Why Are We Here!

Matter-Antimatter Asymmetry
Of The Universe

Seyda lpek
Carleton University

@ PRISMA* 8 Carleton

UNIVERSITY

Precision Physics,
Fundamental Interactions Canada’s Capital University

and Structure of Matter



A BRIEF
HISTORY

»TIFIIEN
[AWEKING

'Thhnnﬂckn|?

e
Lo b Lt by ihn s

B

"“'"iihbsux

A - .

CANADA
N Nw by s J:l. 3

! Cturreny. |

|
Verkiow b
| e W aeada : By
-— i I’ -

< » '
= I
| Wtk wos | I Moo oA

)
, toerrg ) >

T TR e

CUSA Y

| wheds |

. ’
- - :
=
' -
! X
1 . g
| —rn r s A
. | TR .~ B
| - —
\ . -
P '
- g
)
|

b | e

T

Koc University, Istanbul

Ottawa
Seyda Ipek



A Brief History Of Our Universe

hot 100 GeV 1 MeV 3,000 K cold —
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What is in our Universe!
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Ord i_nary Matter

Our Universe (a few hundred millions years old)
image from Hubble Space Telescope
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Elementary particles are described by
the Standard Model (SM) of particle physics

SU3), x SUQ2), x U(1)y = SU3). x U1y,
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Symmetry magazine
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Standard Model also has “‘antimatter’”

proton + electron anti-proton + positron

hydrogen anti-hydrogen

opposite

same mass
quantum charges
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Antimatter is very normal!

Fermilab used to make
a lot of antlmatter'

- q_‘ -
.-._ﬂ_‘.;:,’__ » ,.’c“ _\

<*
antlprotons

L ——
}

1010 antlprotons/hour

Batavia, IL USA
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Large Hadron Collider at CERN

-

Collides protons both matter and
with protons antimatter is produced!
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Matter and Antimatter annihilate when they meet!
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But here we are...

Thanks to a matter—antimatter asymmetry!

Seyda Ipek
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Cosmic Microwave Background
~380,000 years (5000 K

Universe Photons
is neutral can escape

Planck 2015
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Big Bang Nucleosynthesis
Universe is ~ a min old (’10 MQ\I)

Protons and neutrons start |
0 o7 Partlclle Data Group

binding to form light nuclei T \—

. ~0.25
O Fun fact: Pretty much all 0.24

pt+n—->D+y of the deuterium in the 0.23

universe comes from this —10-3
e ¢ o e era

D+ D — He +n S:

Primordial light element abundances

2,

. \ 0 )\ \\ NS

77

D/

Z 12

e 2 ®e Helium-4 is the most
SHe + D — “He +p abundant element 1079 :

7Li /H

Small amounts of Li-7 L
® ®
:0 :0 and Be-8 10710

10~10 10~°

baryon—to—photon ratio 7€
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How do we make sure there are more
quarks than antiquarks in the early Universe!

10,000,000,001 10,000,000,000

quarks Antiquarks

1/~ 10—10

Physics need to be a little bit different
between matter and antimatter!

Andrei Ihaliov

JETP Lett. 6 (1967) 4 1
Sakharov conditions 1971-1989

|. Baryon (matter) number cannot be a conserved quantity
2. Charge and Charge-Parity (CP) symmetries must be violated

3. Out-of-equilibrium processes
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Baryon number is a "X |
quantum number/charge O

| Net baryon number:
Ap =ng—ng

Ay cannot be a conserved
quantity! It needs to

At the b_eglnnlng/ change with time
=" 4

10 Ap=0

Inflation

_ =

‘Baryon number vi

Time
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THE MIRROR bip ROT Seer o How can physics laws tell the difference
BE OPERATING PROPERLY. . . .
between a particle and an antiparticle?

We look at some (a)symmetries
under certain transformations

&'E \‘% Handedness
\ W2 L B

\’ /22/ Parity

Left-handed Left-handed Right-handed
proton anti-proton anti-proton

Charge
transformation

Parity
transformation

i
A

ﬂ

| Charge-parity viol
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Welcome to

Boring |

Nothing interesting happens
in thermal equilibrium

=35
Universe
Pop. 8000

Zero baryon asymmetry

'Being out of equilibrium

Seyda Ipek
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Pillars of Creation,

Eagle Nebule,

Hubble Space Telescope

Some baryon asymmetry
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Can the Standard Model of particle
physics explain
the baryon asymmetry of the Universe!

1 7 7

Does the Standard Model satisfy
the Sakharov Conditions!?

7 4 7 1

Seyda Ipek
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Baryon number is violated in weak interactions \é;'/

sph

o L, g2 B only left-handed particles interact
OJy =30, =3 3972 W W via the weak nuclear force
g :
_ 4 B __ 4 v,ayxra Ay ~ ——
Ap = Jd x 07, = 332ﬂ2 [d x WHASW, W3
A
T > 100 GeV “sphaleron” processes
) ‘r'i;
g | ¥

‘
“" Instantons
r=0 Y

0 I 2 2
Quantum tunneling is hard! Iy
w
[ ~ o—4ay -, ,—160 Egpn ~ a_W ~ 10 TeV
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The Standard Model is a “chiral” theory

SU@B3), XISU2); X U(1)y

C
.
er e, Weak nuclear
Interactions are
Weak nuclear p not allowed
Interactions are g
allowed e, €r
C p allowed but
g > tiny bit
er e, ed  different
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Cronin, Fitch, Turlay got the Nobel Prize!
K, =27 AND K; = 3x

A historical review: Cronin, Eur. Phys.|. H 36 (2012) pp.487-508

Entirely because there is a complex phase in the CKM matrix

Great! BUT not enough (%

more detailed calculations:

nsm cp ~ 10720

Gavela, Hernandez, Orloff, Pene, CERN 93/708I1

How about the neutrino sector? Maybe PMNS CP violation?

Look out for DUNE and HyperK!
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Equilibrium?

— >
Rate of ve Expansion rate
(weak) interactions of the universe
T2 T2
H n ny

M Planck 10 19 GeV

> Too fast! (e )
8 &
s
S SM Universe
| always
0.01 — 0.10 — 1 — 10 — 100 eqUiIibriateS!

Temperature (GeV)
Seyda Ipek 21



Standard Model can NOT explain the
matter-antimatter asymmetry of the universe!

Ve need some new physics...

particle
number
violation

out of
equilibrium

...that interacts with the Standard Model!

Seyda Ipek 22



New ldeas in Baryogenesis: A Snowmass White Paper

Editors: Gilly Elor,! Julia Harz,? Seyda Ipek,’ Bibhushan Shakya.*

Authors: Nikita Blinov,” Raymond T. Co,° Yanou Cui,” Arnab Dasgupta,® Hooman
Davoudiasl,” Fatemeh Elahi,! Gilly Elor,! Kare Fridell,? Akshay Ghalsasi,® Keisuke
Harigaya,!? Julia Harz,? Chandan Hati,? Peisi Huang,'' Seyda Ipek,’ Azadeh
Maleknejad,'’ Robert McGehee,!? David E. Morrissey,'® Kai Schmitz,'” Bibhushan
Shakya,’ Michael Shamma,!® Brian Shuve,'? David Tucker-Smith,'® Jorinde van de
Vis, Graham White.'®

MITP
SCIENTIFIC
PROGRAM
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matter = antimatter “ no antimatter

Seyda Ipek

New Proposals for Baryogenesis
June 5 - 16, 2023

@ https://indico.mitp.uni-mainz.de/event/318

Titp

Theoretical Physics
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How to think about particle number violation?

SM Explicit L violation:
Lepton asymmetry turns into a
3 baryon asymmetry via sphalerons
conserved sphalerons LePthenesis!

» neutrino masses +
lepton asymmetry

Right-handed
Majorana neutrinos

B, L can be conserved

Particle number violation
— 3

Neutrino portal, Global U(1) symmetries
Higgs portal, t
neutron portal,... Baryon asymmetry

At this workshop: Rob McGehee, Jerome Vandecasteele, Can Kilic,... C.S. Fong, arXiv:2012.03973
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CP violation can be easy or hard

JILA arXiv:2212.1 1841

Electron electric dipole moment: d.<4.1x10-%¢-cm

What we have in the SM;

4 N
{ -
e 4o —~ N e
R —— /‘r.\\ ( EW )  ———
‘ -~ A\ )
((_\' I "/s /
O ]loops ¢y
gL MK L :; !

Could come down to 10732 !
Fleig, DeMille, arXiv:2 108.02809

4
SUSY CP problem
¢"_><.~“
X"' \\X
> ey >
er, Er Ep eR

PM NS CP Phase? Ma)'be! Hernandez, et al, arxiv:2305.14427

Seyda Ipek
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Out of equilibrium: cosmological phase transitions???

V(h)
vev T>Tc o o .
| SM EWV transition is a crossover
.| =T, my, 2 75 GeV
20 high! - Always in equilibrium
] = /«// :
V(h)
T>T,
First-order Phase Transition ¢f:
: v(T,
T<T,
— - Z
| o) '«i 4 h
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At this workshop: Anish Ghoshal, Oleksii Matsedonskyi, Carlos VWagner, Marcela Carena, Andrew Long,
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How about strong interactions?

S, T.Tait, PRL (2019), 122, 112001
D. Croon, |. Howard, SL, T. Tait, arXiv: 191 1.01432

Seyda Ipek
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QCD is asymptotically free at high energies, but
becomes strongly interacting at low energy

0.1{

S
Ayep ~ GeV

Seyda Ipek

T (GeV)

10 100 1000

Quarks confine into
hadrons when the strong
coupling becomes “large”™

O # .‘

QCD Phase Transition
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Was QCD the same in the early universe!
Who knows what happened before BBN!

hot 100 GeV 1 MeV 3000K  cold —
| | | | |

Temperature
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matter = antimatter “ no antimatter

Time years —»
| | | | I |
10-10g ls 380,000 5 billion 13.8 billion
Seyda Ipek 30




Was QCD the same in the early universe!
Who knows what happened before BBN!

Confinement scale changes with new particles

if they interact via strong interactions!

2 v T5—4TeV 1 g
L = —0:3 0.5 % 5 G,m/G
| gs M*
1 1 v,
PO
: — 8 e 85 M.
1 10 100 1000 10 107
T (GeV) >
~ ASM exp 2471' VS
|AQCD QDN 2N, — 33 M.

Seyda Ipek
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SM QCD

confinement ~ 400 MeV

mass of SM
up/down quarks

5 2K0(m, + m)

pion masses: m_, = >

70

QCD quantities:
Ky ~ (225 MeV)?
fz0 = 94 MeV

Seyda Ipek

New physics QCD | &l

confinement ~ 400 GeV

all quarks are

. Nncw
lighter than QCD
. . Higgs vev
pions are heavier: at ~Agcp
A NN Y
h
3 new
K~ Ky& | OCD
with & = Y
Jo = J206 AJCD

32



scalar —

Seyda Ipek

—u? | H|* + 2, | H|®

+a,5*+ a; S° + a, S*
~b,S|H|*+ b, S*|H|*

New scalar sector

4

Interesting dynamics

¥

New QCD

¥

Baryogenesis!
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Standard Model

Vh=0

Tow+ 150 GeV

v, #0

A(SQ%D 1 GeV

TBBN

Seyda Ipek

New Universe

I¢

confinement temp — TC-

de-confinement temp —> T -

QCD ]

QCD confined

s _
v,=0,v,=0

- not important

v, #0, v, =0
- 150 GeV

VS # O, Vh — O

QCD confined
v, #0,v, #0

_ __ .SM
VS—O,vh—vh

QCD deconfines < SM

L GeV
SM QCD - confined

TBBN

34



SM
AQCD 7

QCD deconfines

L GeV
QCD confined

TBBN

Seyda Ipek

finite temperature corrections
the usual: gauge bosons, quarks,...

no quarks,

but hadrons!

return to the SM

Transition pattern

S
I R
T, %
Td
v, ¥
T
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* Higgs gets a tadpole term from the meson mass-term

3
A
V. (v) = K%Vh ~ —0.0158 GeV? ( QCD) v,
>

® Thermal corrections to the Higgs potential from mesons

T m?
Vmeson(vh’ T) — Z 2_71_2JB (E)

1=25...35

JB(mz) = J dxx*log <1 — e‘”2+mz>

0

® The gluon condensate contributes to the singlet potential

4
AM. AQCD

Seyda Ipek 36



High temperature

T> Tpw> T,

Finite temperature potential

-‘/(‘}hp

41@Sz+w@53+wMS4

. . . 1. 500

. 250 F
,T) = Vo, Vo) + VoaueeWi 1)
O\"h gauge\"h Oi;;%kﬂﬂ4
top(vh, T) —250F
—500F
) 4

Vo=—pu"|H|"+ 4,|H] _750|

bl — 07 GGV, b2 — 10_3
a, = 108 GeV?, a; = 0.15 GeV, a; = 5% 107>

= 200 GeV

Vg (GeV)

—1000F

\\i )

100 150 200 250 300 350

vacuum is at v, # 0, v, =

Up, (GeV)

Seyda Ipek

@ global minimum
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Below EWV scale
Tow > T > T.

Global minimum is SM-like

There is an impenetrable
barrier between the two vacua!

Euclidean bounce action

4
S A
8 Vs ~ 108
T AV(v,)

bl — 0.7 GGV, b2 — 10_3
a, = 108 GeV?, a; = 0.15 GeV, a, = 5x 107>

Universe is stuck at v, v, = 0

Seyda Ipek

T =100 GeV
500 \\
\
OF
~250t |
E ~500F
%i%ﬁ'qﬁi'fkf “eui:ﬁ..,
—1000 "'f‘:"':.’« S W s
~1250F
\ (86 GeV)*
=804},
0 50 100 150 200 250 300 350
Up, (GeV)
We require: m;, = 125 GeV
v) = 246 GeV
38



Below QCD confinement

b, =0.7 GeV, b, = 1073
> 1 s> Y2
Tc ~ > Td a, = 108 GeV?, a; = 0.15 GeV, a; = 5x 107>

T = AQCD = 85 GeV

V(Vh, VS’ T) — Vo(vh, VS) + Vgauge(vh9 T)
+ Viad(V) + Vige(vy)
T)

QCD confimenent tips this

vacuum towards finite v,
(but not towards the SM value)

meson(vh’

But there is still a barrier
between the two vacua!

0 50 100 150 200 250 300 350
Up, (GeV)

Universe is stuck at v, v, <v,
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Back to the SM

bl — 0.7 GGV, b2 — 10_3
Tc > Td > T a, = 108 GeV?, a; = 0.15 GeV, a; = 5x 107>

T = 2 MeV

e S
Universe has the 250-/
right Higgs vev and Agcp 0F @ A

The barrier disappears

The universe can roll over
instead of tunneling

100 150 200 250 300 350
v, (GeV)

SM-like vacuum before BBN!

Seyda Ipek 40




CP violation

T=T QCD has CP violation!

n
A
m,%f,% é’( (;?D> I"'>T. has small mass at high T

T-dependence given by number

2 2
mg(T)f; = of light flavors, etc

2 2
mﬂfﬂ T < TC
mCl —
0
w How about B violation?
| | | T
711 71: qu%g
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Baryon number violation

, ad, j* —Tr[WW]
I'=1 GG}I’Z@;%W -
C /—: ~ ZSCIWT4

i leTe) -
eff — f2 2m2 87 8z
anomalous

. . baryon current
generates a chemical potential

10

Ay | A .- 22
—{(GG) = m*(T)f?sin b Y= my(T)f; sin O(T)
- (GG) = m(TL; Fom? 3 |
m, 1ﬂsph
0
| : 7 Spontaneous baryogenesis
1y 1, Tow A. Cohen, D. Kaplan, Nucl. Phys. B308 (1988) 913-928

Seyda Ipek 42



T=T,~100 GeV |g -

m, 1_Wsph
0
L B . T
Td Tc TS%\V/I

Seyda Ipek

(qq) ~ T?

CP conserved

<h> =V Z Tc

B conserved




l
A

Number of baryons: nz = | dt = U
l;
- m2f2
Baryon-to-entropy _ng 5625 5 sinéA [mf(T)fg] Ko
ratio T s 2r 2+(Top) " f %m% Lien
L~ 45 ;

— 1Y%
4.4 %10 sin 0 —g
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fix (6 benchmark scenarios)

vary

b, S|H|*+ b, S*| H|*

Vo=t |HI? + 4, |H|* + a, 8% + a3 S + a, S*|—
a, = 108 GeV?, a; = 0.15 GeV, a; = 5% 107>, M. = 3 TeV
15 Washout after pe
| confinement* T/ 9
L i =
, % ,% % g
Oig\ 1 “'C,’D %}\\\\CPO U >
= 5 Cﬁ.%p o6
» /I LS e, —
- '“ﬁég EA 1§§n Ve
S = on, S T
.: %\\\/ Cé)p: .: /
0.5 27 -}
%y, e
Sphalerons g ';‘1.,@ Cannot go to
never turn on (g - 3% |the SM vacuum|"
0. . L ! . . ! S ! e, S
0.0 0.2 0.4 0.6 0.8 1.0
b (GeV) * too conservative
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Constraints - Higgs mixing

 OPAL [ .
| LED | Mixing angle is too small
~__0.001{ Higgs factory | for current searches
= | ¢ g
T | E{ £ factory =5 | Singlet lighter than ~10GeV
2 107} i R | is hard to constrain since it
& . AN decays primarily to gluons
635 | 10 TeV 5 TeV 3 TeV M, = 1.5 TeV
- -111 A . ‘ : | .
7 10 = h - | 6 benchmark scenarios,
« : : d; gets smaller | ¢hore will be more!
10—15 ...................................... |
5 10 15 20 29 30 39 40
ms (GeV) f~10"° Hz
. . Interesting GW
Multi-step 15t order phase transitions » . 5 \
sighatures!
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We want to understand the universe!

hc|>t 100 IGeV 1 MeV 3000 K c<|>Id —
| |

Temperature
” AL ®NSEBC
e > ¢ PE @ | CRSNG
AR/ ‘D
q e g ‘ B c (%—
c E| e O
O, 9 v ¢ @ @ 3
{(-é © g).o = PaVaV L) Arthur B. McDonald
% N, ‘ = c g Institute
Q
NEEIRE
9 € 50 S o
W &
| (p
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Time years —»
I | | | | | |
10-10s ls 380,000 500 million 5 billion 13.8 billion
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