Baryogenesis from only the
Standard Model CP Violation
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* Background on Mesogenesis.
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e Bigger picture and the space of mechanisms.

' g \'.
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e Mesogenesis with a Morphing Mediator.

* Qutlook (bigger picture, again)

Based on: [GE, Rachel Houtz, Seyda Ipek, Martha Ulloa, Submitted to PRL, 2408.12647],
“The Standard Model CP Violation is Enough”.

Aswell as: []. Berger, GE, PRL, 2301.04165]
[GE, A. Guerrera, JHEP, 2211.10553]
[G. Alonso-Alvarez, GE, M. Escudero, B. Fornal, B. Grinstein, ].M. Camalich. PRD, 2111.12712]
[F. Elahi, GE, R. McGehee, PRD, 2109.09751]
[GE, R. McGehee, PRD, 2011.06115]
[G. Alonso-Alvarez, GE, M. Escudero, PRD, 2101.02706]
[G. Alonso-Alvarez, GE, E. Nelson, H. Xiao. JHEP, 1907.10612]
[GE, M. Escudero, A. E. Nelson, PRD, 1810.00880]

Upcoming: [GE, Can Kilic, Sanjay Mathai, Fall 2024 (targeted)] G. Elor



Mesogenesis

Baryogenesis and Dark Matter from Mesons

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.
Thermal Equilibrium . nb/ny
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The Sakharov conditions: Features:
e QOut of thermal equilibrium: GeV scale mesons e Signals!

produced when the Universe was at MeV scales.
e The SM CPV can be enough!

e CP Violation: From SM Meson systems.
e Baryon asymmetry production right

e Baryon number violation: SM Meson decays to up to the era of BBN possible.

dark baryons (or leptons).
e Reconstructable dark matter.



CP Violation
in B Meson Oscillations

Standard Model
rshon and V V Gligorov 2017 Rep. Prog. Phys. 80 046201
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Neutral B Mesogenesis
Out of thermal equilibrium and CPV:

Late decay of an scalar field

Decaysat: I's = H(Tgr) toquarks mae € [5GeV, 100 GeV]

00 .
SL

q
(I) @ @ Semi-leptonic
........ Asymmetry
— d
q Agr,

Y

T T

Before BBEN After QCD phase transition G. Elor

(35MeV < Ty < 100 MeV )




Neutral B Mesogenesis
Baryon Number Violation?

\ 1/
Hide baryon number in a dark sector :@-
= rather than violate it ¥

Dark anti-baryon

Qp,=—1
B Meson
O = 4
@ Standard Model baryon
Qb = + 1

( . , )
Kinematics: My < MpB — MBaryon < 4.3 GeV

\Matter stability: m,, > m, — m. >~ 937.8 MeV )

Equal and opposite dark and visible baryon asymmetries generated.

YB B YB - (Yw B YTZ) G. Elor



Neutral B Mesogenesis
New Particles

Field || Spin | @ g | Baryon no. | Zs Mass
Colored Mediator: )/ 0 —1 / 3 —92 / 3 +1 O(TeV) Could be a squark
. Kinematics forbid
Dark Baryon: | v |[1/2] o | -1 |+1] oGev) |

Allowed by all the symmetries: (EJ} == Z Yusd; Y Uirds R — Z Yopd, WYy + h.Cj

2] k

. . Oy urd; = Cayyurd, €apy(Vadit) (d u])
Effective four fermion operator at MeV scales: )
Yo Yuid; [ M3

di,uid; =

This interaction does not change baryon number

SUSY UV completion: [G. Alonso-Alvarez, GE, A. E. Nelson, H. Xiao, JHEP, 1907.10612]

G. Elor



Neutral B Mesogenesis

New Decays

Operator/Decay || Initial State Final state
B Y 4+ n (udd)
O=vYbud Bs Y+ A (uds)
b—Yud BT Y + p (duw)
Ay ’(E + 71'0
B Y+ A (usd)
O=1vYbus Bs Y + E°2 (uss)
b—pus BT P+ 5T (uus)
Ay ’l; —+ K
By ¢+Ac+7"_ (Cdd)
O=1bcd Bs Y + E2 (cds)
b—cd BT Y 4+ Ac (deu)
Ay ’(Z -+ ﬁo
B Y + E2 (csd)
O=vYbcs Bs Y 4+ Q. (css)
b—cs BT Y+ 25 (csu)
Ay v+ D+ KT

Directly related to the
baryon asymmetry

Vg

Bd Y,"l S
- u P\
> d

Indirect Slgnals

= 9
@ 9

G. Elor



Neutral B Mesogenesis
Dark Matter?

0.94 GeV < my < 4.34GeV

TeV scale colored 7 @

/

mediator /
’ Standard Model
baryon
>
A Qb =1

The dark baryon 1s unstable and will decay to baryonic matter,
washing out the asymmetry. yy cannot be the dark matter.

G. Elor



Neutral B Mesogenesis
Two-Component Dark Matter

Dark fermion must quickly decay within the dark sector L4 D yq¥éd

Dark scalar anti-baryon

Qb=—1

Ve

VB v

e Dark Majorana fermion
Q,=0

TeV scale colored , /
mediator /

DM stability/asymmetry preserved if : (m¢ < my + Mme + mg)

Generated asymmetry: (YB —Yg=— (Y¢ — qu*D

G. Elor



Neutral B Mesogenesis

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

Baryogenesis and Dark Matter from B Mesons

B® Mesogenesis

Out of Thermal

k Equilibrium

CP Violation

G. Elor



Neutral B Mesogenesis

Boltzmann Equations

Scalar, Radiation, Hubble: Dark Matter:
C%’ +3Hng = —Tane ( dnz—:w +3Hngrg- = 2Tg ne —2(ov)y (nfy 4 — iy, ¢+¢*)}
d[gtad +4H praa = +lamaens Baryon Asymmetry:
e 3%)1 s+ mama) d"; - 3Hng g = 215 ; Br (b — BY) A% fL na

me = 1.3GeV  me = 1.8GeV

Br(B — ¢BM) = 56 x 1073 107% Yo
Ay, = 107 —Y,
-7] AL, = —42 x 107* —_
10 St Yoy T, < 10MeV
— Y¢_¢* d ~v

Yg | » Coherent Bdoscillations
start to deplete the
asymmetry

Tp. < 20MeV

Coherent Bs oscillations Need a net positive
start to produce an <4 Qpah? = 0.12 charge asymmetry
asymmetry (v)gerxx = 46 {rv)wiur Yp =87 x 107!

30 10 3 1
T, | MeV G. Elor




Neutral B Mesogenesis

Boltzmann Equations

Scalar, Radiation, Hubble:

Dark Matter:

+ SHH¢_|_¢* = 2F§ ne — 2 <0‘?}>¢ (né+¢* — ngq) ¢—|—¢*)]

r” A dn *
. O+
— 2 4 3Hne = —Tone ( dt
dt
d[;tad Y 4H prog = + Tomanae Baryon Asymmetry:
dng— g
87 + 3Hng—y-
H2 — S s0 ra dt
L 32, (Prada + mone) J [

— 2F§ Z Br (B — Bg) A%Lf((ilecon‘I)J
q

— (YB 5% 1070 37 [Br (BY > i Boar) AL s(Ty)

1=d,s

J

(product of two experimental observables)

To generated the observed baryon asymmetry:

(Agf x Br (B = ¢ BM) > 10—6J

1.251

oy, coefficients

o
[\
ot

0.00 1

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



Signals of Neutral B-Mesogenesis

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

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

Direct Signals

Indirect Signals

s

Semileptonic asymmetry: ACS]L > 107°

—0
New B meson decay: @
\ @

New b-Baryon decay: @
—Q

Belle Il
LHCb

ATLAS
CMS

BaBar
Belle
Belle Il
LHCDb

LHCb?

ATLAS??

CMS??

B2 meson CPV and oscillation observables:

61Z,28 AMd,s Ard’s

New TeV-scale color-triplet scalar, Y

LHCDb
Belle Il
ATLAS

CMS

ATLAS
CMS

G. Elor




Neutral B Mesogenesis
Discovery Potential

[A. Alonso—Alvarez GE, M. Escudero PRD 2101 02706]

T TTTl : LT T
950/0 CL Arrows mdlcate : : .
projections for 2025 - H
10-21 . Signals
(A5 < Br (B = ¢ BM) > 107 = .
i E‘ > CP violation
X
< © -
0 @ New b decays
- Belle-ll & LHCb '8
< S
100} ArAsEoMS |, o { @ g
ThesMis _SM P 5 § :
? | BaBar/Belle : E ]
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< T ©
A - R e
10—4 N . : .@.L : .a.J.. { .E. m...l
10°° 107° 104 103 1072
S

SL G. Elor



Collider Searches for B-Mesogensis

-
Need: A% x Br (B” = v BM) > 107°
\_

Operator/Decay ||Initial State Final state
B Y 4+ n (udd)
O=vbud Bs Y+ A (uds)
b—pud BT Y + p (duu)
Ay ’(E + 70
[ By Y+ A (usd) :
O=4¢bus Bs Y + E° (uss)
b—us BT P+ BT (uus)
Ay QZ + K
Ba V4 Ao+ 7 (Cdd)
O=1bced B, Y + B2 (cds)
b—cd BT Y 4+ Ac (deu)
Ay 77; + EO
B Y + Eo (csd)
O=vybcs Bs Y+ Qe (css)
b—cs BT Y+ 25 (csu)
Ay Y+ D+ KT

Belle [arXiv:2110.14086]

90% CL upper limit on B(B” — Avpg)

----- Expected
—8— Observed

| Excluded by ALEPH

Bl Expected £ 1o

Expected 4+ 20
1

1 1
1.0 1.5

1
2.0

1074

Upper Limit of Br(B%-yp/)
o
|

=
9
(9]

BaBar [arXiv: 2302.00208]

OLs = (ypb)(us)

2, = (yps)(ub)
O3 = (Wpu)(sb)

—e— Belle Experiment

BABAR Experiment
(this work)

my, [GeV/c?]

Designated search developed for LHCb [2106.12870]. On-going analysis!

2{5 %IO 3.5
Mg (Ge\//c )

1
4.0

G. Elor



Collider Searches for B-Mesogensis

-
Need: A% x Br (B” = v BM) > 107°
\_

Operator/Decay ||Initial State Final state
B Y 4+ n (udd)
O=vbud Bs Y+ A (uds)
b—pud BT Y + p (duu)
Ay ’(E + 70
L By Y+ A (usd) ;
O=4¢bus Bs Y + E° (uss)
b—us BT P+ BT (uus)
Ay QE — KO
Ba v+ Ao+ 7 (Cdd)
O=1bced B, Y + B2 (cds)
b—cd BT Y 4+ Ac (deu)
Ay 772 + EO
B Y + Eo (csd)
O=vybcs Bs Y+ Qe (css)
b—cs BT Y+ 25 (csu)
Ay Y+ D+ KT

Should Belle improve their sensitivity?

Can we do baryogenesis with with
Br <1077

Yes!

Three other channels through which
neutral B Mesogenesis can proceed.

G. Elor
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* Background on Mesogenesis.
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e Mesogenesis with a Morphing Mediator.

* Qutlook (bigger picture, again).

Based on: [GE, Rachel Houtz, Seyda Ipek, Martha Ulloa, Submitted to PRL, 2408.12647],
“The Standard Model CP Violation is Enough”.

Aswell as: []. Berger, GE, PRL, 2301.04165]
[GE, A. Guerrera, JHEP, 2211.10553]
[G. Alonso-Alvarez, GE, M. Escudero, B. Fornal, B. Grinstein, ].M. Camalich. PRD, 2111.12712]
[F. Elahi, GE, R. McGehee, PRD, 2109.09751]
[GE, R. McGehee, PRD, 2011.06115]
[G. Alonso-Alvarez, GE, M. Escudero, PRD, 2101.02706]
[G. Alonso-Alvarez, GE, E. Nelson, H. Xiao. JHEP, 1907.10612]
[GE, M. Escudero, A. E. Nelson, PRD, 1810.00880]

Upcoming: [GE, Can Kilic, Sanjay Mathai, Fall 2024 (targeted)] G. Elor



Why Neutral B Mesons?

Particle Data Group:

CPV in charged D decays:

4 D+ D~ )
fooF e—c<
/

Observable:
f (Dt — f)—-T(D™ = f)

°F T T~ )+ I(D- )

\_

Not a small number. We want to explain: «
YSPs = (8.718 £0.004) x 10~ !

D% decay mode Aép/lO_2
K2nt —0.41 4+ 0.09
K ntnt —0.18+0.16
K- ntatn® —0.3+06+04
Kntr® —0.14+0.7+0.2
Kentntn™ 0.0+£1.24+0.3
a0 2.44+1.2
Iy 1.0+1.5
Tn 1.0+1.5
71 (958) —0.6 £0.7
KTK n* 0.37 4 0.29
pmT 0.01 £ 0.09
ao(1450)°7* —19+ 1215,
#(1680)7 " —9+£22+14
mtatnT —1.7+4.2

G. Elor



Why Neutral B Mesons?

Kinematics Dark baryons must be GeV scale. Only B mesons are heavy
enough to decay into GeV scale.

B’ BY

~ 5.3GeV ~ 1.8GeV ~ 0.5GeV

[m¢B > m, — m, ~ 937.8 MeVJ

@ First generate a lepton asymmetry

A
v

G. Elor



Charged D and B Mesogenesis

[GE, R. McGehee, PRD, 2011.06115] and [F. Elahi, GE, R. McGehee, PRD, 2109.09751]

(D+ Mesogenesis]

Lepton Asymmetry

Baryon Asymmetry

%-l—

L=1

B=1 B=1)

Band L

%

q DTt e conserving
® < ;
o « @ @ ()
Out of Thermal : SM dark
L Equilibrium CP Violation YoM = _yark Yg* <Y /
+ .
CB MesogeneSISJ Lepton Asymmetry Baryon Asymmetry
( Band L \
p Bt MM conserving @
o
Q- -0 e @ o
Out of Thermal SM dark
CP Violation YoM = _ydatk Yg© < Y

k Equilibrium

L

G. Elor



Mesogenesis

Mechansim CPV Dark Sector Observables Relevant Experiments
B° Mesogenesis B? & BY dark baryons A%® LHCb
oscillations Br(B° — Bsm + X) B Factories, LHCb
Agp B Factories, LHCb
DT Mesogenesis D* decays dark leptons Brp+ B Factories, LHCb
and dark baryons | Br(D" — £T + X) | peak searches e.g. PSI, PIENU
Agp B Factories, LHCb
BT Mesogenesis BT decays dark leptons Brg+ B Factories, LHCb
and dark baryons Br(BT — ¢* + X) | peak searches e.g. PSI, PIENU
AZS LHCb, FCC
B Mesogenesis BF decays dark baryons Br B+ LHCb, FCC
Br(Bt — B, + X) B Factories, LHCb
Mesogenesis B? & Bj dark baryons and AzifiSM LHCb
with a Morphing oscillations  |qark phase transition Br(B° — Bsm + X) B Factories, LHCb
Mediator Gravitational Waves | Pulsar Timing Arrays, CMB
Mesogenesis either BY, B?, dark baryons Ak EDMs, Flavor Observables

with Dark CPV

B*, BF decays

and dark CP phase

Br(M — Bsm + X)

B Factories, LHCb

Common to all mechanisms proposed to date:

colored mediator Ly = — Z

@]

GE, M. Escudero, A. Nelsor
(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)

Yurd, Y UirdSp — Y Ypa, ¥8YVdir +hc. + dark sector
k

One mechanisms direct signal is another mechanisms indirect signal

G. Elor



Mesogenesis

Mechansim CPV Dark Sector Observables Relevant Experiments
B° Mesogenesis B? & BY dark baryons A%® LHCb
oscillations Br(B° — Bsm + X) B Factories, LHCb
Agp B Factories, LHCb
DT Mesogenesis D* decays dark leptons Brp+ B Factories, LHCb
and dark baryons | Br(D" — £T + X) | peak searches e.g. PSI, PIENU
Agp B Factories, LHCb
BT Mesogenesis BT decays dark leptons Brg+ B Factories, LHCb
and dark baryons Br(BT — ¢* + X) | peak searches e.g. PSI, PIENU
AZS LHCb, FCC
B Mesogenesis BF decays dark baryons Br,+ LHCb, FCC
Br(B* — B, + X) B Factories, LHCb
Mesogenesis B? & By dark baryons and A:fSM LHCb
with a Morphing oscillations  |qark phase transition Br(B° — Bsm + X) B Factories, LHCDb
Mediator Gravitational Waves | Pulsar Timing Arrays, CMB
Mesogenesis either BY, B?, dark baryons Ak EDMs, Flavor Observables

with Dark CPV

B*, BF decays

and dark CP phase

Br(M — Bsm + X)

B Factories, LHCDb

GE, M. Escudero, A. Nelsor
(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)

Baryogenesis with only the SM CP Violation

Common to all mechanisms proposed to date:

colored mediator Ly = — Z

@]

Yuud, YV UirdSp — > Ypa, UsYVdip +hc. + dark sector
k

One mechanisms direct signal is another mechanisms indirect signal

G. Elor



Outline

* Background on Mesogenesis.
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== e Bigger picture and the space of mechanisms.
1lotees )

[0 Mesogenesis with a Morphing Mediator]

* Qutlook (bigger picture, again).

Based on: [GE, Rachel Houtz, Seyda Ipek, Martha Ulloa, Submitted to PRL, 2408.12647],
“The Standard Model CP Violation is Enough”.

Aswell as: []. Berger, GE, PRL, 2301.04165]
[GE, A. Guerrera, JHEP, 2211.10553]
[G. Alonso-Alvarez, GE, M. Escudero, B. Fornal, B. Grinstein, ].M. Camalich. PRD, 2111.12712]
[F. Elahi, GE, R. McGehee, PRD, 2109.09751]
[GE, R. McGehee, PRD, 2011.06115]
[G. Alonso-Alvarez, GE, M. Escudero, PRD, 2101.02706]
[G. Alonso-Alvarez, GE, E. Nelson, H. Xiao. JHEP, 1907.10612]
[GE, M. Escudero, A. E. Nelson, PRD, 1810.00880]

Upcoming: [GE, Can Kilic, Sanjay Mathai, Fall 2024 (targeted)] G. Elor



Based on Neutral B Mesogenesis

BY Mesogenesis

f
<

........ s.d
ASL
q 0 @
Out of Thermal

\ Equilibrium CP Violation = —Yz J

@\
o

e Baryon asymmetry: (YB ~5x 107 Z Br (B} = v Bsum) Ay (T )J

1=d,s

o For successful baryogenesis : (Ag’ﬁl x Br (B" = ¢ BM) > 10_6)

G. Elor



Based on Neutral B Mesogenesis

e Baryon asymmetry produced through decays mediated by a heavy colored particle:

Odk,uidj — Cdk,uidj GCMB’Y(?LBd(]z)(d_?BUZ)
Cdk,uidj = yipdkyuidj/M)z)

o Collider constraints require mediator Y to have a TeV scale mass

° Perturbativity: y’i,bdk) Yu, d; 5 47 _ [é Alonso-Alvarez, GE, M 'E'S'.(?l'lldel'(?? PBI,)_.Z.I,(.),I,'.OWPQ
» 95% CL Qﬁé?ifié':l'?ﬁiezozs . : -
107 < S : O
. . - +—/ £ L=
o Branching fraction: [Br o 1/ Mf;] - = 3
< e, .
|7 X ]
5 (@ g
e.g. L _ : : 0
%:d Belle-ll & LHCb > 2
By v s " 10-3F <+ L ATLAS & CMS: >§ _g |
& u I i SM - HEE
i . * | BaBar/Belle : T
> d ' = . -
i » S L 97
e © - T
- 4— ~F = e N
Il ﬂ : ﬂ  m
o o . ° ‘— 5IL - 2 m &
-4 A_nnnananl oo n__n e filAnnnl il I
What if the mediator was lighter during the 10 RS = 03 TR

era of baryon production than it is today? AL Elor



Morphing the Mediator

Leptons
Phase Transition
e T Morphon
Ve, Vi, Vr Standard Quarks Field Dark

i / i
Model My = My >My  gector
. C 1 |
d s, b
Photon W-Bosons Gluons
g, £2, g3
ZO g4, g5, g6
£7, &8
\) With all the richness of the SM,
why not have a rich dark sector?
H , Reconstructible Dark Sectors:
D “Origins of Hidden Sector Dark Matter II: Collider Physics”

Cliff Cheung, GE, Lawrence Hall, Piyush Kumar

JHEP (2011) 1010.0024

“Origins of Hidden Sector Dark Matter I: Cosmology”
Cliff Cheung, GE, Lawrence Hall, Piyush Kumar

JHEP (2011) 1010.0022

Tricks with Dark Sector Phase Transitions:

“Light Dark Matter through Resonance Scanning”
Djuna Croon, GE, Rachel Houtz, Hitoshi Murayama,

Graham White, PRD (2020) 2012.15284



Morphing the Mediator

Can the SM be enough?
B-Mesogenesis generates _
Tr bary(g)n asymg;netry [Agf x Br > 10‘6j Adlgm = (—4.74+0.4) x 107*
~5— 80 MeV | ASlsm = (2.1 4£0.2) x 107°
M3, < TeV

Br o 1/M35, Enhanced relative to today by a factor (Mj’; /M3,)?

Less CPVrequired Toge ol armeinsene [ i
102 «— f : 27

i - . @©
: @ ; P =
o 0 - I :' _\E 4
Tpr Dark sector phas.e transition [ — 5
morphs the mediator mass o Be"e_" . LHCb =3
MJZ', — Mj’; > M§, 1073 - ATLAS&CMS G
SM ;O
™ - = d
. é aBarf.BeIIe | (é)) |
. o . : <|3 3‘-
DERp E . ihiad]

10—4 n_nnanl S ,..m m[ :. ml :

10 10°° 104 103 102
S
SL
Today S.maller Br e}.cpected.
Collider constraints evaded.
f_
Mz, = O(TeV)

G. Elor



Can the SM CPV be enough?

e Colored mediator Y has TeV scale mass:

Limits on Wilson coefficient from e.g.
recasting LHC searches for squarks

(Cdk,uz = YypdiYuid; /M j :zzz@

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

e Branching fraction:

Bry — ey CGTo(Bi 2 UsBsv) 1
o (TN )+ X, CPTo(Bi — s Bsm) My,

Exact form computed using QCD light cone sum rules

[GE, A. Guerrera. JHEP, 2211.10553]

Br x 10°

Iy = FBlmwszlGeV/Cg,uidj
Operator| (M,)min [TeV] Decay o [GeV?]

Obua | ~ 1.7/YpbYud | Ba—¥sn | 3.5404-107°

Bs — ¥ A n.a.
Ob,us ~ 1.7\ /Ywpb Yus Bg — '(,Z_)B A 14401 1074
Bs - Y Z° | 3.240.1-107°
Ob,ca | ~0.9\/YpbYca | Ba = Y52 | 0.740.4-107°
Bs - ¢YBE2 | 6.6+33-1077
Ob,cs ~ 0-9\/y1pb Yes Bg — 'l/_)B E(c) 4.742.0- ]-0_6
Bs = Y Qe | 5.0430-107°

Oy usd; = Cayurd; €apy (Vi) (d5 u])
e.g.

14—

1.2}

1.0}

0.8}

0.6}

0.4}

B”—>A+(//, B"—>="+u
Obus

B'—)\:, +l//;

0.2}

0ol /My, =19x%x107 GeV?

1.0

1.5 2.0 25

3.0 35

My, [GeV]

2.0

G. Elor



I = PBlm,pB:lGeV/cg,uidj
Operator| (My))min [TeV] Decay Iy [GeV®]
Ob,ud ~ 1.7, /Ypb Yud By — ";B n 3.540.4" 107°
Bs — Y5 A n.a.
Obus | ~1.7/YsbYus | Ba — YA | 1.440:-107%
B, - Y E° | 3.2401-1075
Obea | ~0.9/YppYed | Ba = ¥E2 | 0.710.4-107°
Bs - 9522 | 6.643.3-1077
Ob,cs ~ 0.9\/yyb Yes | Ba — Y EY | 4.7420-107°
B, = Y5 Q: | 5.0430-1076
Odk/uidj = Cdkauidj €aBy (ilgdlocl) (Jjﬂu;y)
-5 s,d
YB ~ 5 x 10 E [ASL X Br ]()éi<TR')
1=d,s
[G. Alonso-Alvarez, GE, M. Escudero, PRD, 2101.02706]
|
1.25 Qd |
— a
@ 1.00
ks
K] ]
= 0.75
S
< 0.50
3
0.25
0.00 |

0 20 40 60
Reheating temperature T [MeV]

700

Successful Baryogenesis

Br(® — By) =1,

Br(® - B,;) =0,

10 20

AM = (4.7 £04)x 10 — O,y — O,
SM _ -5
AM=22£02)x10% 0, 0,.

(457 % Br > 107

30 40

Tr [MeV]

50 60 70

— Opus — Opea |
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Morphing the Mediator

A mediator mass increase from ~200-500 GeV to about 1 TeV
will generate the baryon asymmetry with only the SM CPV

o Seems like a reasonable phase transition ¢ Scalar morphon gets a vev.

1) Nucleation: The mass shift must occur after the BAU is generated.

2) Percolation: The Universe must effectively transit from the false to the true morphon vacuum.

3) Avoid Inflation: To avoid triggering inflation after the BAU is generated or during BBN, the
scalar morphon must not dominate the energy density of the Universe.

Can we find an example?

e Did this “trick” cost us a signal??

G. Elor



Morphing with Dark Dynamics

. 1 1
» Toy morphon potential Vcaiar = my2|V)? + yoy| V>0 + §A¢y|y\2¢2 +1)\(¢2 — ¢2)* + € @°

M3 (@) =m3, + Yoy + 5Appd?

o Find example such that M3, = My (vtase) = O(100 GeV)
M, = My (viue) = O(TeV)

Domain Wall (DW) example

DWs percolate: €5 0.2
. . 22 [8m3ger T? VA
. €< —_—
DWs grow to horizon size: 3 50 Mt G0 |rep s,

2v2 [8m3ges T2 VA
DW annihilate at toMeV (after BAU, before BBN): | <> —3 93 : Mt do

4\ 2 4m A2
es (2 7T)\¢0
3) Mg,

T=10 MeV

DW annihilate before they trigger inflation:

See [G. B.Gelmini, et. al. JCAP 02, 032, 2009,01903]

DW pressure and surface tension: pr = c/R, o= (2\@ /S)ﬁgbg
DW annihilate when: P17 > Pvac = 6¢61 P tagn ~ O /€¢6

V(g)/ ¢t

1.5t

0.5}

Ufalse/true — +¢o + O(E)

Benchmark e.g.

DW form ~ 20 TeV

A =1 my, = 624.5GeV
4y Aoy = 0.007  ¢o = 10TeV
() — 70 GeV
‘T Ypy = e
b ; e = 3 x 10726
My =1.2TeV
1_
M @
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
¢/ Po

G. Elor



4
0

Vie)/¢

Gravitational Wave Signal

The annihilation of the DW network can leave behind a stochastic
gravitational wave background.

Benchmark e.g.

2 . . .
A =1 my = 624.5GeV
4, Agy = 0.007  ¢o = 10TeV
() o
15! < ypy = —T70 GeV
2 ; e = 3 x 10726
My =1.2TeV
1_
0.5}
M, = 200 GeV
0 \/ \/
2 15 -1 0.5 0 0.5 1 15
®/do

Standard expressions
e.g. from G. B.Gelmini et. al, JCAP, 032, 2009,01903:

S / U\/ T~— ~—
_ {U 7 Do = M ‘ﬂ /
¢0 = 102 GCV
N l_9 T I_8
o 10
Sanning 7, over f [HZ]

10-80 MeV

1077

G. Elor



Searching for the Dark Matter

[J. Berger, GE. PRL. 2301.04165]

Signals at Neutrino Detectors
(for any Mesogenesis mechanisms involving decays to dark baryons)

WEl NEUTRINO

PP -
’ .#,r( Z :,,"
WYY 'ﬁ 4 & e ,,3) ,

Inside the Super-Kamiokande water Cherenkov detector.
Credit: Kamioka Observatory, ICRR, Univ. Tokyo

G. Elor



Dark Matter Induced Nucleon Decay

[J. Berger, GE. PRL. 2301.04165]

Mono-energetic meson (up to detector effects):

2
ot a2 (i + )

¢BN—>§M —

2<mN + m¢B)

2.5

2.0t

1.0t

Elfn [GeV] for ¢pg+ N — m+ & via O,y 4

/%/+

_ imy, — mg| < my+m,

Mesogenesis

[J. Berger, G. Elor. Submitted to PRL. arXiv:2301.04165]

G. Elor



[J. Berger, GE.

200 I 1
: DUNE 0 Atmospheric v
PR me = 0.92 GeV W O signal
= 1509 mg = 0.95 GeV
L 1 - _ max o € signal
Z I Ya = 0.05, Cug,a = Cyiy
Gy
1
2 |
g |
Z s0q !
|
0 -
0.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8
7T kinetic energy (GeV)
120 | 1
: DUNE W ®p signal
b2 100 I me = 1.8 GeV o € signal
= 90 - | mg = 2.2 GeV ]
3 : ya = 0.01, Cugs = Ol
3 I
i 60 7 |
=2 1
g 40
=
p
20
0
0.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8

K™ kinetic energy (GeV)

Number of events

PRL. 2301.04165]
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7T kinetic energy (GeV)
| :
1500 I Hyper-K eV 0 Atmospheric v
7 | mg - 1.8 (§ - @ . 1
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Next: Searches 1n astrophysics and cosmology environments
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Mesogensis
with a Morphing Mediator

[GE, Rachel Houtz, Seyda Ipek, Martha Ulloa, Submitted to PRL, 2408.12647],

“The Standard Model CP Violation is Enough”.

A mediator mass increase from ~200-500 GeV to about 1 TeV will
generate the baryon asymmetry with only the SM CPV.

e Gravitational Wave signals from dark dynamics at current and upcoming PTAs.
e Dark matter signals are still present (induced nucleon decay)
e Motivation for collider searches to improve branching fraction sensitivity to Br < 107>

e As measurements of the charge asymmetry improve, motivation for seeing only

the SM CPV

Next: dark phase transition study (models and signals) [GE, Rachel Houtz, Seyda Ipek, Martha Ulloa] G Elor



Outline

* Background on Mesogenesis.

ﬁ‘)Y.'ﬂ.VuQ".K‘(

== e Bigger picture and the space of mechanisms.
1lotees )

e Mesogenesis with a Morphing Mediator.

e [- Outlook (bigger picture, again)]

Based on: [GE, Rachel Houtz, Seyda Ipek, Martha Ulloa, Submitted to PRL, 2408.12647],
“The Standard Model CP Violation is Enough”.

Aswell as: []. Berger, GE, PRL, 2301.04165]
[GE, A. Guerrera, JHEP, 2211.10553]
[G. Alonso-Alvarez, GE, M. Escudero, B. Fornal, B. Grinstein, ].M. Camalich. PRD, 2111.12712]
[F. Elahi, GE, R. McGehee, PRD, 2109.09751]
[GE, R. McGehee, PRD, 2011.06115]
[G. Alonso-Alvarez, GE, M. Escudero, PRD, 2101.02706]
[G. Alonso-Alvarez, GE, E. Nelson, H. Xiao. JHEP, 1907.10612]
[GE, M. Escudero, A. E. Nelson, PRD, 1810.00880]

Upcoming: [GE, Can Kilic, Sanjay Mathai, Fall 2024 (targeted)] G. Elor



Space of Mechanisms

with Dark CPV

B*, BF decays

and dark CP phase

Br(M — Bsum + X)

Mechansim CPV Dark Sector Observables Relevant Experiments
B° Mesogenesis B? & BY dark baryons A%® LHCb
oscillations Br(B° — Bsm + X) B Factories, LHCb
Agp B Factories, LHCb
DT Mesogenesis D* decays dark leptons Brp+ B Factories, LHCb
and dark baryons | Br(D" — £T + X) | peak searches e.g. PSI, PIENU
Agp B Factories, LHCb
BT Mesogenesis BT decays dark leptons Brg+ B Factories, LHCb
and dark baryons Br(BT — ¢* + X) | peak searches e.g. PSI, PIENU
AZS LHCb, FCC
B Mesogenesis BF decays dark baryons Br B+ LHCb, FCC
Br(Bt — B, + X) B Factories, LHCb
Mesogenesis B? & Bj dark baryons and A:ifiSM LHCb
with a Morphing oscillations  |qark phase transition Br(B° — Bsm + X) B Factories, LHCb
Mediator Gravitational Waves | Pulsar Timing Arrays, CMB
Mesogenesis either BY, BY, dark baryons Adark EDMs, Flavor Observables

B Factories, LHCb

CPV from entirely from the dark sector?

Ly

mass

= S Mgl + hee
ab

pdark _ (M — ¢pEBsm) — T(M — ¢pEBsm)

P 7 DM — ¢pEBsm) + T(M — ¢5EBsn)

Yg ~ 8.7 x 10—11[

Br(M — Bgym + MET) A%?}gk

10—4

fo-7

GE, M. Escudero, A. Nelsor
(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)

Br as low as 1077 — 107° expected.

My message to experimentalists: measuring Br to better sensitivity could discover baryogenesis.

My message to theorists: it is experimentally motivated to fully explore the space of Meso mechanisms.

G. Elor
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~What is'the Universe made of2 .5+"d °

' .

Mesogenesis explains both the origin of the baryon asymmetry and the
dark matter of the Universe.

Six difterent mechanisms of Mesogenesis exist to date. One
mechanisms direct signal is another mechanisms indirect signal.

Experimentalists are searching for Mesogenesis!

To fully take advantage of the experimental program we must
comprehensively explore all possible mechanisms, variations, and
signals.

N o e P v B

-~ N - i : P A /

kN %= ... How can we exist?’

C \ . o . : | . . \
o 4 ) N . - : . - ; .
Image: Galaxy cluster SMACS 0728 as seen'by‘the James W Space Teleseope. Credit: NASA, STScl - G. Elor

-
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Successful Baryogenesis

700 : - . . : . :
Br(® - B)=1 AM=(-47+04)x10" — O, — O,
Br(®—> By =0, AM=022+02)x107 0, — Oy
- Ob,us - Ob,cd |
(435 % Br > 107
> >
O O
S S
Q Q
— —
) T
= =
~ 3
N s
= =
> 300 e
= =

40 50

Tr [MeV]

10 20 30

60

70

Successful Baryogenesis

700

600f

Br(® — By) =0.5, AM=(-47204)x10* — Oy, — Oy
Br(® - B)) =05, AM=(22+02)x107°

- Od,cb - Ob,cs
— Opus — Opea |

(457 % Br > 107

40 50 60 70

1}g[hde\/]

10 20 30

A mass increase from ~200-500 GeV to about 1 TeV will lead
generate the baryon asymmetry with only the SM CPV

G. Elor



Br x 10°

Br x 10°

0.04}

0.03f

0.02f

0.01f

Baryon Asymmetry:
Exotic B Meson Decays

Experimental input: exclusive rates

0.00} (y/My)fmx =6.8x107* GeV?
1.0 15 2.0 25 3.0 3.5 2.0
md,B [GGV]
1.4 : ,
By— A+ys B) > E +ysg bus -
1.2} B % 4 Uy JUS
1.0}
0.8}
0.6}
0.4
0.2}
0ol /My, =19x107 GeV?
1.0 15 2.0 25 3.0 35 2.0
My, [GeV]

Br x 10°

Br x 10°

50

40}

301

20t

10

o

0 _, =0
B, - E +ysg

B+—)Z:+lllgg

Bg—)29+(ﬂ3

Od ,cb

- (y/My)%,, = 1.22 X 107° GeV? 1

1.0 15 2.0 2.5

My [GGV]

70}
60|
50}
a0}
30}
20}

10}

o

L (y/My)2, = 1.2x107° GeV?

0 =0 0 0
Bd_)‘:6+lr[/B Bs_)Qc+'7hB

Os,cb

B+—>E:._+I,0B

1.0 15 2.0 25
md,B [GGV]

Use QCD techniques to
compute meson to baryon
decay rates in Mesogenesis

[G. Elor, A. Guerrera. JHEP,
arXi1v:2211.10553]

Limit on the coupling from re-casting

LHC searches for squarks

[A. Alonso-Alvarez, G. Elor, M.
Escudero, PRD arXiv:2101.02706]

G. Elor



Production:

Decay:

Signature:

Search:

Constraint:

Colored Triplet Scalar

Constraints from LHC squark searches

(g LY g Ly 4 q )

q
q Y q 0
Y Y < Y < Y
q q q q
4 jets 2 jets + MET dijet jet+ MET
ATLAS ATLAS [2010.14293] CMS ATLAS
[1710.07171] CMS [1908.04293] [1806.00843] [1711.03301]
kMy>O.5TeV My > 1.2TeV My >1—"T7TeV MY>1_7TGD

G. Elor



A SUSY Theory

MSSM, R Symmetry, and Dirac Gauginos and Sterile Neutrios

C C C 1 ! C C C
Superfield | R-Charge | L no. RPV” W=y,QH,U" —yaQH4D" — y.LH,E" + iAiiji D;Dj
+ MuHuRd - MdRqu
U°, D¢ 2/3 0
+ NXH, TRy + MR, TH; + \SR, H, .
Q 4/3 0
N R L= Ny (drufpbly + apdfbl + bpuhdl) |
R R , ) Gauge:
uy Lld
Loange = — V2g(oT AT + h.c.
S 0 0 PR -4~
=  —V2¢(d%drB") — v2g(dd} BT + h.c.
L ! ! Neutrio:
c — A 1] WTCsJ 1 c c
K L L W = TNSN%N% + HLygNG + o NG My N +he.,
N 1 ~1

Dy (Avhih + vl ) +he

G. Elor



Superpartners and SM particles have different charge under an unbroken R-symmetry.

A SUSY Theory

We can identify this with Baryon number.

MSSM Squark

Dirac Bino

Right handed
neutrino multiplet

Superpartners as dark baryons.

Field || Spin | Qg | Baryon no. | Zos Mass
I || o [-1/3] —=2/3 | +1]| O(TeV)

MIEZIR 1 41| o(@ev)
VR 1/2 0 0 —1 O(GeV)
bR ||l 0 | O ~1 1| O(GeV)

G. Elor
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Freezing-In a Baryon Asymmetry

Example Benchmark point:

Tr = 10 MeV, me = 6 GeV
(ov) =1 x 107 GeV 2

Br(® — x1x1) = 0.1

> NlalpBri, = (-9.3x107%)
f

d

- (ng —ng) +3H (np —ng) =

— (ov) ny, (ngd —

obs
YB

dark
YL

Ty <UU>
H(T)

T=Tr

t; Yield

ng,)

Yield

1078

107

1078

107

10—16

10—20

Br(nt — €e*) = 107°

-« -V, = 110Y5™

Dark Lepton Baryon and
Dark Lepton to Lepton
Asymmetry Made SM Baryon = Asymmetries -
Transfer Set
-
[0~4 v

107°

107 0.01

Time (seconds)

1
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ZB+ Br(B" — Y+ B")

T T TTTT T T TTTT T T TTTT I ERRRLL T T TTTT
— N = 1OXY§bS_
- . A
= = < ool |
: 1 s, =
LB =E N >~ yobs |
; T}I;lax, mg)lin:
: - Tmin mgax_
— Z BI‘B =103
NN Ll L] R 10—11 .|.||||||| Lo LIl Lol | |||||||| NN
107 1073 1072 107! 107 0.01 1
Z al.,Br(B' — B + f) Time (seconds)
f )
ZB+ Br Zf aCPBrB+ Tr 2mp+
ngs - 10—3 6.45 x 10> 20 MeV mg
\_ J
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