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Evrendeki antimadde
hereye gitti?
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Evrenimizin kisa tarihi
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Evren nasil bagladi?

Enflasyon

Evrendeki ilk temel pargaciklar nasil olugtu?

Zaman
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Evrenimizin kisa tarihi
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Evrenimizin kisa tarihi
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Evrenimizin kisa tarihi
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Evrenimizin kisa tarihi
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Evrenin icinde ne var?

Evrenimiz (birkag¢ yuz milyon yaSinda)
image from Hubble Space Telescope BiZ!

I

Normal/Baryonik madde

77
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Normal madde nedir?

Parcacik fiziginin Standart Modeli (SM) tarafindan
anlatilan temel parcaciklar

o rule them all...

proton ve
notronlari Elektromanyetik
oluSturur kuvvet

e U : Guglu nikleer
MV “v [ kuvvet
e T
- Leptons
Yercekimi??? Symmetry magazine Zayf nukleer

kuvvet
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“Antimadde’” nedir?

proton + elektron anti-proton + positron

hidrojen anti-hidrojen

ZIt

kutle kuantum yukler
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Antimadde normal bir Sey

Fermilab’da yuksek miktarda antiproton uretilmekteydi

‘- - .
R e
-

Eski ofisim! g

antlprotonlar

- ——
,’

1010 antlproton/saat

N
2 <

Buyuk Hadron Carpistiricisi (LHC @CERN)
hala ¢ok miktarda antimadde uretiyor!

B S
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Evrenimizde hi¢ antimadde yok

proton @—__ madde ve antimadde
@ fotonlar biraraya geldiginde
antiproton birbirlerini yok ederler

CEVREMIZDE ANTIMADDE
OLSAYDI BURADA
OLMAZDIK!!!

The Scream - Edvard Munch
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Ama buradayiz...

Madde—Antimadde Asimetrisi sayesinde!

Seyda Ipek
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Evrenin Madde Asimetrisi

Kozmik Mikrodalga Arkaplani

Baryon-foton orani

nB_

n = Z ~6x 10710

n,

Seyda Ipek

llk olusan hafif elementler
(Big Bang Nucleosynthesis)

Particle Data Group

| N '

baryon—to—photon ratio 7,



Antimadde nasil kaybolur?

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

kuarklar antikuarklar

Kurallar: Sakharov KoSullar

|. Baryon (madde) sayisi korunan bir nicelik olamaz

2.Yuk ve Yuk-Parite (CP) simetrileri kirllmak zorundadir

3. Termodinamik dengeden uzaklagmak gerekir
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Baryon sayisi ihlali

Bundan sonra daha ¢ok proton ve notronlardan bahsedecegiz

Baryon sayisi, spin gibi, kuantum bir ozellik

proton antiproton
kuarklar: B = 1/3
S $
antikuarklar: B = — 1/3 /.
B=1 B=-1

* Evrenin baslangici:  # kuarklar = # antikuarklar
k <:::: Zﬁllg — ’1}3 - 722; — ()

Korunan bir sayi olamaz, yoksa hep sifir kalird!
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CP simetrisi ihlali

Sol-elli Sol-elli Sag-elli
proton antiproton antiproton
Yuk melp  Parite <
transformasyonu transformasyonu

THE MIRROR DiD NOT S£€M T .
B¢ OPERATING PROPERLY. Parcaciklar ve antipargaciklar

arasinda bir farklilik olmali

@
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T EE— A_—_.

Welcome to

Boring |

!...,ﬂn

Universe
Pop. 8000

Sifir baryon asimetrisi

Termal dengeden dusus$

Termal dengede ilging
hicbir Sey olmaz

A B

Azicik baryon asimetrisi

Seyda Ipek

Pillars of Creation,

Eagle Nebule,

Hubble Space Telescope
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SM ve baryon sayisi ihlali

|. Baryon sayisi ihlali zayif kuvvetli etkileSimlerde mevcut

E 7' 100 GeV “sphal " cipiimlar sadece sol-elli
R > eV “sphaleron” coziimleri 1. il
® \ etkilesir
5 74
[' ~25ayT
(') . , » Baryon sayisi
I ~ 6_160

Su anda baryon sayisi degiSmiyor
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SM ve CP asimetrisi

2. CP simetrisi zayif kuvvet etkileSimlerinde ihlal ediliyor

P-ihlali Chien-Shiung VWu tarafindan
¢0Co beta 1ISimasinda kegfedildi (1956)

VCo -Ni+e 4+ 0 +2y

~

elektronun tercihi bir yonu var!

Harika! AMA bu ihlal gozlemledigimiz baryon asimetrisini
iretmek icin teknik sebeplerden dolayi yeterli deqil.

Seyda Ipek 20



SM ve termal denge

3.SM'de gereki zamanda termal dengeden dusen etkileSim yok

‘\@/\N evrengig.liyor .\ ‘\
__ ’\I\Q

vy —
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SM ve termal denge

3.SM'de gereki zamanda termal dengeden dusen etkileSim yok

Zayif nukleer ve Evrenin
etkileSimlerin hizi geniSleme hizi
2 3 2
1—‘weakNGFXT - H ~ I
MPlanck
Cok hizl!
Evren her
% zaman termal
0.01 ‘ 0.10 1 - 10 - 100 (j€3r1g§€3(j€3!

Sicaklik (GeV)
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‘.':1 o - - ‘.
_]: Standart Model evrendeki }

madde—antimadde ‘
| asimetrisini agiklayamiyor! |

e ———— g —

|

1
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Standart Model otesi yeni fizik!

Sakharov koSullari

parcacik
sayisi ihlali

+ Standart Model ile etkileSmesi gerek!
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Standart Model otesi yeni fizik!

Electroweak Baryogenesis

parcacik
sayisi ihlali

EW etkileSimler Yeni Higgs bosonlari
1. derece EW faz gegi§i/

Review article: D. Morrissey, M. Ramsey-Musolf, New |.Phys. 14 (2012) 125003
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Standart Model otesi yeni fizik!

Leptogenesis

parcacik
sayisi ihlali

Majorana notrinolari Neutrino osilasyonu
v

Uzun-yasamli agir notrinolar

Review article: S. Davidson, et al, Phys.Rept. 466 (2008) 105-177
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Standart Model otesi yeni fizik!

Asimetrik karanlik madde

DM
sayIs|
ihlali

araci parcgaciklar

Standard
Model

termal
dengesizlik

Karanlik sektor

Review article: K. Zurek, Phys.Rept. 537 (2014) 91-121
Seyda Ipek 27



CP simetrisi ihlali:
Parcacik-antiparcacik osilasyonlari

S|, J. March-Russell, PRD 93 (2016), no.12
C.M.Ayber, T. Chowdhury, SI, PRD 113 (2026) | |
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CP simetrisi ihlali:
Parcacik-antiparcacik osilasyonlari

CPLear, 1990-96 | LHCDb, 1304.4741 LHCb, 1211.1230

[ ’,., I“-. Z i oTaggcdmlxcd 275,"'1"'l"'l"'l"'_-;
+0.2 P, it _ ~ - Data
2} P, f = | o Tagged unmixed 6.5F __ Mixing fit
| v \ l — 400 —— Fit mixed 6F — No-mixing fit
» | -
) -..../' T” + T 3 : —— Fit unmixed *‘- [/
| \ o't - :
o 4 \T. _83 200 45E
AL - aF .
» +1 i 15; LHCb 3
-0.4‘ ob— IE . . fnnsp § 3
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2 4 6 8 'S‘wlw:w'fnc ['f]m decay time [ps] tit
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=

Parcacik-antipargacik

---------
- e

2 ' § osilasyonlarinin CP ihlilalinde |

-
~~~~~~
-------
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Parcacik-antiparcacik osilasyonlari

W, " fermion ve kutleleri $u matris ile verilsin: M =1 .,

Bazi supersimetrik
modellerde dogal olarak
bulunuyorlar

Sistemin Hamiltonian’i:

elgenstates
H=M- T —} YuL) = plg) + qlv°)

Seyda Ipek 30



Parcacik-antiparcacik osilasyonlari

Parcacik ozhalinin zamanla de@isimi  Osilasyon frekansi:

O &
- Am=My =My = 2m
> 06/ LT . onemli ~ Am
2 | | r =
g | parametre: I
& 04f -
| 1/A Z
0ol 4\ / ik I\/\ ]
| \\/ e € CP ihlali olcusu
00 05 10 15 20 25 30 \_,yen y(jksek degeri x ~ ]
time

Osilasyonlarin ug halsi

r ~ 1 r <1

x> 1
Tam kivaminda Cok yavas

Cok hizli

31

Seyda Ipek



Erken evrende osilasyonlar

dY

cH—— = —

dz
z=MIT
H : Hamiltonian
Y :Yogunluk matrisi
O4 = diag(1,+£1)

Seyda Ipek

Osilasyon Sagilma

i(HY — YH')

| _
— 5(0V)+ (§{Y, O+YO41} — le>

yokolma

"Do you get the feeling we're being watched?"
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Erken evrende osilasyonlar

o0 |

‘. |
1
! 1072 |
I
Rates 7
U,
(V) [g-4t
1070
Big Bang!? S W S
1 10 ", A :‘ " 100
z=M/T .
osilasyonlar
> °
Zaman erteleniyor
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Baryon asimetrisi

n n. .
. dAp(z) €T sl
baryon asimetrisi: ~ — ¥(2) s
dz +H 1y, = 1y
- A=
10-3[ »(2) toplam y sayisi ¥
- M = 300 GeV
m=2x10"%eV
.§ 106t T=10"%eV _e-zilmwd |
_CEU 7 ¢F _ 7'('/6 :',' |
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: e |\
10-9| A(z) ' o
Nobs baryon asimetrisi
' I
- 1 , =T N
12 i AB(Z) | \ 7 \o—\ﬂ)ﬁ - '
R - 10 \ 100 °£Z>‘§/.—t7,,’o
z=MT -
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Evrenimizi anlamak

S|c|ak 100 IGeV 1 MeV 3,000 K so{ljuk —
| !

Sicaklik
kg=1
= o AL
e c| P 3 O
Nv N =
q c § ’ O e 5
cC o | v &
ol_az|l .. 2@ =
{(_é Z € ¥ Q AN ;
| N~ 2 3 —
Sl X ~| e S
@] e O =’
8 S U O
9 ol v « € LL
W & =
P T VaVaV,
Zaman yll —»
| I | I I I I
10-10g 1 dk 380,000 500 milyon 5 milyar 13.8 milyar

Seyda Ipek 35



Seyda Ipek

Backup slides
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Particle—Antiparticle Oscillations

S1, J. March-Russell, PRD 93 (2016), no.12

Consider the Lagrangian for a pseudo-Dirac fermion:
m — —
Ch/'/l//+ EY Wy +\gyudd + g, wudd+h . c.
This arises in certain supersymmetric models
1 eigenstates :
H=M-_T —} Yu,L) = plY) £ q[Y°)

M = ( ]‘W{ A’”} ) mass states # interaction states
P T ( 1 27“6““) OSCi”atiOnS!

27 e tor 1
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Strong CP Problem

-19
10 - ORNL, Harvard
MIT, BNL

LNP! dn < 10_30 c - Cmn

Sussex, RAL, ILL
10% PRD 92,092003 (2015)

\

0 < 10710

4peon

4 Supersymmetry Predictions

Neutron EDM Upper Limit [ecm]
B

10™' {Standardmodel Predictions

2

107 ; . . . ; :
1950 1980 1970 1980 1990 2000 2010 Wh)l SO sma”777

Year of Publication

strong CP problem
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Baryon/Lepton number violation:
Is it really necessary?

Why is there a hierarchy of masses in the SM? » flavon!

T (GeV)
4000 1000 100 10
z
=
= g
% 1010}
. . o
energy density in S
I 1 o = 6|
flavon oscillations: pg  a 3 ;5 10
100l s = 10715 Gev flavon decays

ener'gy density in .............................
radiation: p_,y < a™*

Seyda Ipek 39



Baryon/Lepton number violation:
Is it really necessary?

Hubble rate is larger than expected

Flavon cosmology: .. L
sy from radiation domination

10~ .
= 10-% | SM cosmology
S 10-10
g
s 107F

I's =107 GeV/|

7 ~ 0.6 sec

10 100 1000 104 10° 109
T (GeV)
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CP violation via the axion

T =TeV There can be large CP violation

outside the QCD bubbles

Ay

Quarks and antiquarks are
colliding with the bubble

(Some get in some don’t

Interactions are CP violating!

CP violation
is small
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New QCD wins the game!

T = TeV Left-handed .and right-
handed particles have
different interactions at

the bubble wall W
< Baryon asymmetry
is produced right
outside the bubble

(9q) ~ Aocp
(h) ~ Agep

B humber conserved

(qq) =0
(h) =0

&
@

Asymmetry is conserved /
inside the bubble

Seyda Ipek 42

CP conserved

Bubble grows and sweeps
this asymmetry in



Recovering the SM

AQCD ~ TeV proton mass ~ TeV!

Big Bang Nucleosynthesis Need to recover SM
>
worked before T ~ MeV
QCD scale Can be achieved by
BBN extending the scalar sector
TeV

hadrons quark-gluon plasma

GeV

Temperature
MeV TeV
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