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Baryogenesis

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.
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What mechanism generated the initial
asymmetry? Observed to be (BBN, CMB):
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Baryogenesis from the SM?

How to generate a matter/antimatter asymmetry

[ngs =" T8 8% 107" (CMB, BBN)]

S
P16 BANG scae
A MmeTRy Ly The Sakharov conditions (1967):
\:ir.:é

e Interactions that violate Baryon number.
Yes. Electroweak Sphalerons.

be a big
\difference i

 (Conjugate rates must be different. CPV
CKM phases are not large enough.

e QOut of thermal equilibrium. Need to add
new physics to the Higgs sector to make
EWPT first order.
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A Need for BSM Physics

How to generate a matter/antimatter asymmetry

B violation CP violation

Sphalerons
Explicit B violation
Explicit L violation
Other particle number violation

New CP violation in scalars
New CP violation in quarks
New CP violation in leptons
CP violation in a dark sector

Sakharov
Conditions

Cosmological phase transitions
Out-of-equilibrium decays

Out of equilibrium
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Traditional Baryogenesis Mechanisms

are traditionally hard to test

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.
Thermal Equilibrium . ”b/”y .
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e GUT baryogenesis
e Electroweak baryogenesis
e [Leptogenesis
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New Ideas Baryogenesis

Axiogenesis (2019)
” QCD Baryogenesis (2019)
2020 » Mesogenesis (2018)
» Particle/antiparticle oscillation (2015)
2010 » WIMPy Baryogenesis (2011)
» Hylogenesis (2010)
Darkogenesis (2010) And many more
2000
» Spontaneous Baryogenesis (1987)
1990 » Leptogenesis (1986)
» Electroweak Baryogenesis (1985)
198 0 » Affleck-Dine (1984)

> GUT Baryogenesis (1979)

» Early proposals

1970 —— Sakhorav Conditions (1967)
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The TFo8 White Paper

Overview of new 1deas with emphasis on testability

New ldeas in Baryogenesis

Editors: Gilly Elor,” Julia Harz,” Seyda Ipek,” Bibhushan Shakya®

“PRISMA' Cluster of I'xeellence & Mainz Institute for Theoretical Physica
Johannes Guienberg University, 55099 Mainz, Germany

b Physile Depaetment T70, Technisehe Universital Manehern, Jomes-Foanel-Steafe 1, D-85748 Garch-
wn, fermany

*Department of Physics. Curleton Universety, Ottawa, ON K1S 5806, Cunada

! o , - .
“Nenisehes Blekivanen-Synehrvatron DESY. Nothestrosse 85, 226007 Hamburg, Germangy

ABSTRACT: The Standard Model of Particle Physics cannot explain the observed barvon
asyrimetry of the Universe. This observation is o clear sign of new physies beyond the
Standard Modcl. There have been many recent theorctical developments to address this
ruestion. Critically, many new physics models that generate the haryon asvmmetry have a
wide range of repercussions for many arcas of theoretical and experimental particle phsices.

This white-paper focnuses on such recent theoretical developments with an emphasis on
experimental testability.
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2020

2010

2000

1990

1980

1970

Example

Of a new testable mechanism

Axiogenesis (2019)
QCD Baryogenesis (2019)

Mesogenesis (2018)
Particle/antiparticle oscillation (2015)

WIMPy Baryogenesis (2011)
Hylogenesis (2010)
Darkogenesis (2010)

Spontaneous Baryogenesis (1987)
Leptogenesis (1986)

Electroweak Baryogenesis (1985)
Affleck-Dine (1984)
GUT Baryogenesis (1979)
Early proposals
Sakhorav Conditions (1967)
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Neutral B Mesogenesis

(Baryogenesis and Dark Matter from B Mesons: B-Mesogenesis]

r

.

Out of equilibrium
late time decay

b

Tp ~ 15 MeV

CP violating oscillations

g
6@@

LAY

B-mesons decay into
Dark Matter and hadrons

-~
\ @ Baryon

Dark Matter
(anti-Baryon)

For succesful B Mesogenesis: (Agff x Br (B = ¢ BM) > 10_6J
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Discovering B Mesogenesis?

Could be fully tested in a few years

o Arrows indicate
95% CL projections for 2025 /
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Signal: B Decays to Dark Baryons

(N

TeV colored mediator: [51 3= Yud, Y UirdSp — ¥ Ypa, Y df gt h.Cj
' k
e.g SUSY squark

Belle collaboration [arX1v:2110.14086]

Excluded by ALEPH

------ Expected B Expected £ 1o
—&— (Observed Expected £ 20

90% CL upper limit on B(B" — Apg)

Need: Ay x Br(B° = ¢ BM) > 107°

1.0 1.5 2!0 2.5 %IO 3!5 4.0
Mg (Ge\//c ) G. Elor




Targeted Searches at Colliders

UV Model: L_1/3=— Yua,V*UrdSr — > yya,Ydirih+ hoc.

i
Operator/Decay || Initial State Final state
Ba Y 4+ n (udd)
O=1¢bud Bs Y + A (uds)
b—Yud BT Y + p (duuw)
Ay ’QZ + 7°
( By Y+ A (usd) j
O=1vbus B Y + Z° (uss)
b—us BT P+ BT (uus)
Ay 1; + KO
Ba Y+ Ae + 7 (cdd)
O=vybed Bs Y + E¢ (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ ﬁo
By Y + E2 (csd)
O=4vybcs B Y 4 Q. (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

k

90% CL upper limit on B(B” — Avps)

Belle collaboration [arXiv:2110.14086]

Excluded by ALEPH

B Expected + 1o
Expected + 20

Expected
—8— Observed

| | | | | |
L0 15 20 25 80 35 40
My (GeV/ )

Proposed searches for all modes at LHCb

[2106.12870]
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The Many Flavors of
Mesogenesis

Mechanism CPV Dark Sector Observables Relevant Experiments
BY Mesogenesis | BY & BY | Dark baryons A%¢ LHCDb
oscillations Br(B — B+ X) B Factories, LHCb
AL, B Factories, LHCDb
D% Mesogenesis| D¥ decays| Dark leptons Brp+ B Factories, LHCDb
and /or baryons|Br(M™ — /T 4+ X)|peak searches e.g. PSI, PIENU
A5, B Factories, LHCb
BT Mesogenesis| BT decays| Dark leptons Brgp+ B Factories, LHCb
and/or baryons|Br(M™ — T + X)|peak searches e.g. PSI, PIENU
AZs LHCb, FCC
B} Mesogenesis| BY decays| Dark baryons Brpg+ LHCb, FCC
Brp+ .g+ix B Factories, LHCDb

GE, M. Escudero, A. E. Nelson, PRD, [1810.00880]

G. Alonso-Alvarez, GE, A. E. Nelson, H. Xiao, JHEP, [1907.10612]
GE, R. McGehee, PRD [2011.06115]

G. Alonso-Alvarez, GE. M. Escudero, PRD, [2101.02706]

F. Elahi, GE, R. McGehee, [2109.09751]

G. Alonso-Alvarez, GE, M. Escudero, B. Fornal, B. Grinstein, J.M. Camalich [arXiv:2111.12712]
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New Ideas in Baryogenesis

Still time to contribute to the TFO8 White Paper

Contact one of the editors:

Gilly Elor: Seyda Ipek:
gelor(@uni-mainz.de sipek(@physics.carleton.ca

Julia Harz: Bibhushan Shakya:
julia.harz@tum.de bibhushan.shakya@desy.de
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Mesogenesis

How to satisfy the Sakharov Conditions

Observation: | Y5> = (8.718 +0.004) x 10~}

/

baryons anti-baryons

The Sakharov conditions:

e QOut of thermal equilibrium: Decay at T ~ 15 MeV of a heavy scalar to SM mesons.
e (P Violation: In SM Meson systems (oscillations, decays).

e Baryon number violation: SM Meson decays to dark baryons (or leptons).
G. Elor



Example Benchmark

Br (B — ¢vBM) = 56 x 107° 107% Yo
Ag, = 107 - Yf
10~} A, = —4.2 x 107 — Y0
= 107°
[
—
10—11 I
Qpmh? = 0.12
(ov)eesx x = 46 (ov)wimp Yy = 8.7 x 1011
10—13 . . \
30 10 3 1
Temperature [MeV ]
Asymmetry 1s related to observables: Succesful B Mesogenesis requires:
r A r 2
_;Br(B — ¢vBM Al ) _
Vg~ 8.7 x 10715 = ) D i A x Br (B = ¢ BM) > 107°
q=s,d
. J \ J
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Signals of B Mesogenesis

For successful baryogenesis: A3 x Br (B° — ¢ BM) > 107°

(Collider Signals of Baryogenesis and Dark Matter from B Mesons (B-Mesogenesis))

Direct Signals Indirect Signals

~ N\ A
Belle Il o
Semileptonic asymmetry: A%L > 107° kPLC,:AbS B9 meson CPV and oscillation observables: LHCb
Belle I
CMS Iy AMgs ATy, ATLAS
v @ BaBar CMS
New B meson decay: Belle
—~ @ I?j_lllggl New TeV-scale color-triplet scalar, Y
1 ¥
0 o r.. < R
New b-Baryon decay: @ ATLAS??
—~ M CMS?? J J
- J )

Independent of UV model. Given a UV model there will be even more signals. -
. L10TY



D+ Mesogenesis

~ \ ﬁ=—1,3=0 L=0,B=m
q D+e ”+e @ @ @

ST 0 e 075

\ T ~4—20MeV CP Violation YoM = —ylerk J Q= 1,B=0 L=0,B =y

e First generates a lepton asymmetry and then freezes 1n a baryon
asymmetry through dark sector scatterings.

e Baryogenesis and dark matter production are controlled by
experimental observables of the charged D Mesons system.

G. Elor



10°

10—2_

|Ue4|2

10—8_

10710 L7

Limits on Pion Decays

Bryman, Shrock, arXiv:1909.11198]
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Br(n® — u= + MET) < 107%, for 5MeV < my, < 15MeV .
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Generating a Lepton Asymmetry

Equal and opposite dark/visible sector lepton asymmetry

q D~

D
"""" < Aép

\ T~ 4—-20MeV CP Violation

Ygarkz (nﬁd;n€d> o Br(7r+%€d—|—€+) Z AéP < Bl‘(D+—>f)
f
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Generating a Lepton Asymmetry
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B+ Mesogenesis

CBJ“ Mesogenesisj

Lepton Asymmetry Baryon Asymmetry

e ; @ Band L \
q Bt MT conserving @
/

' <

Out of Thermal
Equilibrium CP Violation

Yo, ZBr ZA AéP:F(B+—>f)—F(B_—>f)
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B+ Mesogenesis

l

LI |

-al value

D! cenu

L

'L

L]

1

L

1

1

Ll

1

1

L1l

< [excluded

|fof£.p Br(B* > M* + f)

10

¢, Yield

Yield

1078

10~

1078

1072

10—16

10720

Br(n* — €4e*) =107°

<« -V, = 1107y

Dark Lepton

Dark Lepton to
Asymmetry Made SM Baryon
Transfer

Baryon and |
Lepton
Asymmetries
Set

(ov) =1 x 1071 GeV~2 |

TRlleMleV, mq>|:6G|reV | N
1076 1074 0.01 |
Time (seconds) G. Elor



B Mesogenesis

~ 6.3GeV ~ 5.3GeV

Out of Thermal e e

k Equilibrium CP Violation = —Yp j

‘\

@

[YB— nB;nB ocZACP Br(Bj%B++f)><ZBr(B+—>wB+B+)]

B+
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D Br(B' = Y5+ B
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Baryogenesis

How to generate a matter/antimatter asymmetry

[ngs =" T8 8% 107" (CMB, BBN)]

S
P16 BANG scae

A
@ E 7 The Sakharov conditions (1967):

; ; " - a e Interactions that violate Baryon number.
[ seems 10\ 1R . .
= | tenkly 4 N\P\" ‘(,} e (Conjugate rates must be different.
- - “1i p

e QOut of thermal equilibrium.
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The History of the Universe

A Well Tested Model

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.
Thermal Equilibrium . ”b/”y
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Transition Nucleosynthesis to form
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4 MeV 3000K

To explain the Universe, requires an initial asymmetry of matter over antimatter.

Inflation dilutes away any initial conditions and reheating produced equal
amounts of matter and antimatter.
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