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Primordial light element abundances

Cosmic Microwave Background

Particle Data Group
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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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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
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Baryon number is violated in weak interactions (&)

only left-handed particles interact via the weak nuclear force

sph
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Quantum tunneling is hard! Iy
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Equilibrium?

— >
Rate of ve Expansion rate
(weak) interactions of the universe
T2 T2
H n ny
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> Too fast! (e )
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| always
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Temperature (GeV)
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CP Violation
in the Standard Model
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Observed source of CP violation: quark mixing matrix

Vud Vus Vub d
\% (@et) YW, Vea Ves Ve .
Via Vis Vi b

Vekwm

3 mixing angles + 1 phase mm)p CP violation!

A measure of CP violation: |arlskog invariant
C. Jarlskog, PRL 55, 1039 (1985)

J=Im(V, V, VEV¥)~ 107>

ub €S
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CP is violated in weak interactions

K, =27 AND K; = 3n

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 for the baryon asymmetry (2%

more detailed calculations:

nsm cp ~ 1072

Gavela, Hernandez, Orloff, Pene, CERN 93/7081
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CPLear, 1990-96 LHCDb, 1304.4741 LHCb, 1211.1230
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Hamiltonian: H =M — %I‘

Ko /% K
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mass states # interaction states

m=) OSCILLATIONS!
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CP violation exists as a phase difference between M and I
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Gershon and Gligorov, arXiv:1607.06746
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< 3 —2 ~1 0 L new physics!

Asymmetry in the BC(Z) system ag [%o]

Aflgy = (—4.7+0.4) x 107
Aoy =(2.1£0.2) x 107

Lenz and Tetlalmatzi-Xolocotzi, arXiv: 1912.0762 1

SM predictions:
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Is any of this relevant for the baryon asymmetry?

B" mesons are formed below T ~ GeV
no sphalerons and no baryon number violation!
particle

number
violation

MAYBE!

G. Elor, R. Houtz, SI, M. Ulloa,
arXiv:2408.12647

QCD is quite strong!
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A Great Model: (B-)Mesogenesis

K.Aitken, D. McKeen, T. Neder, A. Nelson, arXiv:1708.01259

G. Elor, M. Escudero, A. Nelson, arXiv: 1810.00880

A. Nelson, H. Xiao, arXiv: 1901.0814 |

G.Alonso-Alvarez, G. Elor, A. Nelson, H. Xiao, arXiv: 1907.10612

G. Elor, R. McGehee, arXiv: 201 1.061 15

G.Alonso- Alvarez M. Escudero, G. Elor, arXiv: 2101.02706

F. Elahi, G. Elor, R. McGehee, arXiv: 2109.0975 |

J. Berger, G. Elor, arXiv: 2301.04165

| Baryogenesis
via *
B meson oscillations

Seyda Ipek
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A simplified version of the model

U
) v
BS —% < dB
b s
O
b o :
out-of-eqlb production RO " = - -<dWB
of b quarks s )
hadronization
oscillations
+
CP violation
Decays -

I’ below 100 MeV!

not necessarily B-violating!
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To be a bit more concrete: SUB) | U) | mass (GeV)
® |scalar | 0 11-100
Y |scalar 3 -1/3 | will come to this
Baryon number —1 <+—1 W |fermion 1 0 1

Z = - 2 )’uidj?*ﬂm‘% — Z YpaWa¥ dig + h.c.
i.j k

integrating out % Ywd,Yud,

O, = Caua€ap Wy )(67;/3 u!)

W
- 0 Baryon number
exotic Bds |
B meson decays ’ SM baryon IS conserved
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7 .
<: % The (visible) baryon asymmetry generated:
d,s SM baryon G.Alonso-Alvarez, M. Escudero, G. Elor, arXiv: 2101.02706

observable

~ 107> from the SM
Yo~ 5%107 ) [Br(B? - %ggsfSM) a(T,)
i=ds 0<a <15

numerical details from
solving the Boltzmann
equations involved

not much room for exotic branching fractions!

. ymeas _ : 5 R % 101!
Observed asymmetry: L5 = = X
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Successtul Baryogenesis
/0 —
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Vg A lot of experimental constraints

0 .
By from exotic B decays + LHC
SM baryon

1074
| BaBar, Phys.Rev.D 107 (2023) 9, 092001,
2302.0028

Upper Limit of Br(B°-ypA)
z
A

10°°
Ol = (ypb)(us) —e— Belle Experiment
0. = (yps)(ub) ___ BABAR Experiment
O35 = (you) (sb) {Liis work)

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

my, [GeV/c?]
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0 Vg A lot of experimental constraints
By from exotic B decays + LHC
SM baryon

= 1
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squark searches also apply
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Operator| (M j{,)mm TeV| Decay To [GeV?]
Opua | ~ 1.7\ /Yypr Yua | Ba = Ysn | 3.510.4-10 >
B; —- U A n.a.
Qvus | ~ 1.7 Upb Yus | Ba =B A | 1.4401-1077
Bs = ¢pZ=" | 3.2401-107°
O cd ~0.9/YybYea | Ba — Y B¢ | 0.740.4-10 °
Bs = =2 | 6.6435.5-1077
OQpres | ~ 0.9/ Ypb Yos | Ba = YBE2 | 4.742.0-107°
B. — ¢ Q. 5.0+30-107°
Operator (Miﬁ)mm TeV]| Decay [y [GeV 5]
Ogus | ~3.8/Ypa¥uww | Ba—an | 3.6104°10 °
f?s —3*?;F€j\ 1.Aa.
Osub | ~ 2.3/ UpsYub | Ba = YA | 1.340.4-10 =
B; - v =Y | 2.040.1-107°
Qd,ch ~ 11, /ypayen | Ba — v X" | 82404-10 7
Bs — v =0 | 7.040.4-1077
Ouet | ~ LU/Yiayer | Bi = ¥rZEL | 9.745.0-10 °
Bs - wpQ: | 1.340.6-1077

Seyda Ipek

Constraints:
LEP recast +

designated searches at
Belle Il and BaBar

W counted as
missing energy

Take m,, = 1 GeV
K

maximum allowed from proton decay

M? > 1 TeV
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Successtul Baryogenesis
700

Br(® - B)=1 AM=(-47+£04)x10" — O, — Oy, Large B AU wants
Br(®— By =0, AM=(22+02)x10> _ 0, _—0,.. . ) .
ol o light-ish mediator %
g 500}
& . Today’s experiments
2 T :
O want heavy-ish ‘%
> 2
v ]
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2
:g :E 300
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When ® decays to Bl.o
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What if the % mass
changed over time!
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The Cosmic Timeline

7%/ mass morphs

JAdL;/ :5 fS()() (:}65\/- > 1‘42?( Ei,fI¥3‘V7
B e e — >
(6)) _é'lggd fTnow

How does the mass change from 500 GeV to TeV?

at temperatures ~MeV??2?

Well... Hmmm... Not easily!

Need some mechanism to change the morphon mass

some other field triggering a mass/vev
(delayed) phase transition!  change?

Seyda Ipek 25



Gelmini, Pascoli,Vitagliano, Zhou, arXiv:2009.01903

2
%,
&

L5} < ‘
M, =12TeV
<o |
S 1 ‘
> \
S 1
> |
0.5 ;

0 1 M, =200 GeV

Not enough
BAU

OK forT=0

enough BAU

too light
forT=0

slightly more
favored!
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Gelmini, Pascoli,Vitagliano, Zhou, arXiv:2009.01903
Gravitational wave signals from domain wall annihilations

i
10—10 I ’ |24 ' ’ ’ L Shﬁoﬁﬂ‘aﬂ
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The moral of the story!?

|
|

- SM CP violation can be enou

; <: g We found one way to do this:
B
d,s SM baryon Mesogenesis with a Morphing Mediator
a scalar that changes mass from 100 GeV — TeV
(at a temp ~ |10 MeV)

Different minima separated

domain walls maybe other ways of morphin?

Seyda Ipek 28
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Backup slides
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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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How can physical interactions? tell the
THE MIRROR DD NOT S£€M TO . .
BE OPERATIAG PROPERLY. difference between a particle and an

antiparticle!?

We look at some (a)symmetries
under certain transformations

_ )&_./f
& ' Handedness
, '?gd’ 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

A B

?!

Pillars of Creation,

Eagle Nebule,

Hubble Space Telescope

Some baryon asymmetry
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( initial | B”) state LHCb, 1304.4741

210 5- I ; I:i::::lm
B(1)) = g, (0| B°) + g_(1)| BY) L Ty
o | '§ 200
T B
P - decay time [ps]
z 06 |
g | important . _ Am
| /Am. /\  parameter: I'
0.2} _

oox“——— >~ e e e

Goldilocks principle for oscillations

x> 1 T~ 1 r <1

Too fast Just right Too slow
Seyda Ipek 33



An example:

Ve = M2 Y P4 vy | Y P+ dgof | Y P+ A = 2P + € by
scalar — ?O ygb? 9 dY 4 0 0

field-dependent morphon mass

~ 100 GeV

?
2 2 /
M3,/ (p) = % + Yy P + 5 /1¢y¢ o

M! ~ 1000 GeV
: Y
.,  $o=10TeV,21=1e=-3x10"%
st Not easy but can be done!
M), =12 TeV

Rt - at the expense of
S some tuning

0.5¢

-2 —i.S —11 —GI.S 0 0.5 1 1.5 2
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e < 0.2\ DWs percolate

- 24/2 /'87r3gefr T2 V)
3 ‘ 90 M,y gbo T=T.=20y

2V2 [873gess T? VA

DWs grow to horizon size, py.. < pr, when R(T) ~ 1/2H(T)

€

€ > , DWs anmihilate, p,.. > pp, at 10 MeV
3 V700 Mp d T=10 MeV !
4\" 4 A}

€ > (ﬁ) 7{ ; .;')U DWs annihilate before they trigger inflation,
- M Pt

Seyda Ipek 35



Mechanisms proposed to date

Mechansim CPV Dark Scctor Observables Relevant Experiments
B Mesogenesis B! & B dark baryons A%7 LHCb
oscillations Br(B" — Bsy + X) B Factories, LHCb
AGp B Factories, LHCb
D* Mesogenesis D* decays dark leptons Brp+ B Factories, LHCDb
and dark baryons Br(D* — ¢* + X) | peak searches e.g. PSI, PIENU
Acp B Factories, LHCb
B* Mesogenesis B* decays dark leptons Brg+ B Tactories, LIICb
and dark baryons Br(B* » €'  X) | peak scarches c.g. PSI, PIENU
AZS LIICb, FCC
B} Mesogenesis BF decays dark baryons Brp+ LHCb, FCC
B Br(B* — B\ + X) B Factories, LHCb
Mesogenesis B & By dark baryons and Az sm LHCb
with a Morphing oscillations | jark phase transition Br(B” = Bsm + X) B Factories, LHCb
Mediator Gravitational Waves | Pulsar Timing Arrays, CMB
Mesogenesis either B, BY, dark baryons AT EDMs, Flavor Observables

with Dark CPV

B*. BF decays

and dark CP phase

Br(M — Bsm + X)

B Factories, LHCb

Seyda Ipek

GE, M. Escudero, A. Nelson
(2018)

GE, R. McGehee (2020)

F. Elahi, GE, R. McGehee
(2021)

F. Elahi, GE, R. McGehee
(2021)

GE, R. Houtz, S. Ipek,
M. Ulloa, (2024)

GE, C. Kilic, S. Mathai
(2024 targeted)

from Gilly Elor
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Oscillations in the early Universe

g —i(HY — YHT)

z=MIT
H : Hamiltonian
Y : Density matrix

)

Oj: — diag(l, T

Seyda Ipek

Oscillations Scatterings

F; O+, |0+,Y]]

— s(ov) + (%{Y, 0.YOL} — Y62q>

dz

Annihilations

"Do you get the feeling we're being watched?"
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+3Hng.gr = 2Tg no —2(0v)y (NG44 —

ngq, o+o* )J

Scalar, Radiation, Hubble: Dark Matter:
- )
dna dng+¢-
—— +3Hng = —T'pne dt
dt
d ra
flf < +4H prag = +Fomeone Baryon Asymmetry:
dN¢ o*
H? = i (Prad + mans) S dt
3M,
- )

+3Hny g = 205 Z Br (b — BY) A%, fi.cone

my = 1.3GeV me = 1.8 GeV

Br(B - vBM, = 56 x 107° 1074 Yy
____________ Ay = 107" - Y¢
10—7 | ..
- el
)
~
= 10—
[
T38 SJ 20 MeV ol
gy |
Coherent Bs oscillations 10
start to produce an < . C Qnuhf =012
asymmetry 1013 (ov)ee»x x = 46 (av)wimp \ Yy =87x101
30 10 3 1
T,/ MeV
Seyda Ipek

Tg, < 10 MeV

| Coherent Bdoscillations

start to deplete the
asymmetry

Need a net positive

charge asymmetry

G. Elor
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