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What 1s the Universe Made of?

From cosmological measurements we know:

The stuff we understand —
stars, planets, you

(baryonic matter) Dark Matter
Only 5 % 26%

What is the nature and
origin of dark matter?

Dark Energy
69%

Energy density today

We don’t know where the 5 % of baryonic matter came from.
G. Elor



The History of the Universe
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Baryogenesis?

What mechanism generated the 1nitial
asymmetry? Observed to be (BBN, CMB):




Baryogenesis

Review: how to generate a baryon asymmetry?

np —nNg
S

\J \J

baryons anti-baryons

Observation: YObS — — (8.718 £0.004) x 10~

The Sakharov conditions:

e Baryon number violation.
e (Conjugate rates must be different.

e Qut of thermal equilibrium.

G. Elor



“Traditional” Baryogenesis

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.

Thermal Equilibrium . ”b/”y .
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e Electroweak baryogengesis (constrained)

Leptogenesis (hard to test)

Affleck-Dine (very hard to test)



Making the Universe at 20MeV

Standard Model Particles in Hadrons He, D, Li nuclei Neutral atoms, CMB Galaxies, Earth, you.
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Inflation Quark-Hadron Big Bang Recombination Galaxies start Today
Transition Nucleosynthesis to form
4 MeV R1010]6]¢ 2.7 K
Tae GE with Robert McGehee, Phys.Rev.D [2011.06115
€SO0ZCNncesis. ) . Y
o RO ST TR T = ki e iers GE with Miguel Escudero and Ann Nelson,
Y/ y/ y . Phys.Rev.D [1810.00880]

e (Controlled by experimental observables. Signals!

e Theoretically appealing e.g. Relaxion and Nnaturalness require low scale baryogenesis.



Mesogenesis

Baryogenesis and Dark Matter production using the CP Violation
of Standard Model Meson Systems

Observation: ( obs — (8.718 4 0.004) x 10~

\J

baryons anti-baryons

The Sakharov conditions:

e (Qut of thermal equilibrium:
e (P Violation:

e “Baryon number violation”:
G. Elor
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Mesogenesis

Baryogenesis and Dark Matter production using the CP Violation
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Mesogenesis

Baryogenesis and Dark Matter production using the CP Violation
of Standard Model Meson Systems

Observation: (YO‘OS = (8.718 £ 0.004) x 10~

W]

baryons anti-baryons

The Sakharov conditions:

e (Qut of thermal equilibrium: Late decays of “inflaton” field to SM Mesons.
e (P Violation: In SM Meson systems.

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



Today’s Talk

Baryogenesis and Dark Matter production using the CP Violation
of Standard Model Meson Systems

Observation: ( obs — (8.718 4+ 0.004) x 10—1D

e Part I. B-Mesogenesis: CP violation from neutral B meson oscillations
[GE with Miguel Escudero and Ann Nelson arXiv:1810.00880].

e Part II. Discovering B-Mesogenesis: Details of signals and searches

[GE with Gonzalo Alonso-Alvarez and Miguel Escudero arXiv:2101.02706,
ongoing work, both theory and experimental].

e Part III. D-Mesogenesis: CP violation from charged D meson decays
[GE with Robert McGehee arXiv:2011.06115].

G. Elor



Part 1.
B-Mesogenesis

BO BO

d S

Based on:

|GE with Miguel Escudero and Ann Nelson, Phys. Rev. D, arXi1v:1810.00880]
[GE with Gonzalo Alonso-Alvarez, Ann Nelson and Huangyu Xiao, JHEP, arXiv:1907.10612]

G. Elor



Neutral B Meson Oscillations

|/ : - -
R - At low energies we can use CPV in B meson mixing < -~
— @ - ¢.g. from CKM phases 1n the case of the Standard Model - @ -
) L (but new physics contributions are also not excluded) ’ =
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Inflation Quark-Hadron Big Bang Recombination Galaxies start Today

Transition Nucleosynthesis to form G. Elor



CP Violation

B meson/anti-meson mixing has sizable CP violation

Need: T (B"=B’—=[f)-T'(B"=B"=f)>0

I'(B— B)— f) —T'(B) — B} = f)
I'(BY— BY— f) +T'(B?— BY — f)

Observable: AL =

Standard Model: A% |sm = (—4.74+0.4) x 10™* Lenz, Tetlalmatzi-Xolocotzi [1912.07621]

AS;lam = (2.1£0.2) x 107° —



Asymmetry in B Meson Mixing

Can accommodate contributions from new physics

T Gershon and V Vv Gllgorov 2017 Rep Prog Phys 80 046201
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Sakharov I. Out of Equilibrium

Late decay of an “inflaton-like” field
Decaysat: I's = 4H (Tg) toquarks mae € |5GeV, 100 GeV]

N

(3.5 MeV < Tgr < 100 Me\/) o = O(107°s)

T T

Before BBEN After QCD phase transition G. Elor




Sakharov 1. Out of Equilibrium

Late decay of an “inflaton-like” field
Decaysat: T's = 4H (Tr) to quarks mae € [5GeV, 100 GeV]

q
¢ O
""""
q

(35MeV < Tr < 100 MeV )

T T

Before BBEN After QCD phase transition G. Elor




Sakharov II. CP Violation

Late decay of an “inflaton-like” field
Decaysat: T's = 4H (Tr) to quarks mae € [5GeV, 100 GeV]

0-0 .
SL

q
(I) @ @ Semi-leptonic
........ , Asymmetry
0
— Ad
q =0 SL
Bd

(35MeV < Tr < 100 MeV )

Y

T T

Before BBEN After QCD phase transition G. Elor




Sakharov III. B Violation?

Need a way to change baryon number

\ 7 Py
S~ -~ ° e = d
,@~ Hide baryon number in a dark sector ’@‘

\ \
= <

rather than violate it

Will minimally need four new fields

G. Elor



Dark Sector Baryon

Hide baryon number in a dark sector

Dark anti-baryon

Qp,=—1
B Meson
Qb =0 ¢
@ Standard Model baryon
Qb = + 1

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

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

Equal and opposite dark and visible baryon asymmetries generated.

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



Colored Triplet Scalar

Field || Spin | @ | Baryon no. | Zso Mass
o 0 0 0 +1 |11 — 100 GeV
Y 0 |—1/3 —2/3 +1 O(TeV)
Y /2] 0 —1 +1 O(GeV)

Allowed by all the symmetries: Cﬁ D —Yup Y UL — yys Yh € + h.c)

Colored triplet scalar must be TeV scale to be consistent with collider searches,
so we will integrate it out:

(Heff = %busw

my

Note: this interaction does not change baryon number
G. Elor



New decay of the B Meson

For instance, O,s = ¥ bus mediates the decay b — 1) + u + s

GeV scale Dark anti-
baryon fermion

Op=-1
TeV scale colored
mediator L
/
Y 4
/
/ Standard Model
)/ > baryon
A ¢g,=1
0 b
B d
>

Decay modes of a B meson to baryon and missing energy have historically
not been searched for. Relatively unconstrained.
G. Elor



Dark Matter

Recall: (0.94 GeV < My < 4.34 GGV)

New dark baryon 1s unstable and will decay to baryonic matter, washing out
the asymmetry 1n the process. It cannot be the dark matter.
G. Elor



Dark Matter

Dark fermion must quickly decay within the dark sector into two
new dark sector fields

Dark scalar anti-baryon

/@ Qb=—1

v
(0
e Dark Fermion
)/ O, =0
Y
4
. >
By
>

DM stability/asymmetry preserved if : (m¢ < my + me + mgj

Generated asymmetry: (YB — Y= — (ch — Yo )j G. El
. or




Summary: The Mechanism

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

N

w

Out of equilibrium B-mesons decay into

Y Y
/ /' (anti-Baryon)

Tr ~ 15 MeV AG, AL Br(B — ¢+ B+ M)

Baryon asymmetry 1s related to experimental observables:

Branching fraction for inclusive decay of B mesons into baryons, missing
energy, and any number of final state mesons.

Semi-leptonic asymmetries Yz Z Al x Br (BO — @DBM)
q=s,d

G. Elor



Summary: Minimal Model

B - Mesogenesis requires the minimal field content:

Inflaton:
Colored Triplet Scalar:
Dark Dirac Baryon:

Dark Fermion:

Dark Scalar Baryon:

Field || Spin | Qe | Baryon no. | Zo Mass
o 0 0 0 +1 |11 — 100 GeV
Y 0 |—1/3 —2/3 +1 O(TeV)
v o |[1/2] 0 —1 +1 | O(GeV)
£ /2] 0 0 —1 O(GeV)
b 0 0 —1 —1 O(GeV)

G. Elor



Summary: Minimal Model

B - Mesogenesis requires the minimal field content:

Field || Spin | Qe | Baryon no. | Zo Mass
Inflaton: | ¢ 0| 0 0 +1 11 — 100 GeV
Colored Triplet Scalar: | y 0 |-1/3| —2/3 +1 O(TeV)
Dark Dirac Baryon: W 1/2 0 1 +1 O(GeV)
Dark Fermion: | ¢ 1/2 0 0 —1 O(GeV)
Dark Scalar Baryon: & 0 0 . 4 O(GeV)

Aside: this can be embedded in e.g. a supersymmetric theory

~

[Y < qv R squark, w <> [ i ] Dirac bino, ¢7 S <5 sterile neutrino multiplet]

[GE with G. Alonso-Alvarez, A. E. Nelson, H. Xiao JHEP [arXiv:1907.10612]]

However, we do not need a UV model tor numerics or general signals —



Summary: Minimal Model

B - Mesogenesis requires the minimal field content:

Field || Spin | Qe | Baryon no. | Zo Mass
Inflaton: | ¢ || o | o 0 +1 [11 - 100Gev | Next:
Colored Triplet Scalar: | y 0 |-1/3| —2/3 1| O(TeV) N umerica.lly study the
evolution of the
Dark Dirac Baryon: | 4 || 1/2| 0 1 11| OGeV) Boltzmann equations
describing these fields
Dark Fermion: | ¢ ([ 1/2| o0 0 1 O(GeV)
Dark Scalar Baryon: & 0 0 1 1 O(GeV)

Aside: this can be embedded in e.g. a supersymmetric theory

~

[Y < qv R squark, w <> [ i ] Dirac bino, ¢7 S <5 sterile neutrino multiplet]

[GE with G. Alonso-Alvarez, A. E. Nelson, H. Xiao JHEP [arXiv:1907.10612]]

However, we do not need a UV model tor numerics or general signals —



Boltzmann Equations

Inflaton:

Radiation:

Hubble:

Late time decay of Inflaton

T's = 4H (Tk)

r

d
% +3Hne = —1l'ene

d,O rad
dt

B 87T
- 3M3E,

H? (prad - mcbnq’)

.

+4Hpraqg = +'emaenae

G. Elor



Boltzmann Equations

Dark Matter

e Symmetric component of the dark scalar baryon

dn +p*
[ Zt¢ +3Hngre- = 2Tgne —2(ov)g (nd 4 ”3q,¢+¢*)]

e The dark Majorana fermion

d
[% + 3Hne = QchncD — <UU>§ (”g - ngq,ﬁ)J

G. Elor



Boltzmann Equations

Dark Matter

e Symmetric component of the dark scalar baryon

dn +p*
[ flt¢ +3Hngre- = 2Tgne —2(ov)g (nd 4 nﬁq,¢+¢*)]

e The dark Majorana fermion

d
[% + 3Hne = 2F§”<I> — <UU>§ (”? _ ngq,ﬁ)}

v
I'g =T x Br(B — ¢y BM)

Simplification: For the (low) temperature range of interest we can check

that the B mesons decay more quickly than they annihilate G. Elor



Boltzmann Equations

Dark Matter

e Symmetric component of the dark scalar baryon

dn +p*
[ flt¢ +3Hngig = 20gna —2(0v)y (nd 4 nﬁq,¢+¢*)]
-

Overproduced particle must be depleted
e The dark MaJ orana fermion by additional dark interactions.

d
[% + 3Hne = 2F§”<I> — <UU>§ (”? _ ngq,ﬁ)}

v
I'g =T x Br(B — ¢y BM)

Simplification: For the (low) temperature range of interest we can check

that the B mesons decay more quickly than they annihilate G. Elor



Anti-symmetric dark sector baryon makes up the baryon asymmetry

Numerics

The Baryon Asymmetry

a )
dn¢_¢* —
C + 3H Ny g = orZ zq: Br (b — BY) A% £ ne
- _

Coherent B meson oscillations maintained for 20 MeV scales and below

et

T 5
+ 10 + 150 _11
I} (e Bq — e Bq) = 10" GeV (20Me\/)

fgeco _ e—F(eiBgﬁeiBg)/AmBq

Tp, <20MeV and Tg, < 10MeV

G. Elor



Example Benchmark Point

my = 1.3GeV  me = 1.8GeV

Br(B — ¢BM) = 5.6 x 107° 1074 Yg
7 A = 107 . Ye
107"} A = —4.2 x 10 Yoo
Yoy
Y
i B
= 107°
|
>
10—11
Qpmh® = 0.12
, (o0v)ee s xx = 46 (ov)wimp Yy = 8.7 x 1011
10~ . ' :
30 10 3
I, | MeV

G. Elor



Example Benchmark Point

my = 1.3GeV  me = 1.8GeV

Br(B = ¢yBM) = 56 x 107° 107% Yg
Ay, = 107° —Y
1077} Al = —4.2 x 107 y
Ypig
Yoy
Yp

Ensures dark
I~ matter is not

~ overproduced
1 0_1 ] i /

Qpymh? = 0.12
(ov)ee—xx = 46 (0v)wimp Yy = 8.7 x 10-11

30 10 3
I, | MeV

G. Elor



Example Benchmark Point

my = 1.3GeV  me = 1.8GeV

Br(B —¢BM) = 5.6 x 107° 1074 Yo
AL, = 107° —Y,
_ d —4
10~ AL = 42 x 10 Yo
Yoy
7 Yg
\ —_—
= 1077
|
s
10—11 i
Coherent Bs e b2 — 019
oscillations start (o) — 46 (ov) DM :
to produce an 13 L XX = WIMP Yg = 8.7 x 1071
asymmetry when .
Tp. < 20MeV 30 10 3

I, | MeV

G. Elor



Example Benchmark Point

my = 1.3GeV  me = 1.8GeV

Br(B — ¢¥BM) = 56 x 107° 1074 Yg
AL, = 1077 —Y
ol AL = —42 x 1074 ‘
1 O [ SL . Y¢+¢>k
Yo-gr
N YB
\ —_—
= 107
|
s
1 O—l 1]
Coherent Bs 2
oscillations start (o) — 46 (o) Qpmh® = 0.12 Need.a. net
to produce an 13 §E XX = WIMPA Vg = 8.7 x 10711 positive
asymmetry when a a . asymmetry
T, < 20 MeV 30 10 3

T ¥ / MeV Coherent Bd oscillations start to
deplete the asymmetry when Tp, < 10 MeV



Numerical Result

r 2
_Br(B — ¢BM) Al
- 11 SL,
Yp ~ 8.7 x 10 = PR
- q=s,d y
ﬁ Successful

B-Mesogenesis
\ 4

(Agf x Br (B = ¢ BM) > 10_6J

Experimental Observables

G. Elor



Part 11.

A Roadmap for Discovering

®
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Based on:
GE with Gonzalo Alonso-Alvarez, Miguel Escudero, [arXi1v:2101.02706]

Ongoing theoretical work: GE with Gonzalo Alonso-Alvarez, Jorge Martin Camalich, Miguel
Escudero, Bartosz Fornal, Benjamin Grinstein (also see white paper coming out in August)

Ongoing searches at Belle 1 and 11

Possible searches at LHCb - see arXiv:2105.12668 and arXiv:2106.12870 G. Elor



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

\_

s

Semileptonic asymmetry:

New B meson decay:

New b-Baryon decay:

AL >107°

—®

Belle Il
LHCb

ATLAS
CMS

BaBar
Belle
Belle Il
LHCDb

LHCb?
ATLAS??
CMS??

G. Elor



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

\_

( )
Belle Il
Semileptonic asymmetry: Al > 103 k‘ll'-ch,:AbS
CMS
BaBar
/@
New B meson decay: @ BB?I"eII
elle
™0 o
— @ LHCb?
New b-Baryon decay: @ ATLAS??
~ CMS??
J

Indirect Signals

B9 meson CPV and oscillation observables:

qbcll,QS AMd,S AFal,s

New TeV-scale color-triplet scalar, Y

LHCDb
Belle Il
ATLAS

CMS

ATLAS
CMS

G. Elor




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

\_

f

~
Belle Il
Semileptonic asymmetry: Al > 107° k‘ll'-ch,:AbS
CMS
BaBar
/'@
New B meson decay: @ BB?IIIeII
elle
™0 o
v @ LHCb?
New b-Baryon decay: @ ATLAS??
~ CMS??
J

Indirect Signals

B9 meson CPV and oscillation observables:

¢il§8 AMd,S Ard,s

New TeV-scale color-triplet scalar, Y

LHCDb
Belle Il
ATLAS

CMS

ATLAS
CMS

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

G. Elor




The Semi-Leptonic Asymmetry

T T T T T LI LY AL I T T~
) A indicat .
95% CL p:;?xi::u;?zrezozs -
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o C ke 2
: N I
: =2 . T
- — — .
: I b m
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10—4 waul = o ol 3 el 5
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<1073

for baryogenesis
1 Br (B = ¥BM) Al
[YB =87 x 107 ——om—— %msZJ — (Br(B —YBM) > 10—4)

q=-s,d

G. Elor




Flavorful Variations

No a priori reason to expect a particular flavor structure.

Most general interactions:

[61/3 — = Z Yu,d; Y*ﬂiRng - Z Yapdy, deRlZ T h(ﬂ

2] k

Oua =bud
Possible operators: Ous =V bus
Ocd — Qp bced
Ocs — ¢ bes

\ W,

B-Mesogenesis requires: [BT(B =Y BM) 2 10_4)

G. Elor



Searching for new h-Hadron Decays

Can be searched for at Belle, BaBar and LHCb

Flavorful variations:

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 KE + 70
By Y+ A (usd)
O=1ybus B Y + Z° (uss)
b—pus BT P+ BT (uus)
Ay 1; + KO
Ba Y+ Ae + 7 (cdd)
O=1bcd Bs Y + E2 (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ ﬁo
By Y + E2 (csd)
O=1vbcs Bs Y + Qe (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

G. Elor



Searching for new b-Hadron Decays

Can be searched for at Belle, BaBar and LHCb

Flavorful variations:

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 KE + 70
By Y+ A (usd)
O=1ybus B Y + Z° (uss)
b—pus BT P+ BT (uus)
Ay 1; + KO
Ba Y+ Ae + 7 (cdd)
O=1bcd Bs Y + E2 (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ ﬁo
By Y + E2 (csd)
O=1vbcs Bs Y + Qe (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

Directly related to baryon asymmetry

Most stringent constraints

actually comes from a 20 year
old search at LEP

[hep-ex/0010022]

G. Elor



Searching for new h-Hadron Decays

Can be searched for at Belle, BaBar and LHCb

Flavorful variations:

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 KZ + 70
By Y+ A (usd)
O=1ybus B Y + Z° (uss)
b—pus BT P+ BT (uus)
Ay 1; + KO
Ba Y+ Ae + 7 (cdd)
O=1bcd Bs Y + E2 (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ EO
By Y + E2 (csd)
O=1vbcs Bs Y + Qe (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

Directly related to baryon asymmetry

Most stringent constraints
actually comes from a 20 year
old search at LEP

[hep-ex/0010022]

Indirectly constrains B-Mesogenesis.
Charged track 1s an advantage for searches

&3
=

B+

G. Elor



Searching for new b-Hadron Decays

Can be searched for at Belle, BaBar and LHCb

Flavorful variations:

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 Y+ 7
By Y+ A (usd)
O=1ybus B Y + Z° (uss)
b—us BT P+ BT (uus)
Ay 1; -+ K
Ba Y+ Ae + 7 (cdd)
O=1bcd Bs Y + E2 (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ ﬁo
By Y + E2 (csd)
O=1vbcs Bs Y + Qe (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

Directly related to baryon asymmetry

Most stringent constraints
actually comes from a 20 year
old search at LEP

[hep-ex/0010022]

Indirectly constrains B-Mesogenesis.
Charged track 1s an advantage for searches

b-flavored baryon decays can
yield indirect constraints.

expect: Br(B, = ¥ M) > 1074

G. Elor



Searching for new b-Hadron Decays

Flavorful variations:

Ongoing Belle-I and II Search

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 KE + 70
( By Y+ A (usd) j
O=1ybus B P + Z° (uss)
b—pus BT P+ BT (uus)
Ay 1; + KO
Ba Y+ Ae + 7 (cdd)
O=1bcd Bs Y + E2 (cds)
b—ed BT Y+ A (dew)
Ay @Z -+ ﬁo
By Y + E2 (csd)
O=1vbcs Bs Y + Qe (css)
b—cs BT Y + 2 (csu)
Ay Y+D + KT

Results to be made public at the next
collaboration meeting. They plan to look
for other decay modes as well

G. Elor



Searching for new h-Hadron Decays

Possibilities at LHCb
[See our white paper on “Stealth Physics at LHCb” 2105.12668]

e No handle on 1nitial energy of decaying B meson so measuring missing energy 1s
non-trivial.

e But, LHCb has advantages: larger number of B mesons produced than at Belle,
excellent vertex resolution, and good particle reconstruction efficiencies.

e  Some possibilities for searches do exist. e.g. new paper just last week!

/Prospects on searches for baryonic Dark Matter produced in b-hadroD
decayS at LHCb [2106.12870]

Alexandre Brea Rodriguez !, Veronika Chobanova >!, Xabier Cid Vidal ¢!, Sail Lépez
Solifio ¢!, Diego Martinez Santos ©!, Titus Mombiicher !, Claire Prouvé &', Emilio
Xosé Rodriguez Fernandez ™!, Carlos Vazquez Sierra "2

!nstituto Galego de Fisica de Altas Enerxias (IGFAE), Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Spain
2European Organization for Nuclear Research (CERN), Geneva, Switzerland J




Searching for new b-Hadron Decays

Proposed Search at LHCb [2106.12870]

e Search for decays of B mesons and h-Flavored baryons into an excited baryon in the
final state B — ¢ B*

e The excited baryon promptly decay at the same decay point as original decay, allowing
one to trigger on this decay.

[T rrr [ rr1r1r [ rr1r1r [ ror [ rrrrprr T g
LE AY gt ! Projected sensitivity for

W7 e A s prgKt "' branching fractions excluded 1?

N ) . 0 —1 -

]0—2 RY tpDS A “ 520) ’, at 95 A) CL at 300 fb _5

g l0-2L — B — Ypsi(2595) ',' !
£ ]
oo 1074 "

£ , //3

2 10°° / -

= | 3

= 1076 1

107 4

10_8 | N TN TN NN N W TN NN NN NN TN NN U NN SN NN SN NN SN NN NN SN UNNN UNNN NN SN SN SN SN NN SN SN A E

1000 1500 2000 2500 3000 3500 4000 4500
m(Pos) [MeV/c?]



Searching for new b-Hadron Decays

Caution: Inclusive vs. Exclusive Rates

e  All decays (and their searches) discussed thus far have been exclusive.

, , Br(B - ¢y BM) > 10—4J
But, the observable controlling the baryon asymmetry 1s an inclusive rate. [ r v )

e Need a dedicated calculation using QCD sum rules or lattice techniques etc. to calculate
form factors. Beyond my current expertise....

B decays through Oz-lj = (vb)(u,d;)

e  Phase space method — 10°;
[Bigi, Phys.Lett.B 106, 510 (1981)] § |
m.?
1 _
Br (B — ¢ B) & o
r —1]
> (1-10)%. =10
= _
&
T
T —2
@/ 10 Bt = p+¢ (O = ybud) BT — AY + 4 (O = vbed)
CE ] Bt — BT 4+ 4 (O = bus) Bt - Ef + ¢ (O = tbes)
1.0 15 20 25 30 35 4.0
my [GeV]

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 Y
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]
k My > 0.5 TeV My > 1.2TeV My >1—"T7TeV MY>1—7T6V)

G. Elor



Colored Triplet Scalar

Constraints from LHC squark searches

. . a3
B-Mesogenesis requires: EBr(B — Yy BM) ~10 < 3 GeV) (

Am

1.5 TeV \/YubYyd

My

0.53

;

> 1074

Y

)

Since collider bounds depend on the ratio v/ Yuid; Y they will in turn constrain the branching fraction

Am = mp—my —mp—mpm

My

e.g.

107" -

Maximum Br (B — ¢ B M)
>
—
m
T
T
/

—
O
.p

1.00

"""" 1"25”'”1”5'0”"”1”7'5'“”506”' 2.25
mw[GeV]

G. Elor



Discovering B-Mesogenesis Outlook

Could be fully tested 1n but a few years.

o Arrows indicate s = 2 =
95% CL projections for 2025 / . . - =

lll

102:-

o e
: O
- 5
Y T
=
DX T
A o PR
; : : =N
1% Belle-ll & LHCb _: ! O
< . . . . C%
103 ATLAS&CMS: = ' ., -
- : ; T
e " EE
Bl * BaBar/Belle ; S
o - - D)
U - M u <t . 1
X 5 L4 =
< -~ ~— 8 B
o - . : o
10—4 gelhpsiclah St . ....a.?.h . .?...E E. a.)...i .
1076 10°° 104 103 102



Discovering B-Mesogenesis Outlook

Predictions and Signals of B-Mesogenesis

e New B meson decay modes with (BT(B =Y BM) 2 10_4)

e Positive semileptonic asymmetry [ Al > 1()—4]

e The existence TeV scale colored triplet scalar

e Implications for flavor structure.

e Many more signals possible given a UV model see e.g. [1907.10612]

G. Elor



Why B Mesons?

B() BO DO KO

~ 5.3 GeV ~ 5.3GeV ~ 1.8 GeV ~ 0.5 GeV

Kinematics: Dark baryons must be GeV scale. Only
B mesons are heavy enough to decay into GeV scale.
Charge dark particle under lepton number instead,
then 1t can be light.

Neutral D Mesons don’t have a lot of CP violation in
their oscillations, but charged D Mesons have a lot
of CP violation 1n their decays.

G. Elor



Part III.
D-Mesogenesis

Based on:
GE with Robert McGehee, Phys. Rev. D [arXiv:2011.06115]

G. Elor



CPV in Charged D Decays

G. Elor



CPV in Charged D Decays

Example: Standard Model decays to an odd number of charged pions

D™ decay mode Aép/l()_2 D™ decay mode Aép/l()_2
Kn™ —0.41 +£0.09 T 1.0+1.5

K ntnt —0.18 = 0.16 71’ (958) —0.6 £0.7

K ntatn® || -0.3£06+04 KTK ™ 0.37 £ 0.29

Kentn® —0.1£0.7+0.2 prT 0.01 +0.09
Kontntn™ 0.0+1.24+0.3 ao(1450)°7 —19+ 1273,
ntrl 2.441.2 $(1680) 7™ —9+224+14

Ty 1.0+1.5 o taT —1.7+4.2

Not a small number if we want to explain | Y5> =

(8.718 £ 0.004) x 10~

G. Elor



Sakharov I. Out of Equilibrium

Late decay of an “inflaton-like” field
Decaysat: I's = 4H (Tg) toquarks mae € |5GeV, 100 GeV]

[3.5 MeV < Tr < 20 MeV]

T T

Before BBN After QCD phase transition

G. Elor



Sakharov 1. Out of Equilibrium

Late decay of an “inflaton-like” field
Decaysat: I's = 4H (Tg) toquarks mae € |5GeV, 100 GeV]

[3.5 MeV < Tr < 20 MeVJ

Y

T T

Before BBN After QCD phase transition

G. Elor



Sakharov II. CP Violation

D mesons quickly undergo Standard Model decays to pions

q D~

S
Acp

Decays at: [3.5 MeV 5 Th < 20 Mer Asymmetry in

~ charged pions

r r

Before BBN D mesons decay rather than scatter

G. Elor



Sakharov III. B Violation?

Need a way to change baryon number

|/
\
. ~ ° < =~ ~
,@- Hide baryon and lepton number in a ’@‘
\ \
<

dark sector without violating either. =

First generate a lepton asymmetry

G. Elor



Dark Sector Lepton

Portal Operator: [ = %[Jf“u} [Zdl“ué] —I—h.c.j

Pion Decays: #t —{q+¢", my, <mg+ —my Canbe light

oy <

G. Elor



Generating a Lepton Asymmetry

Equal and opposite dark/visible sector lepton asymmetry

q
¢ f
"""" < Aop
q
\ T~4—-20MeV CP Violation

[Yfark (ned ;n£d> x Br(nt —ly+(7) Z Aép x Br (DT —>f)]

f

G. Elor



Generating a Baryon Asymmetry

When you make the Universe at 20 MeV, you (of course) can not
use Electroweak Sphalerons to transter a lepton into a baryon
asymmetry.

You also don’t need them...

G. Elor



Freezing-In the Baryon Asymmerty

Scattering oft dark sector states charged under SM L and/or B

[lﬁd—l-xl—))(z—l-[))]

L=—-1,B=0 L=0,,B=-1
MeV GeV

Band L
conserving

GeV @ @ GeV
L=1,B=0 L=0,B=1

Equal and opposite dark and visible sector baryon asymmetry

G. Elor



Boltzmann Equations: Lepton Asymmetry

d
Inflaton: % +3Hnge = —Tang
< . dpra,d
Radiation: o +4Hproqg = + Leamaenae
. 5 8
Hubble: H* = 5 (prad + mq>nq>) I's = 4H (TR)
3Mg,
The dark lepton asymmetry: D = pBr(® — ¢)Br(c — D)

d
[dt (neg = ng,) +3H (ne, —ng,) = 2 TgneBry’ 3 NgaéPBr&j
7

— @
+ +
q FD D /A
d < ®

f

Ly
Br
ﬂ_ e

BrJl;Jr
D-

G. Elor



Boltzmann Equations: Lepton Asymmetry

e Inflaton: dg_f +3Hne = —Lenae
. g . dpra,d .
e Radiation: o +4Hproqg = + Leamaenae
8
o Hubble:  H?= —" (paa + mena) Lo = 4H (Tk)
3Mg,
e The dark lepton asymmetry: D = 4Br(® — ¢)Br(c — D)
da (ngd — Ny ) +3H (ngd — Ny ) — 2TPngBrie ZNiaéPBréjL
dt d d f

Experimental Observables:

abp = ALp/(1+ Alp) ~ ALp LHCb" B
factories

e SM charged D decays:
Br{)+ =Br (D"t — f)

e Charged pion decays: Br‘e = Br(nt — ¢4+ ¢t)  PIENU, PS], etc.
G. Elor



Boltzmann Equations: Lepton Asymmetry

Numerically Solving for the Lepton asymmetry:

ydak  pple 3" NSl Br, Ty 10GeV
Yo 1073 3x 105 20MeV mg

2

YSPs = (8.718 +0.004) x 1011

Experimental Observables:
abp=AlLp/(L+ALp)~ AL,  LHCb B

e SM charged D decays: factories
Brl . =Br(D* — f)

e Charged pion decays: Br‘e = Br(nt — ¢4+ ¢t)  PIENU, PS], etc.
G. Elor



Limits on D Decays

D™ decay mode Aép/l()_2 Br£+/10_2
Kont —0.41 £+ 0.09 1.562 + 0.031

K ntrx™ —0.18 +£0.16 9.38 +0.16
K ntatxal —0.3+0.6+0.4 5.98 +0.08 + 0.16*
Kentn® —0.1£+0.7+0.2 6.99 + 0.09 £+ 0.25*

> NialpBry, = (-9.3x107*)

f

+0.0031
—0.0039

G. Elor



10°

10—2_

|Ue4|2

10—8_

10710 L7

Limits on Pion Decays

Bryman, Shrock, arXiv:1909.11198]

10—4_

10—6_

IBETA

i/

BD1

BeZ
KENU-

N PIENU-H

BD2

- ~—

Dser

\KEK/
Ke2 NAG2

\ N ’J Ke2 NAG2*

Mey PIENU

100

1
m

0! 102 103

v, (MeV)

Limit on |U; nv|?

=

[Bryman, Shrock, arXiv:1909.11198]

100

2
=
o
~

o

-2
10 U SpectrL@N \7
2 PSI 2

u Capture M

M2 PIENU J K2 KEK

Y
fv(K,Jz NA62

%
napsiz @ K2 BNLWKM NAG2

10—6_
10—8_
10710 4=
100
limit on

10! 102 103

m,, (MeV)

r(wi—wi +2q)

D(m*—£0* +vsm)
[Shrock, Phys. Rev. D24, 1232 (1981)]

Br(n® — u= + MET) < 107%, for 5MeV < my, < 15MeV .

G. Elor



Generating a Lepton Asymmetry

1072 —~—

— PN T T N Fl LS
— | n
- I —
B I l
n | i
[
. I —]
I
_ [
1073 | —
= PSI : =
C o Lt I i
_T_'\ - 5SMeV <my, <15 MeV [ B
n [ o
= i ! |
SO
T 10+ -
-+ - -
ke - ]
N | —
— u i
an
-5 I
107 | E
- ' N
- I N
u = l y
S o
B fonod = 3! N
|| yiek Bl 3, NlagpBrpe Th 10GeV | 5 S |
Yyghs T 1073 3x10=°  20MeV mg | © >:
10_6 | | IIIIIII | | IIIIIII | | IIIIIII | AN Y I I
1076 107 10~ 1073 1072

‘Z NracpBrp- G. Elor



Freezing-In a Baryon Asymmetry

Boltzmann Equations with scattering: ¢, + x1 — x2 + B

e New dark lepton/lepto-baryon: ms 2 my, me = m,, +ms

Y

dnxl

dt

+3Hn,, = TeneBr (® — x1X1) — (o) ng,ny,

e Dark lepton:

d
% (nﬁd _ nzd) + 3H (fn’gd — ne—d> — Qrgnq}Brde ZN’ZaéPBrfD‘F — <O_’U> nXl (nﬁd — nZd)
f
e Baryon asymmetry:
d
— (nis — ) + 3H (ns —ng) = — (0w}, (e, —ng,)
Txa <OU> YB?bS

To efhiciently transter the asymmetry H(T) ‘T . > etk
G. Elor



Freezing-In a Baryon Asymmetry

Example Benchmark point:

Tr = 10 MeV, ms = 6 GeV
(ov) =1 x 107" GeV~?2

Br ((I) — X1>_(1) = 0.1

Y NlalpBri. = (-9.3x107%)
/

t; Yield

Yield

1078

107

1078

10—12 -

10—16

10720

| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|
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 1

Time (seconds)

G. Elor



Freezing-In a Baryon Asymmetry

Numerically:

X
y fark Mo Tr  Br(® — x1x1)

Yobs —1
[<m}> S 1016 Gey—2 V5 10 GeV 20 MeV 10 ]

How realistic is this?

G. Elor



Models

Proof of concept that what I have told you thus
far is not (too) crazy.

e Some example models/dark sector charge assignments.

lg+x1— x2+B

e Estimation of the scattering cross section to confirm it can be
large enough to transfer the asymmetry given current constraints.

Y 5bs 10 GeV 20 M 101
(ov) > 10710 Gev—2 B, 1WGeV 20 VeV 0
y dar mae Tr Br(® — xi1x1)

G. Elor



Portal to the Dark Sector

Model Build for: | Z4+ x1 — x2 + B

New fields: (Same model as for B-Mesogenesis[arXiv:1810.00880])

Field Spin | L B Zio Mass
Color triplet
scalar mediator Y 0 0| —2/3 | +1 2 1TeV
0y 12 | 1] o 11 | O(10 — 140 MeV)
Dark Baryon b5 12 o] -1 | +1 >1.2GeV
Allowed Interactions: LR, Y*ﬂid;’f + Yy, Y pd; + h.c.

2
Yy _. dark baryon-SM
Lefr = M a2 Y d dj wB baryon “mixing”

Collider bounds
(as just discussed)

Stability of matter,
neutron star bounds

G. Elor



Dark Possibilities

ba+ X1 — X2+ U¥B

Field B Field
X1 0 X1
X2 -1 X2
X1 1 X1
X2 0 X2

G. Elor



Dark Possibilities

ba+ X1 — X2+ U¥B

Field B Field
X1 0 X1
X2 -1 X2
X1 1 X1
X2 0 X2

G. Elor



Example Charge Assignment

My, + Mg > My, > MB

Dark Leptons Dark Baryons

MeV scale Dirac Fermion mediator G. Elor



Example Charge Assignment

My, + Mg > My, > MB

Dark Leptons Dark Baryons

B and L
conserving

our portal
operator

(00) = 10-15 GeV-2 (yyy)? % <1OMeV) (20GeV> <1OGeV>

my, Myq Mo

G. Elor



Dark Matter Generation

A few comments

Details depend on baryon and lepton number charge assignment.

Symmetric component of any dark baryons will always
contribute to some or all of the dark matter.

Dark states will tend to be overproduced but additional dark
sector dynamics can always be at play to achieve the observed
dark matter relic abundance.

G. Elor



D-Mesogenesis

—

' <
@B — -f e

\_ T~ 4-20Mev CP Violation A Q= LB=0 L=0B= y

( \ =—1,B=0 =0,B=-1
DT e at e @ ( y L , \

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

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

e Upcoming experimental probes will better constrain or discover this
mechanism.

G. Elor



D-Mesogenesis:

Outlook

B-Mesogenesis:

k T~ 4—-20MeV CP Violation

\ ( Out of equilibrium
@ late time decay
at y )
h

@

YEM — _Ygark J L I }? ~ 1 5 MeV

CP violating oscillations

I ]
600

Ad A8
-"1STI x’lSL

~\
B-mesons decay into

Dark Matter and hadrons

@ Dark Matter
/ {(anti-Baryon)

e Continued support of experimental efforts to probe Mesogenesis e.g. proper form factor

calculation 1n the case of decays relevant for B-Mesogenesis.

e  Mesogenesis in other meson systems? [Charged B mesons: ongoing work with Fatemeh
Elahi, Robert McGehee, and Olcyr Sumensari]

e Explore UV embeddings (dark sector? mediators?) of both B and D-Mesogenesis and
associated phenomenology.

e Theory of inflation [preliminary work with Nicklas Ramberg and Pedro Schwaller]

G. Elor



D-Mesogenesis:

Outlook

B-Mesogenesis:

@ <

kT~4—20MeV

CP Violation

\ ( Out of equilibrium
@ late time decay
at y )
h

ﬂ_e

@

YEM — _Ygark J L I }? ~ 1 5 MeV

CP violating oscillations

I ]
600

Ad A8
-"1STI x’lSL

B-mesons decay into
Dark Matter and hadrons

-~

@ Dark Matter
{anti-Baryon)

~

e Continued support of experimental efforts to probe Mesogenesis e.g. proper form factor

calculation 1n the case of decays relevant for B-Mesogenesis.

e  Mesogenesis in other meson systems? [Charged B mesons: ongoing work with Fatemeh
Elahi, Robert McGehee, and Olcyr Sumensari]

e Explore UV embeddings (dark sector? mediators?) of both B and D-Mesogenesis and
associated phenomenology.

e Theory of inflation [preliminary work with Nicklas Ramberg and Pedro Schwaller]

Thanks!

G. Elor






New Hyperon Decays

Light hadrons: we can compute form factors by matching onto chiral EFT.

Hyperon decays are another indirect probe of B-Mesogenesis and are of interest at
BESIII, Belle-1I, and LHCb

e.g.
A

T
-y ls
el N £ L < -
10—7 ............................................... ’_‘0 |t:
" 1079 YasYyu/ M2 = 0.32 TeV > S
<[:1] o1 -——— yusyxd/M(% = 0.19 TeV 2 _; B
D\ ....... yudyxs/Mq% —0.07 Tev—Q T 10—4 ‘
5\ L0-13] == Yusts/MZ = 0.19TeV L Al
= ™~ Yasyyu/ Mz = 0.32 TeV 2 \ i
g 1015 VAN Q 10774 === Yusyya/Mz = 0.19 TeV > i
o] T | AT Yudys/ M2 = 0.07 TeV 2 !
1 £ — = YusYys/M3 = 0.19 TeV 2 :
: : : : : : ‘. @ 10—6 : : : : : : H
0.0 0.2 0.4 0.6 0.8 1.0 1.2 g 0.0 0.2 0.4 0.6 0.8 1.0 1.2
m, [GeV] my [GeV]

[GE with Gonzalo Alonso-Alvarez, Jorge Martin Camalich, Miguel Escudero, Bartosz Fornal, Benjamin Grinstein]




1073

Colored Triplet Scalar

Constraints from LHC squark searches

TTT T  Yus T Yes TTTT Ydb

T Yw Yeb T UYds
4 6

My (TeV)

109

Yds
o i TTT T Yus T Yes TTTT Yab
T Y T Yebh T Ysh
2 4 6
My (TeV)

G. Elor



Maximum Br(B — By M)

—_
=
w

1074

Constraints from LHC squark searches

— Yud Yy
T Yus Yyb
— Yub Yyd
T Yub Yys

....... Yed Y
T Yes Yy
....... Yeb Yo
T Yeb Yys

Ydb Yypu
....... Y Yupe
TTTT Ysh Yyu
T Ysb Yy




Baryogenesis and Dark Matter
from B Mesons

x10~7 Coefficients ag and as
1.4 - (TR
Do —— as(Tr)
1.2 - § i —— normal I' =Ty
2 mm T € [1T0,4T0]
1.0 - § i | ;
0815} 5 Z
' s n
1l / | ~ N s gel e
0.6 C‘E E - <
0412 ] > q
AT L/
0.2
0.0 1 : — ,
0 20 40 60 30 100
Temperature at decay [MeV]
Br 100GeV
}/b —Y; = g 1 Ad + T)A
= (102) (T ) (@D Ad+ 0s(T)A)

G. Elor



CP Observables

CMS

(96.4 + 1976 ")

0.12

Als[ps ]
o
S

O
o
o

LHCb é

(combined)

ATLAS §

(805 +19.2f6 ')

0.06

Baryogenesis and Dark Matter

95% CL :

0.0—4.0..3. ..... .—. ..2. ..... ._.0..1 ....... 0. 0. ....... 6.1. ....... 6.2

G. Elor



The Semi-Leptonic Asymmetry

ag, = LB =2 B2 ) =T (By = By = f) [ Da | g g0y
I'(BY— BY— f)+T(BY— BY— f) M,
From SM box diagrams: ASp s = (—4.74+0.4) x 1074 Lenz, Tetlalmatzi-
Silsm = (2.1 £ 0.2) x 107> Xolocotz1 [1912.07621]
- HFLAG

World average: A§L = (-2.1+1.7) x 1077

S = (—0.6+£2.8)x107°
Projected Sensitivities: A%, =10 x 107* [LHCb (33fb™") — 2025 [1812.07638,

(
5A% =3 x 1074 [LHCb(300fb~') —2040]  1808.08865]
SAZ =8 x107* [LHCb (33fb~ ') — 2025]

SA3 =2x10"% [LHCb (300fb~1) — 2040]

SAL =5x10"* [Belle I1(50ab™") — 2025]

G. Elor



Searching for new b-Hadron Decays

Caution: Inclusive vs. Exclusive Rates

e  All decays (and their searches) discussed thus far have been exclusive.

, , Br(B - ¢y BM) > 10—4J
But, the observable controlling the baryon asymmetry 1s an inclusive rate. [ r v )

e Need a dedicated calculation using QCD sum rules or lattice techniques etc. to calculate

form factors. Beyond my current expertise....
B decays through O}; = (¢b)(u,d;)

— 10°;
e  Phase space method |
=
[Bigi, Phys.Lett.B 106, 510 (1981)] <)
A2 T
_ or
b — w;d; Y(A) = / dM; ;. +
v (Mu; +ma;)? 8M5idj @ 8;/ 10_1-:
m .
=
Br(B — Bi; +v¢) v(ms,,) =
Br(B—)Bij—l—w—FM) N ’y(mb—mw m:
T
* -2
Br (B — ¢B) > (1 _ 10) o7 Q 10 B* = p+ 1 (O = tbud) B* = Af + ¢ (O = bed)
BI‘(B _>¢BM) ~ 0. &5‘ 1 Bt = ¥t + ¢ (O = ybus) BT — EF + 9 (O = vbes)
1.0 1.5 2.0 2.5 3.0 3.9 4.0
my [GeV]

G. Elor



Flavorful Variations

No a prior1 reason to expect a particular flavor structure.

Most general interactions:

r5—1/3 == Yua, Y UrdSp — Y ypa,Ydipth + h-a
1,7 k
['2/3 - = Z Yd;d,; Y*JiRdER - Z y@bUkYUZR@Z + h.c.
L i.i k J
Possible operators: FOud — bu d
Ous =1 bus
Oeg=vbed
O..=vbcs
. 4 Dy

New meson and b-flavored hadron decays:

Operator/Decay ||Initial State Final state AM (MeV)

By Y + n (udd) 4340.07

O=vbud By Y + A (uds) 4251.21
b—Yud 5 Y+ p (duu) 4341.05
Ay P + 5484.5

By Y + A (usd) 4163.95

O=1vYbus Bs Y + E° (uss) 4025.03
b Yus Bt b+ 5T (uus) | 4089.95
Ay Y+ K° 5121.9

By  |¥+Ac+n (cdd)| 2853.60

O =1bed B, Y + E2 (cds) 2895.02
b— Ycd Bt Y + A (deu) 2992.86
As $+D 3754.7

By Y + 22 (csd) 2807.76

O =1bcs Bs Y 4+ Qe (css) 2671.69
b—cs BT P+ 2L (csu) 2810.36
Ay p+D" + KT 3256.2

G. Elor



Constraints from LHC squark searches

Colored Triplet Scalar

Max: Upper limit on my
Operator V92 1.5 Tev *|Inclusive Br(B — ¢ BM)
[0-53 My ] 107 {107 [ 1077 | 2.5%
OLa = (b) (ud) 0.3 2.0 | - -
02, = (d) (ub) 6.7 3.2 | 23 | -
O, = (Yu)(db) 16.2 34 | 28 | 1.6
Ous = (V1) (us) 2.4 2.7 | 1.6 | -
Oz, = (¢¥s) (ub) 6.7 3.2 | 23 | - -
02, = (Yu) (sbh) 75.8 35 1 3.0 | 22 | 1.8
Ol = (P b) (cd) 10.4 20 | 1.2 | -
02, = (d) (cb) 96.6 24 | 1.9 | 1.2
02, = (Y¥c)(db) 16.2 2.1 | 1.4 | -
Ol = (¥b) (cs) 50.9 20 | 1.5 | -
02, = (v s) (cb) 96.6 24 | 1.9 | 1.2
02, = (¥e)(sb) 75.8 2.1 | 1.7 | -

Bounds will depend on the product of coupling

VY2 My

Which 1n tern constrain branching fraction of relevance to the baryon asymmetry

G. Elor



Maximum Br (B — ¢ BM)

Colored Triplet Scalar
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dn
X —_— 2 2 numoer o ark matter particles
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A Supersymmetric Theory

MSSM, R Symmetry, and Dirac Gauginos and Sterile Neutrios

C C C 1 ! C C C
Superfield | R-Charge | L no. RPV” W =y4.QH,U" — yaQH.D" — y LHE" + iAiiji DDy,
-+ :uuHuRd + :udRqu
U<, D¢ 2/3 0
+ NXH, TRy + MR, TH; + \SR, H, .
Q 4/3 0
I A e £ = Mg (drubbl + Trdibl + brufdh) |
R R , ) Gauge:
uy LLd
Loange = — V2g(oT AT + h.c.
S 0 0 s B = 4=
=  —V2¢(d%drB") — v2g(dd} BT + h.c.
L ! ! Neutrio:
c — A 1) WTC>J 1 c c
K L L W = TNSN%Nﬁz + HLygNG + o NG My N +he.,
NS, 1 -1

— Dy Ak + o) +he



A Supersymmetric Theory

Superpartners and SM particles have different charge under an unbroken R-symmetry.
We can 1dentify 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] o 0 1| O(GeV)
R || 0 | O ~1 ~1| O(GeV)

G. Elor



Model Specific Signals

Production at the LHC:

Long lived decay: 1 — 10° meters

VsM

VR VSM

W

Vas
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