to 1 — natural units
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What do the numbers mean?

* Framework: fundamental constants (A, c, ...)

e Fundamental constants = conversion factors between different units

* Set (almost) all of them to 1 — natural units

> Wi ---)

* Only meaningful in the context of the model

* Model: model parameters (m,, 2

* Possibly non-sense if model is wrong
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What do the numbers mean?

* Framework: fundamental constants (A, c, ...)

e Fundamental constants = conversion factors between different units

* Set (almost) all of them to 1 — natural units

> Wi ---)
* Only meaningful in the context of the model

Model: model parameters (m,, €2

* Possibly non-sense if model is wrong

Spot the difference?

Need more planets close to the' Need more types of matter to )
Sun to explain the orbit of VS explain the evolution of the
g Mercury! ) g Universe! )
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What do the numbers mean?

* Framework: fundamental constants (A, c, ...)

e Fundamental constants = conversion factors between different units

* Set (almost) all of them to 1 — natural units

> Wi ---)
* Only meaningful in the context of the model

Model: model parameters (m,, €2

* Possibly non-sense if model is wrong

Spot the difference? ?

Need more planets cl Need more types of matter to )
Sun to explad e orbit of | vs explain the evolution of the

Mercury! ) Y Universe! i

J

/@\ EOTVOS LORAND
(& \ : S LORA! . oy / TH 1
'l\»g;l E l | E UNIVERSITY ELFT PARTICLE PHYSICS SUMMER SCHOOL, 29™ OF MAY 2024.




What are the numbers?

e Model + Measurement —» Parameter fit » Numbers!
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What are the numbers?

e Model + Measurement —» Parameter fit » Numbers!

/1. Cosmic Microwave Background\
|Planck Collab. 2021.]

e From era of recombination

 Power spectrum of fluctuations
* 6 parameter fit (flat ACDM)
* Many more derived parameters

\ A Q,Q Ny Smy, ... /

T -
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What are the numbers?

e Model + Measurement —» Parameter fit » Numbers!

/1. Cosmic Microwave Background
|Planck Collab. 2021.]

 From era of re
 Power spectru
* 6 parameter fi
 Many more de

A Q,Q N

- - - Planck 2018 6-parameter fit to flat ACDM cosmology

baryon density of the Universe

Qb — pb/p{:rit

£0.02237(15) h=2 = 10.0493(6)

cold dark matter density of the Universe Qc = pe/Perit £0.1200(12) A2 = 10.265(7)
100 x approximation to r«/Dp 100 x Oy £1.04092(31)

reionization optical depth T £0.054(7)

In(power prim. curv. pert.) (ko = 0.05 Mpc™1!) 111(1010/_\%) £3.044(14)

scalar spectral index Ng £0.965(4)

pressureless matter parameter Om = Qe + Q4 T 0.315(7)

dark energy density parameter Qa 70.685(7)

energy density of dark energy PA T 5.83(16) x 10730 gecm—3
cosmological constant A 71.088(30) x 1026 cm—2
fluctuation amplitude at 8 h— ! Mpc scale o8 70.811(6)
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What are the numbers?

e Model + Measurement —» Parameter fit » Numbers!

/1. Cosmic Microwave Background\
|Planck Collab. 2021.]

 From era of recombination
 Power spectrum of fluctuations

* 6 parameter fit (flat ACDM)
* Many more derived parameters

\ A Q,Q Ny Smy, ... /

(/8
L
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/ 2. Big Bang Nucleosynthesis \

|[E. Aver et al. 2020.]

 Abundances of light elements
« SM + FLRW = SBBN
e very successful (Lithium?)
 Experiment + Simulations

\ Y., 1 Nygr /
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Hubble tension

Cosmological measurements (CMB) vs Local Universe Measurements

[HO = 67.66 + 0.42 km s Mpc‘l] [HO = 73.04 + 1.04 km s MpC‘l]
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Hubble tension

Cosmological measurements (CMB) vs Local Universe Measurements

Hy =67.66 1+ 0.42 km s! Mpc! Hy =73.04 + 1.04 km s! Mpc!
/ Cosmic Microwave Background\ / Local Universe (SHOES) \
|Planck Collab. 2021.] lA. G. Riess et al. 2022.]
“Assuming base-ACDM cosmology, the
inferred (model-dependent) late- Universe « Hubble Space Telescope
parameters are: ...” * 40+2 Type Ia SNe (z <0.01)
“These results are highly model * Cepheid variables
dependent and this needs to be borne in e Three-step distance ladder
mind when comparing with other  Determine: redshift + distance

%&surement& L7 / \ /
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Non-constant dark energy (Pde — wde€de)

Cosmic Microwave Background vs Dark Energy Spectroscopic Instrument (DESI)

Wee = —1.028(31) Wge = —0.997 + 0.025
wy = —1 Wee(@) = (=0.827 £ 0.063) — (0.75 + 0.29)(1 — a)
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Non-constant dark energy (Pde — wde€de)

Cosmic Microwave Background vs Dark Energy Spectroscopic Instrument (DESI)

{Wde = —1.028(31)} [ Wge = —0.997 + 0.025 J
w )

wy = —1 1e(@) = (—=0.827 + 0.063) — (0.75 + 0.29)(1 — a

N
a< ay=1 wy, > -1 wy(a) < w
scale factor value today value in past
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Non-constant dark energy (Pde — wde€de)

Cosmic Microwave Background vs Dark Energy Spectroscopic Instrument (DESI)
Wgae = —1.028(31), wy = —1 Wge = —0.997 £+ 0.025 (DESI+CMB-+Panth.)

= (—0.827 £ 0.063) — (0.75 + 0.29)(1 —
/ Cosmic Microwave Background Wae(@) = ( - )= ( x )1 —a)

| Planck Collab. 2021.] / DEST 2024,
* Assumes so-called w CDM model [DEST Collab. 2024.|
o w = EoS of dark energy
o In ACDM, w, = - * Based on BAO observations
o Allow w = —1 * Redshift range: 0.1 <z < 4.2
o Keep w = const. * 6 million extragalactic objects
* (Combination with other

o CMB: no info on changing w
\ [E.V. Linder, 2007.] / \ measurements (CMB, BBN, SNe...y
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Some other experiments to note

* Gravitational waves — peeking behind the curtain
o LIGO (VIRGO): ground-based, high frequency (1-100 Hz)
o LISA: space-based, intermediate frequency (10-1 Hz)
= Phase transition (first order) signatures expected here
= Topological defects (domain walls, cosmic strings)...
o PTA: pulsar timing array, low frequency
» Strong evidence for GW background [NANOGrav, 2023.]

[ Ao[ouwrso)) ]
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Some other experiments to note

* Gravitational waves — peeking behind the curtain
o LIGO (VIRGO): ground-based, high frequency (1-100 Hz)
o LISA: space-based, intermediate frequency (10-1 Hz)
= Phase transition (first order) signatures expected here
= Topological defects (domain walls, cosmic strings)...
o PTA: pulsar timing array, low frequency
» Strong evidence for GW background [NANOGrav, 2023.]

* Supernovae (soon? maybe? hopefully...)

o Formation and cooling mechanism can point to BSM physics + neutrinos

[ Ao[ouwrso)) ]
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Some other experiments to note

Gravitational waves — peeking behind the curtain
o LIGO (VIRGO): ground-based, high frequency (1-100 Hz)
o LISA: space-based, intermediate frequency (10-1 Hz)
= Phase transition (first order) signatures expected here
= Topological defects (domain walls, cosmic strings)...

o PTA: pulsar timing array, low frequency
» Strong evidence for GW background [NANOGrav, 2023.]

* Supernovae (soon? maybe? hopefully...)

o Formation and cooling mechanism can point to BSM physics + neutrinos

[ Ao[ouwrso)) ]

Ultra-high energy cosmic rays — Auger Observatory, IceCube, TA...

o Open questions: source and composition?
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Back to theory...

Focus on two of the most well-established unexplained observations

Dark matter Baryon asymmetry

« CMB fit: Q. = 0.265(7)

* Large scale structure

* (Gravitational lensing

e Galaxy dynamics (rotation,
collisions)

BBN fit: n = 6.14(19)x10 'Y
Can be inferred from CMB as well
Lack of anti-matter structures

AMS-02 experiment
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Back to theory!

Focus on two of the most well-established unexplained observations

Dark matter Baryon asymmetry
« CMB fit: Q. = 0.265(7)  BBN fit: 7 = 6.14(19)x10 1
* Large scale structure * (Can be inferred from CMB as well
* (Gravitational lensing  Lack of anti-matter structures
e Galaxy dynamics (rotation, « AMS-02 experiment
collisions)
e SM has no DM candidate e SM has no B — L violation
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Dark matter — What is it?

 Extending the SM with a massive and weakly interacting particle

{ Feels gravity J [Avoided detectionJ {Maybe not?J
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Dark matter — What is it?

 Extending the SM with a massive and weakly interacting particle

« History — Weakly Interacting Massive Particle (WIMP)
o WIMP “miracle” — EW scale mass with EW cross section size
o Especially favored in SUSY models (neutralino)
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Dark matter — What is it?

 Extending the SM with a massive and weakly interacting particle

« History — Weakly Interacting Massive Particle (WIMP)
o WIMP]| accident [- EW scale mass with EW cross section size
o Especially favored in SUSY models (neutralino)
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Dark matter — What is it?

 Extending the SM with a massive and weakly interacting particle
. H1story Weakly Interacting Massive Partlcle (WIMP)
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Dark matter — What is it?

Extending the SM with a massive and weakly interacting particle
H1story Weakly Interacting Massive Partlcle (WIMP)

Feebly Interacting Particles (FIP) [FIPs 2022]

o Feeble = (Much) weaker than weak interaction

o Opens the floodgates of model crafting!
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Dark matter — What is it?

 Extending the SM with a massive and weakly interacting particle
. H1story Weakly Interacting Massive Partlcle (WIMP)

* Feebly Interacting Particles (FIP) [F1Ps 2022]

o Feeble = (Much) weaker than weak interaction

o Opens the floodgates of model crafting!

* Notable examples:
o Heavy Neutral Leptons (HNL) or right-handed (sterile) neutrinos (RHN)
o Axions and axion-like particles (ALPs)
o Additional scalar fields (e.g. 2HDM) or massive gauge fields (e.g. dark photons)
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Dark matter — Setting the scene

e Universe is filled with a hot rapidly interacting plasma
o SM particles in equilibrium ( kinetic 4+ chemical (x=0) )
o BSM particles produced through portals
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Dark matter — Setting the scene

e Universe is filled with a hot rapidly interacting plasma
o SM particles in equilibrium ( kinetic 4+ chemical (x=0) )
o BSM particles produced through portals

2 N
Connection
between SM and
the “dark sector”
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Dark matter — Setting the scene

e Universe is filled with a hot rapidly interacting plasma

3) ELTE

o SM particles in equilibrium ( kinetic 4+ chemical (u=0) )

o BSM particles produced through portals

-

Vector boson
portal

~N
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Connection
between SM and

-

the “dark sector”

¥
" )

Neutrino portal

N\ )
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Dark matter — Thermal interaction rates

» Particle processes: heavy particle decays and scatterings/annihilations
o Viewed from: cosmic rest frame (GR)
o Particle energies have thermal distributions: FD or BE
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Dark matter — Thermal interaction rates

» Particle processes: heavy particle decays and scatterings/annihilations

(T') [GeV]

108 4

109 -

lo-l(l _

—— Thermal decay rate
=== Ten
T=M
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—== Resonant contribution, <O‘t'l)1\.1¢1>ms

------ Low T contribution, <Jtzlxlﬂl>l‘,“.
—— Numerical evaluation of <Jt-ng,1>
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§ :mMediator/ Mppg

10!

107

a\

) ELTE

< //

EOTVOS LORAND
UNIVERSITY

ELFT PARTICLE PHYSICS SUMMER SCHOOL, 29™ OF MAY 2024.




Dark matter — Production mechanisms

 Dark matter: has to decouple from the plasma early in the Universe

Stop interacting with Before BBN, roughly
SM and BSM at T'=0.1M
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Dark matter — Production mechanisms

 Dark matter: has to decouple from the plasma early in the Universe

Stop interacting with Before BBN, roughly
SM and BSM at T'=0.1M

@ Freeze-out scenario \

* DM in equilibrium at high T

e Thermal contact due to rapid
scatterings

e Scatterings inefficient at T<M

\_ /

7 e -
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Dark matter — Production mechanisms

 Dark matter: has to decouple from the plasma early in the Universe

107 : 10!
Stop interacting with e |
SM and BSM 1058 Low T contribution, (Jtﬂ_\[_ﬁl)m.
—— Numerical evaluation of <O‘t'UM_c,1>
10% (Ur UM;-)l)rus + <Ut’U.\1;ﬂ>lnw
@ Freeze-out scenario \ T 10
2
e DM in equilibrium at high T &
* Thermal contact due to rapid NN
scatterings ool N
e Scatterings inefficient at T<M ,

10736 . £ :
10! 10°
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Dark matter — Production mechanisms

 Dark matter: has to decouple from the plasma early in the Universe

Stop interacting with
SM and BSM

@ Freeze-out scenario \

* DM in equilibrium at high T
 Thermal contact due to rapid
scatterings

Before BBN, roughly
at T'= 0.1M

@ Freeze-in scenario

~

* DM out of equilibrium at high T
* DM production via heavy
particle decays

e Scatterings inefficient at T<M

\_ J

* Decoupling: all particles decayed

\_ )
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Dark matter — Production mechanisms

 Dark matter: has to decouple from the plasma early in the Universe

D G Before BBN, roughly
: at T = 0.1M

@ Freeze-in scenario )

109 4

() [GeV]

* DM out of equilibrium at high T
* DM production via heavy

| oo Ty particle decays

| =M * Decoupling: all particles decayed

.‘] 4 L ' rTErT " L ! L i L
107 10" 10" 10’ 107 10} \ /

—— Thermal decay rate
lo-l(! .

7
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Dark matter — Freeze-out scenario

e

A

Comoving number density

— 1

e~

Decoupling

Fastiinteractions

Time

Interaction rate

Hubble rate

ll Equilibrium
| density

I Slow interactions
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lm  Temperature

ELFT PARTICLE PHYSICS SUMMER SCHOOL, 29™ OF MAY 2024.

>
A
=3
S
-
=
a
>
O 0.265
2.725 K



Dark matter — Freeze-in scenario
A Time 7 s A

___P_@r_k__Hzét_tfz_aqqﬂl_hr_ﬂ_lzn_ﬁﬁﬁ_szt_sz____ =
> i
B Mother 'partlcle =
g density
S |
I Relic density ~~ © . 0.965
5 ot
y S
70}
=
>
3
=
3
o

I 01M  Temperature 9 795K

T . -
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Dark matter example: SWSM + Freeze-out scenario

SWSM = Gg,xU(1), |Z. Trocsanyi, 2020.] 10

 Dark matter candidate: lightest RHN
Dark matter portal: Z’ boson portal

)ELTE

Model parameters:

e gauge coupling: g,
e Z’mass: M,
 RHN mass: M,

EOTVOS LORAND
UNIVERSITY
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SN1987A
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Dark matter example: SWSM + Freeze-out scenario

Supernova constraints (SN1987A) 10!

e Flux measured + simulations for SN

« BSM should not change cooling significantly 107% 5

Big Bang Nucleosynthesis (BBN)

Particle physics experiments

1077 1

9=

e U(1) contribution to g — 2
* NAG64 experiment (dark photon) o1
. FASER, BELLE II, LDMX...

7@
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UNIVERSITY

SN1987A

|||||||||||||||||

40 60 80 100 120 140 160 180 200
Mz [MeV]

ELFT PARTICLE PHYSICS SUMMER SCHOOL, 29™ OF MAY 2024.

M; =10 MeV
M, =20 MeV
M, =30 MeV
M, =40 MeV
M, =50 MeV




Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

Through some Inflation:
B-violating processes Exponential dilution
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successtul generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation
2. C and CP violation

3. Deviation from equilibrium
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation
=  Without it an initially symmetric Universe stays symmetric

=  SM conserves B — L but violates B + L through the sphaleron process
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation — sphaleron process
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation — sphaleron process

2. C and CP violation
= If C or CP were conserved: reaction rates for g and ¢ are equal

= SM has CP violation in the CKM matrix
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation — sphaleron process

2. C and CP violation = CP violation in the CKM matrix
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation — sphaleron process

2. C and CP violation = CP violation in the CKM matrix

3. Deviation from equilibrium
» In equilibrium (most symmetric state) asymmetry is washed out

=  Phase transitions can provide deviation (phase separation, bubbles)
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successful generation of asymmetry
|A.D. Sakharov, 1967]

1. Baryon number violation — sphaleron process
2. C and CP violation —» CP violation in the CKM matrix

3. Deviation from equilibrium — Phase transitions

[Electroweak baryogenesis possible? }
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successtul generation of asymmetry

1. Baryon number violation — sphaleron process This is OK

2. —cand-CR-—elation——CR—etatroninthe-Clchvmatrize— | Not enough
3. —DBeviationtrenreguthibrivmr——TPhase—transitons— Crossover

EOTVOS LORAND ’ TH )
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Matter-antimatter asymmetry — Saving baryogenesis

* Fix conditions 2. and 3. - EW Baryogenesis still viable

2. C and CP violation:

o Can use C and CP violating effective operators

- Leads to EDMs — experimental constraints
" Complicated non-equilibrium phenomena [Y. Li et al. 2024.]

3. Deviation from equilibrium:

o Phase transition can be made first order with scalar extensions
=  With only one new scalar: already at tree level |J. R. Espinosa et al. 2012.]
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Matter-antimatter asymmetry — Sakharov conditions

 Baryon asymmetry generated and not pre-inflation relic

» Sakharov conditions: requirements for successtul generation of asymmetry

1. Baryon number violation — sphaleron process This is OK
2. C and CP violation — Effective operators This is OK
3. Deviation from equilibrium — Extended scalar sector This is OK

[Electroweak baryogenesis possible?} —p Maybe, yes?
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Matter-antimatter asymmetry — Leptogenesis

e Idea: Generate AL instead of AB — Use sphaleron processes to convert

Through lepton Sphalerons violate |
number violating AB + AL but they
. decays of HNLs ) conserve AB - AL |

\_
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Matter-antimatter asymmetry — Leptogenesis

 Idea: Generate AL instead of AB — Use sphaleron processes to convert

AB; 1

ABq

E LTE tXiVersiy

0?’
J.

v‘)f"

Fa
#
-

Xozr”
O
o>

AL,y AL,

Symmetric state
HNL decays CP #0
AL #0, AB=20
Sphaleron conversion

AL#0, AB#0

|J.A. Harvey and M.S. Turner, 1990.]
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Matter-antimatter asymmetry — Sakharov conditions again

 Baryon asymmetry via leptogenesis

e Sakharov conditions:

1. Baryon number violation — sphaleron process This is OK

2. C and CP violation — CP violation in HNL decays This is OK

3. Deviation from equilibrium — HNL production and decay | This is OK

[ SM-+RHNSs leptogenesis }
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Matter-antimatter asymmetry — Leptogenesis types

1. Thermal leptogenesis [M. Fukugita and T. Yanagida, 1986.] [W. Buchmiiller et al, 2004.]

e Standard leptogenesis with very massive HNLs (Mg > 10 GeV)

2. Flavored leptogenesis [A. Pilaftsis and T.E.J. Underwood, 2005.]

 Individual lepton number converted to baryon number

e Necessarily lepton flavor non-universal (constraints)

3. Resonant leptogenesis [A. Pilaftsis, 1997.]

* Self energy diagram in the HNL decay is resonant when M, = M,
(P violation is proportional to imaginary part of decay diagram

« (P violation can be arbitrarily large with HNL mass fine tuning

ECIVOSLOR HD ELFT PARTICLE PHYSICS SUMMER SCHOOL, 29™H OF MAY 2024.

UNIVERSITY




Matter-antimatter asymmetry — CP violation

CP violation proportional to the imaginary part of HNL decay diagrams:

Finite temperature
cutting rules!

Py
M pH/, o K/’ -------- ot
- Py A
PN \_/ PN PL\‘ ) \\ Y
K 14 PN — K S V—
Pr,

[ Resonant if M; = M, ]
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Matter-antimatter asymmetry — CP violation

CP violation proportional to the imaginary part of HNL decay diagrams:

Finite temperature
cutting rules!
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Matter-antimatter asymmetry — CP violation

CP violation proportional to the imaginary part of HNL decay diagrams
€[-] PRELIMINARY
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Matter-antimatter asymmetry — Thermal masses

e Universe filled with hot and rapidly interacting plasma

Particles traversing the plasma get screened due to interactions

* Particles gain an effective “thermal mass”

Thermal mass proportional to coupling and temperature M, o< g7’

Calculated from self energy diagrams in finite 7' field theory, e.g.:
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Matter-antimatter asymmetry — Thermal masses

Thermal mass proportional to coupling and temperature M, < gT

Mass [GeV] mpy(T)

2000 ——— mH(T)
— m(T)

15000 S s 7 == = mua(T)+mrp(T)
----- = mr(L)+mn(T)

woop B S

500

0 I S T T I SR T TR T NN TN T SO SR AN T TR N S N R S SR SR N SR SR SR S T [GeV]
500 1000 1500 2000 2500 3000 3500 4000
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Matter-antimatter asymmetry — Thermal masses

Thermal mass proportional to coupling and temperature M, ~ gT

Mass [GeV] mpy(T)

2000 . = my(T)

New feature: h — m(T)
1500 Chal.agmg mass me(T)+mi(T)

hierarchy
i e T = mg(L)+mn(l)
l000p G .~
0 N ————_s N [ 6TV
500 1000 1500 2000 2500 3000 3500 4000
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Matter-antimatter asymmetry — Boltzmann equations

Calculate the particle abundance in the expanding Universe in the presence
of number changing particle interactions

1. HNLs out of equilibrium (Sakharov III.)
2. AL generated by out of equilibrium decays of HNLs

1. 0(HNL abundance) = (HNL producing reactions)
2. 0,(AL abundance) = ¢ (HNL decay rate) — (AL washout by scatterings)
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Matter-antimatter asymmetry — Boltzmann equations

Calculate the particle abundance in the expanding Universe in the presence
of number changing particle interactions

1. HNLs out of equilibrium (Sakharov III.)
2. AL generated by out of equilibrium decays of HNLs

d
sHz Yat ~ Vp [e (yN ) yﬁg] _|YaL [2’}/8”b + 4N + Vos yf;fl + 2744
dz N /¢ yg N
d hout
Fa YN YN (e + 1 + 2700 + 470.) washou
dz NS
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Sumimary

 (Cosmology necessarily involves BSM physics

* Tensions between astrophysical and cosmological measurements point
towards not well-understood underlying theory?

e Particle physics sees nothing while cosmology needs vast quantities of
unknown matter/energy

 Advancements in experimental techniques allow us to probe the Universe
closer and closer to the very beginning

 Dark matter + Leptogenesis both solvable by particle physics
 Adding RHNs to SM can basically solve everything

 We know an answer, but did we understand the question?
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Thank you for your attention!
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