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ALPs searches

Figure is taken from [Irastorza Redondo, 2018].
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Axions and ALPs

pseudo-Goldstone Bosons

Only need an extra U(1) spontaneously broken at fa

Axions

Solve the Strong CP

problem

Mass and SSB scale

are tied

ALPs

Do not solve Strong

CP

Arbitrary mass and

SSB scale
[Peccei Quinn, 77] [Wilczek, 77] [Weinberg, 77]
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Axions and ALPs

pseudo-Goldstone Bosons

Weakly coupled

Always enters as a/fa

Derivative couplings

Neutral pseudoscalar boson
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Axions and ALPs

Non-Universality

Low Energy Effective Couplings

∂µa
2fa

∑
f=u,d,` f̄γ

µ
(
CV + CAγ

5) f
CV and CA matrices in flavour space

Off-diagonal elements give FCNC

[Georgi Kaplan Randall, 86] [Bauer et al, 21]
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Axions and ALPs

Phenomenological Model

ALP physics at GeV scale:

Theory

ALP EFT

Bound states

Experiment

Missing energy

2/3-body final states
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Hadronization of different channel

Local and bi-local operators
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Hadronization of different channels

Phenomenological Model

Hadronic matrix elements

Lattice and Light Cone Sum Rules

Lattice QCD results for

local operators

[Carrasco et al, 16] [Ball Zwicky, 04]
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Hadronization of different channels

Penguins Hadronization

Local Operators
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[Izaguirre Lin Shuve, 16] [Bauer Neubert Thamm, 17]
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Hadronization of different channels

Phenomenological Model

Hadronic matrix elements

Brodsky-Lepage Hadronization

Used for bi-local operators

[Lepage Brodsky, 80] [Szczepaniak Henley Brodsky, 90]
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Hadronization of different channels

Brodsky-Lepage

Based on Distribution Amplitudes

Assumptions

Quark-Hadron duality

High energy transfer

Allows one to compute meson-to-vacuum

and meson-to-meson matrix elements
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Features and bounds
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Phenomenology of different searches

Meson-to-meson decay

Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Tree level s−channel

A(s)
I ≈ GFVCKMfIfF

2
√

2fa
M 2

I (cq − cQ)

Penguins∣∣∣∣∣M(s,t)
T

ML

∣∣∣∣∣ ≈ 2π2fIfF
m2
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Phenomenology of different searches

Meson-to-meson decay

B-sector
[AWMG Rigolin, 2211.08343]



ALP production in weak mesonic decays

AlfredoWalter Mario Guerrera 1

1Università degli studi di Padova and INFN, sezione di Padova

Phenomenology of different searches

Meson-to-meson decay

D-sector
[AWMG Rigolin, 2211.08343]
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Phenomenology of different searches

Meson-to-meson decay

K-sector
[AWMG Rigolin, 2211.08343]
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Phenomenology of different searches

Meson-to-meson decay

K-sector
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Direct extension of K+ → π+ν̄ν measurement and KL → π0ν̄ν
Picture from [AWMG Rigolin, 2211.08343]
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Phenomenology of different searches

Meson-to-meson decay

K-sector

Picture from [AWMG Rigolin, 21]
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Phenomenology of different searches

Meson-to-meson decay

MI → MF a
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Picture from [AWMG Rigolin, 2211.08343]
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Phenomenology of different searches

Leptonic decays

Three body Leptonic decay amplitude

Massless ALP limit

Eh ≈ iGFVCKMfMM
2
M√

2fa(k · PM)

(
¯̀/k PL ν`

)
(cq − cQ)
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Phenomenology of different searches

Leptonic decays

M → `ν̄`a three body decay
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[Gallo AWMG Penaranda Rigolin, 2021]
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Phenomenology of different searches

Leptonic decays

M → `ν̄`a three body decay
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Summary on Flavor Conserving parameters
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LCSR & Mesogenesis
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LCSR & Mesogenesis

Introduction

Mesogenesis

CPV from Mesons systems

Total baryon number is conserved

Testable at colliders
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Collider Tests

Belle-II Search B0 → ΛΨB
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LCSR & Mesogenesis

Introduction

Collider Tests

LHCb proposal for many observables
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LCSR & Mesogenesis

Introduction

3

• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B
+ mesons decay into a dark sector state carrying

SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B
�
c (3)

B
� (4)

Y�B = �YB (5)

In B
+
c Mesogenesis a baryon asymmetry is generated

as follows:

B
+
c !B

+ + M
0
SM , (6a)

B
+
! B

+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B

+
c = |cb̄i (6.274GeV) meson decays into a B

+ =
|ub̄i (5.279GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f)� �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B
+
M

0
SM.

Next, for low enough temperatures T . 20MeV [GE:
justify somewhere] the produced B

+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B

+
c and B

+ de-
cays, schematically, and in terms of yield variables

YB ⌘
nB � nB̄

s
/

X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘

Br
�
B

+
c ! B

+
M

0
SM

�
and BrB+ ⌘ Br

�
B

+
! B

+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (10)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y
⇤
ū b

c � y s Y  ̄ s
c + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m
2

Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B

0 ! B̄
0

will di↵er from that of B̄
0 ! B

0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d

B
0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”
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III. HYPERON DECAYS

[GE: New section added (maybe combine later):] The
e↵ective Lagrangian in Eq. (7) induces interactions be-
tween � and baryons. In particular, if the interactions of
� involve a strange quark, this leads to various new decay
channels for hyperons. Given an initial state ⇤0 (uds),
⌃0 (uds), ⌃+ (uus), ⌃+ (dds), ⌅0 (uss) and ⌅� (dss), we
will compute the exclusive branching fractions for the
following decays consitant with Eq. (5):

• Fully invisible hyperon decay

• Hyperon decay to ⇡
0 ,± and missing energy

• Hyperon decays to photon and missing energy

A sample decay for each of these processes is shown in
Fig. ??.

Given the exclusive branching fractions for each pro-
cess, it is possible to use current and upcoming searches
at Hyperon factories to set constraints at on the Wil-

son coe�cients of the operators O(0)
ab,c for each model

in Table I. These are then to be with constraints from
LHC searches (Sec. ??) and, for some processes, bounds
from SN1987A (Sec. ??). Flavor observables also set
constraints on products of couplings that enter the Wil-
son coe�cients (Sec. ??). These constraints will in turn
set relevant constraints on the parameter space of new
physics mechanisms which require exotic hyperon decays
into dark sectors.
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FIG. 1. Example of a hyperon dark decay ⇤ ! � �.
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IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � C
R
ud,dORR

ud,d + C
L
ud,dOLR

ud,d

+ C
R
ud,sORR

ud,s + C
R
us,dORR

us,d + C
L
ud,sOLR

ud,s + C
L
us,dOLR

us,d

+ C
R
us,sO

RR
us,s + C

L
us,sOLR

us,s, (21)

d d
b̄
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d
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LHC searches (Sec. ??) and, for some processes, bounds
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IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � C
R
ud,dORR

ud,d + C
L
ud,dOLR

ud,d

+ C
R
ud,sORR

ud,s + C
R
us,dORR

us,d + C
L
ud,sOLR

ud,s + C
L
us,dOLR

us,d

+ C
R
us,sO

RR
us,s + C

L
us,sOLR

us,s, (21)
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]
We first discuss the scenario in which Mesogenesis in

which B
+ mesons decay into a dark sector state carrying

SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

In B
+
c Mesogenesis a baryon asymmetry is generated

as follows:

B
+
c !B

+ + M
0
SM , (3a)

B
+
! B

+
SM +  B , (3b)

and, of course, the conjugate processes. Here SM
B

+
c = |cb̄i (6.274GeV) meson decays into a B

+ =
|ub̄i (5.279GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f)� �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (4)

where f is some final state i.e. in this case f = B
+
M

0
SM.

Next, for low enough temperatures T . 20MeV [GE:
justify somewhere] the produced B

+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the
generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B

+
c and B

+ de-
cays, schematically, and in terms of yield variables

YB ⌘
nB � nB̄

s
/

X

f

ACP BrB+
c

⇥ BrB+ (5)

where we have used the shorthand notation BrB+
c

⌘

Br
�
B

+
c ! B

+
M

0
SM

�
and BrB+ ⌘ Br

�
B

+
! B

+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (7)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays
of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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C. Exotic B Meson Decays

As discussed in the Introduction, one of the key pre-
dictions of B-Mesogenesis is the presence of a new decay
mode of B mesons into a dark antibaryon  , a visible
baryon B and any number of light mesons with a branch-
ing fraction Br(B !  B M) & 10�4.

In order for the B !  B M decay to exist, a new BSM
TeV-scale bosonic mediator is needed. In particular, this
state should be a color-triplet scalar Y which couples to
 and SM quarks. The LHC and flavor observables set
relevant constraints on the mass and couplings of this
color-triplet scalar which we discuss in detail in Sec. V.
This heavy mediator can be integrated out to yield a

low energy Lagrangian of the form Le↵ =
P

i,j Ouidj

y2
ij

M2
Y

,

with y2
ij being the product of the two relevant dimen-

sionless couplings. The four possible flavor combination
operators Oi of interest for B meson decays are

Oud =  b u d , (15a)

Ous =  b u s , (15b)

Ocd =  b c d , (15c)

Ocs =  b c s , (15d)

where all fermions are assumed to be right-handed6 and
color indices are contracted in a totally antisymmetric
way. These operators can induce the decay of the b̄
quark within the B meson into two light quarks and a
dark antibaryon  . The resulting possible hadronic pro-
cesses are summarized in Table I for the di↵erent opera-
tors in Eq. (15). Matrix elements involving the operators
in Eq. (15) depend on the precise pairing of the spinors.
Each of the operators can come in three di↵erent versions:
“type-1” O1

ij = ( b)(uidj), “type-2” O2
ij = ( dj)(uib)

and “type-3” O3
ij = ( ui)(djb). This distinction becomes

relevant for some of the constraints discussed in the next
sections.

As we will see in Sec. V, flavor constraints on the Y
triplet scalar imply that only one of these operators can

be active in the early Universe. In practice, this means
that we only expect one dominant flavor combination of
these possible operators at collider experiments and not
a combination of the above. Therefore, only one of the
sets of decay channels listed in Table I is expected to
have a sizeable branching ratio, while all others should
be suppressed.

In view of the form of the e↵ective operators in
Eq. (15), it is important to note that all B mesons should
decay at a very similar rate given that mB± ' mB0

d

'
mB0

s
. Additionally, b-flavored baryons (generically de-

noted by Bb) should also posses a branching fraction with

6 In principle, operators of the form  d QL Q0
L, mediated by a

color-triplet vector in the fundamental of SU(2), are also possi-
ble. Although for simplicity we do not expand on this possibility
here, they constitute another viable option.

Operator Initial Final �M

and Decay State State (MeV)

Bd  + n (udd) 4340.1

Oud =  b u d Bs  + ⇤ (uds) 4251.2

b̄ !  u d B+  + p (duu) 4341.0

⇤b  ̄ + ⇡0 5484.5

Bd  + ⇤ (usd) 4164.0

Ous =  b u s Bs  + ⌅0 (uss) 4025.0

b̄ !  u s B+  + ⌃+ (uus) 4090.0

⇤b  ̄ + K0 5121.9

Bd  + ⇤c + ⇡� (cdd) 2853.6

Ocd =  b c d Bs  + ⌅0
c (cds) 2895.0

b̄ !  c d B+  + ⇤+
c (dcu) 2992.9

⇤b  ̄ + D
0

3754.7

Bd  + ⌅0
c (csd) 2807.8

Ocs =  b c s Bs  + ⌦c (css) 2671.7

b̄ !  c s B+  + ⌅+
c (csu) 2810.4

⇤b  ̄ + D� + K+ 3256.2

TABLE I. The lightest final state resulting from the new decay
of b quarks as necessary to give rise to baryogenesis and dark
matter production. We list each of the possible flavorful op-
erators that can equally lead to B-Mesogenesis, see Eq. (15).
For a given operator, the rate of each decay is fairly similar
given that mB± ' mB0

d

' mB0
s
⇠ m⇤b

. �M refers to the dif-

ference in mass between the initial and final SM hadron. Note
that additional light mesons can be present in the final state,
which act to decrease �M by their corresponding masses.

a size Br
�
Bb !  ̄M

�
⇠ Br(B !  B M), again given

that the masses of all the b-flavored hadrons are fairly
similar to the B mesons ones.

III. CP VIOLATION IN THE B MESON
SYSTEM

As described in the previous sections, B-
Mesogenesis [1] directly relates the CP violation in
the neutral B meson systems to the observed baryon
asymmetry of the Universe. In this section, we discuss
how current measurements of CP violating observables
in B0

q � B̄0
q mixing constrain the mechanism. In partic-

ular, as clearly seen from Eq. (6), there is a correlation
between Br(B !  B M) and the CP asymmetries
in the B0

q systems. Thus, current measurements on
the CP violation of B0

q mesons set a lower bound to
Br(B !  B M) which we find to be ⇠ 10�4.

To set the stage, we first review the origin of CP vio-
lation in B0

q mesons and the associated observables. The
oscillations of neutral B0

s and B0
d mesons are described

by the mass (Mq
12) and decay (�q

12) mixing amplitudes
between the flavor eigenstates B0

q and B̄0
q — see [64] for

reviews on CP violation in the quark sector and B0
q � B̄0

q

s

u
u

ψℬ
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]
We first discuss the scenario in which Mesogenesis in

which B
+ mesons decay into a dark sector state carrying

SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B
�
c (3)

B
� (4)

Y�B = �YB (5)

In B
+
c Mesogenesis a baryon asymmetry is generated

as follows:

B
+
c !B

+ + M
0
SM , (6a)

B
+
! B

+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B

+
c = |cb̄i (6.274GeV) meson decays into a B

+ =
|ub̄i (5.279GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f)� �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B
+
M

0
SM.

Next, for low enough temperatures T . 20MeV [GE:
justify somewhere] the produced B

+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B

+
c and B

+ de-
cays, schematically, and in terms of yield variables

YB ⌘
nB � nB̄

s
/

X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘

Br
�
B

+
c ! B

+
M

0
SM

�
and BrB+ ⌘ Br

�
B

+
! B

+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (10)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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III. HYPERON DECAYS

[GE: New section added (maybe combine later):] The
e↵ective Lagrangian in Eq. (7) induces interactions be-
tween � and baryons. In particular, if the interactions of
� involve a strange quark, this leads to various new decay
channels for hyperons. Given an initial state ⇤0 (uds),
⌃0 (uds), ⌃+ (uus), ⌃+ (dds), ⌅0 (uss) and ⌅� (dss), we
will compute the exclusive branching fractions for the
following decays consitant with Eq. (5):

• Fully invisible hyperon decay

• Hyperon decay to ⇡
0 ,± and missing energy

• Hyperon decays to photon and missing energy

A sample decay for each of these processes is shown in
Fig. ??.

Given the exclusive branching fractions for each pro-
cess, it is possible to use current and upcoming searches
at Hyperon factories to set constraints at on the Wil-

son coe�cients of the operators O(0)
ab,c for each model

in Table I. These are then to be with constraints from
LHC searches (Sec. ??) and, for some processes, bounds
from SN1987A (Sec. ??). Flavor observables also set
constraints on products of couplings that enter the Wil-
son coe�cients (Sec. ??). These constraints will in turn
set relevant constraints on the parameter space of new
physics mechanisms which require exotic hyperon decays
into dark sectors.
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IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � C
R
ud,dORR

ud,d + C
L
ud,dOLR

ud,d

+ C
R
ud,sORR

ud,s + C
R
us,dORR

us,d + C
L
ud,sOLR

ud,s + C
L
us,dOLR

us,d

+ C
R
us,sO

RR
us,s + C

L
us,sOLR

us,s, (21)

s
b̄

s

s
u

ψℬ

Flavorful Initial Final

Operator State State

Bd  + n (udd)

Oud =  b u d Bs  + ⇤ (uds)

B+  + p (duu)

Bd  + ⇤ (usd)

Ous =  b u s Bs  + ⌅0 (uss)

B+  + ⌃+ (uus)

Bd  + ⇤c + ⇡� (cdd)

Ocd =  b c d Bs  + ⌅0
c (cds)

B+  + ⇤+
c (dcu)

Bd  + ⌅0
c (csd)

Ocs =  b c s Bs  + ⌦c (css)

B+  + ⌅+
c (csu)
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B Meson Decays to SM Baryons and Dark Baryon

Br(B→BSM+ψB) challenging calculation

One can employ Light-Cone Sum Rules
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LCSR & Mesogenesis

Introduction

∫
d4x ei(P+q)·x 〈0| T{jB(x)Odiukdj} |BSM〉

Hadronic Dispersion Relation

ΠI((P + q)2, q2) ⊃
∫
ds

ρI(s, q2)
s− (P + q)2

Light-cone OPE

ΠOPE
I ((P+q)2, q2) = 1

π

∫
ds

Im{ΠOPE
I (s, q2)}

s− (P + q)2
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LCSR & Mesogenesis

Form Factors and Symmetries

m2
BfBFI(q2)e−m2

B/M
2 = 1

π

∫ sB0

m2
b

ds e−s/M 2Im{ΠOPE
I (s, q2)},

Results

R1(q2) = m3
b

4m2
BfB

∫ αB0

0
dα e(m2

B−s(α))/M 2

{
Ṽ (α)

(1 − α)2

(
1 +

(1 − α)2m2
BSM

− q2

m2
b

)}

R2(q2) =
mbm

2
BSM

4m2
BfB

∫ αB0

0
dα e(m2

B−s(α))/M 2

(
Ṽ (α) − 3 mb

mBSM

T̃ (α)
(1 − α)

)

R3(q2) = m3
b

4m2
BfB

∫ αB0

0
dα e(m2

B−s(α))/M 2

{(
1 − q2

m2
b

)
Ṽ (α)

(1 − α)2 + 3 mBSMT̃ (α)
mb (1 − α)

}

L̃1(q2) =
mbm

2
BSM

4m2
BfB

∫ αB0

0
dα

Ṽ (α)
(1 − α)

e(m2
B−s(α))/M 2
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LCSR & Mesogenesis

Form Factors and Symmetries

m2
BfBFI(q2)e−m2

B/M
2 = 1

π

∫ sB0

m2
b

ds e−s/M 2Im{ΠOPE
I (s, q2)},

Input needed: Baryonic Distribution Amplitudes (DAs)

Figure taken from [Bali et al, 2019]
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LCSR & Mesogenesis

Results

Flavorful Decay FO
R , F̃

O
L FO

R , F̃
O
L Br(B→BSM+ψB) Br(B→BSM+ψB)

Operator Channel O = Ob,uidj O = Odk,uib O = Ob,uidj O = Odk,uib

Bd → ψB + n R1, 0 R1, 0 3.7±0.4·10−7 8.3±0.9·10−6

ψB b u d Bs → ψB + Λ n.a. n.a. n.a n.a.

B+ → ψB + p R2, L̃1 R1, 0 9.6±0.6·10−8 8.9±0.9·10−6

Bd → ψB + Λ R1, 0 R1, 0 1.2±0.06·10−5 3.2±0.6·10−5

ψB b u s Bs → ψB + Ξ0 R2, L̃1 R3, L̃1 2.6±0.1·10−6 4.8±0.2·10−5

B+ → ψB + Σ+ R2, L̃1 R1, 0 2.5±0.3·10−6 2.1±0.2·10−5

Bd → ψB + Σ0
c R2, L̃1 R3, L̃1 1.3±0.6·10−6 2.7±1.5·10−4

ψB b c d Bs → ψB + Ξ0
c R2, L̃1 R3, L̃1 1.2±0.6·10−6 2.3±1.3·10−4

B+ → ψB + Σ+
c R2, L̃1 R3, L̃1 1.4±0.7·10−6 2.9±1.6·10−4

Bd → ψB + Ξ0
c R2, L̃1 R3, L̃1 8.4±3.7·10−6 3.2±1.7·10−4

ψB b c s Bs → ψB + Ωc R2, L̃1 R3, L̃1 9.0±4.0·10−6 4.4±2.0·10−4

B+ → ψB + Ξ+
c R2, L̃1 R3, L̃1 1.8±0.6·10−5 3.5±1.9·10−4



ALP production in weak mesonic decays

AlfredoWalter Mario Guerrera 1

1Università degli studi di Padova and INFN, sezione di Padova

��� ��� ��� ��� ��� ��� ���

����

����

����

����

����

��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

���

��� ��� ��� ��� ��� ��� ���

���

���

���

���

���

���

���

���

��� ��� ��� ��� ��� ��� ���

�

�

�

�

�

�



ALP production in weak mesonic decays

AlfredoWalter Mario Guerrera 1

1Università degli studi di Padova and INFN, sezione di Padova

��� ��� ��� ���

���

���

���

���

���

���

���

��� ��� ��� ���

�

��

��

��

��

��

��� ��� ��� ���

���

���

���

���

���

���

���

��� ��� ��� ���

�

��

��

��

��

��

��

��



ALP production in weak mesonic decays

AlfredoWalter Mario Guerrera 1

1Università degli studi di Padova and INFN, sezione di Padova

Conclusions

Summary

Calculation for new s and t-channels contributions

Tree-level and loop amplitudes correlations

LCSR for mesogenesis predictions

Future projects

Visible ALP scenarios

More on non-universal axion

Different UV completions for mesogenesis operators

Different mesons inM → BSM + ψB

Acknowledgements

Thank you for your time!
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Heavy/Light Axions

Models

How can one have heavier/lighter Axions?

HeavyAxion

Larger Confinig Group

QCD ⊕ QCD′

m2
af

2
a = m2

πf
2
π + Λ′

[2001.05610]

Light Axion

Flatten The Axion Potential

N degenerate copies of SM result

m2
af

2
a = m2

πf
2
π2−N

[2102.00012]

Blurred lines between ALPs and Axions.
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Axion Paradigm

Dynamical solution to the strong CP problem

LQCD ⊃ Ga
µνG

µνa + θ̄ Ga
µνG̃

µνa

↓

LQCD + La ⊃ Ga
µνG

µνa +
(
θ̄ + a

fa

)
Ga
µνG̃

µνa

The coupling to SU(3)c gives the Axion a potential

V (a) = −m2
πf

2
π

√
1 − 4mumd

(mu +md)2 sin2
(
a

fa

)
V (a) ≈ 1

2

(
m2
πf

2
π

mumd

f 2
a(mu +md)2

)
a2

[Peccei+Quinn 77] [Weinberg, 78] [Wilczek, 78]
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Axion Paradigm

UVComplete Models

The simplest way to implement the PQ mechanism was given by the Weinberg-Wilczek (WW) model.

W.W.

ΨL →χL,

Hu,d →χu,d.

Charges

Yukawa term imposes

χu + χd = 2χqL − χuR − χdR

The two higgs doublets are necessary for the charges to produce an axial anomaly.

The scale fa ' v excludes WW.

[Goldman Hoffman, 78]

“Invisible Axion” models are born

10−8 < ma < 10−5 and 109 < fa < 1012 GeV
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Axion Paradigm

UVComplete Models

K.S.V.Z.

Heavy BSM fermions Q
Complex Scalar Φ

↓
V (Φ) for SSB

⊕
Anomalous coupling

after rotating out the Axion.

Charges

SU(3)c SU(2)LU(1)Y
Q 3 1 0

Φ 1 1 0

PQ charges are determined by

δL = −YQQ̄LΦQR + h.c.

[Kim, 79] [Shifman Vainshtein Zakharov, 80]
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Axion Paradigm

UVComplete Models

D.F.S.Z.

2 Higgs doublets (Hu,d)
Complex Scalar Φ
Breaking Pattern is:

U(1)Hu
× U(1)Hd

× U(1)Φ
↓

U(1)Y × U(1)PQ

Charges

SU(3)c SU(2)LU(1)Y
Hu 1 2 -1/2

Hd 1 2 1/2

Φ 1 1 1

v2 = v2
u + v2

d

This model escapes esclusion thanks to

vPQ ' vΦ.
The ALP-fermion couplings depend on

the single parameter

tan β = vu/vd.
The anomalous couplings depend on which

higgs doublet couples to leptons.

[Zhitnitsky, 80] [Dine Fischler Srednicki, 81]
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Axion Paradigm

UVComplete Models

D.F.S.Z.

2 Higgs doublets (Hu,d)
Complex Scalar Φ
Breaking Pattern is:

U(1)Hu
× U(1)Hd

× U(1)Φ
↓

U(1)Y × U(1)PQ

Charges

SU(3)c SU(2)LU(1)Y
Hu 1 2 -1/2

Hd 1 2 1/2

Φ 1 1 1

v2 = v2
u + v2

d

Up Down Leptons E/N

Model-I −1/3 cos2 β −1/3 cos2 β −1/3 cos2 β 8/3

Model-II−1/3 cos2 β −1/3 cos2 β 1/3 cos2 β 2/3

where α
8πE/N is the ALP-photon coupling.

[Zhitnitsky, 80] [Dine Fischler Srednicki, 81]
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Benchmark Models

Axion

More on UV complete Axions

WW

QCD anomaly from SM quarks

Extra Higgs doublet

fa = v
6 sin 2β

Axion couples too strongly

KSVZ

Heavy colored fermion

Complex scalar

Anomaly from Heavy sector

U(1)PQ is SB at a scale vφ � v

DFSZ

Extended scalar sector

U(1)3 → U(1)Y × U(1)PQ
U(1)PQ charges from Yukawas

Direct coupling to SM J5
µ's.

Effective Field Theory

Basis

Higgs coupling redundant

Field dependent rotation changes

interactions

Chiral conserv. ↔ Chiral chang.
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Effective Lagrangian

Model Independent Description

The most general dimension 5 Lagrangian [Georgi Kaplan Randall, 86]

La = 1
2
∂µa∂

µa− 1
2
m2
aa

2 +
∑
X

cX
αX
8π

a

fa
XµνX̃

µν + ∂µa

fa

cHH†i
↔
DµH +

∑
F

Ψ̄Fγ
µCFΨF

 .

At low energies, E << v,

↓

L′
a = 1

2
∂µa∂

µa− 1
2
m2
aa

2 + αs
8π
a

fa
Ga
µνG̃

µνa + α

8π
cγ
a

fa
FµνF̃

µν + ∂µa

2fa

∑
f=u,d,`

f̄γµ
(
CV + CAγ

5) f.

Effective Couplings

CV and CA
are matrices in generation space

Flavor Violation

Off-diagonal elements

mix same charge fermions
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Effective Lagrangian

Model Independent Description

Disregard anomalous gauge couplings and off-diagonal fermionic couplings:

L′
a = 1

2
∂µa∂

µa− 1
2
m2
aa

2 + ∂µa

2fa

∑
f=u,d,`

f̄iγ
µ
(
(CV )ii + (CA)iiγ5) fi

partial integration and conservation of U(1)e.m. vector current implies:

L′
a = 1

2
∂µa∂

µa− 1
2
m2
aa

2 + a

fa

∑
f=u,d,`

cif̄imiγ
5fi.

The parameters ci(= (CA)ii) are all independent and non universal.

Diagonal Couplings

Flavor Violation is loop induced

Can reproduce off-diagonal terms

[Izaguirre Lin Shuve, 2017] [Gavela et al. , 2019]
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Hadronization Techniques

Brodsky-Lepage

s−channel factorization:
[AG Rigolin, 2021] [Gallo AG Penaranda Rigolin, 2021] [GA Rigolin, TBA]

Hadronization

〈0| (q̄ ΓµQ) |M〉
=

ifM

∫ 1

0
dxTr[ΨM(x)Γµ]

M → M ′a

M → `ν̄`a

M → γa
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Hadronization Techniques

Brodsky-Lepage

s−channel factorization:
MI → MF a andM → `ν̄`a

[AG Rigolin, 2021] [Gallo AG Penaranda Rigolin, 2021] [GA Rigolin, TBA]

Hadronization

〈0| (q̄ ΓµQ) |M〉

=

ifM

∫
dxTr[ΨM(x)Γµ]
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Hadronization Techniques

Brodsky-Lepage

t−channel factorization:
Only forMI → MF a

[AG Rigolin, 2021] [GA Rigolin, TBA]

Hadronization

〈MF | (Q̄′ΓµQ)(q̄Γ′µq′) |MI〉
=

−fMF
fMI√
2

∫
dx dy×

Tr[ΨMI
(x)Γ′µΨMF

(y)Γµ]
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Experimental Signatures

Stellar

Plot Legend
Helioscopes: primakoff conversion

from Axion sun fluxes

Sun: Neutrino Flux and

Helioseismology

HB: Ratio of Horizontal Branch to red

giants, ratio decreses with Primakoff

Figure is taken from [Irastorza Redondo, 2018].
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Experimental Signatures

Cosmological

Plot Legend
Monochromatic lines of photons from

ALP 2 body decay

Extragalactic Background Light (EBL),

BBN, CMB, X-Rays

Figure is taken from [Irastorza Redondo, 2018].
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Phenomenology of different searches

Meson-to-meson decay

Charged Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Tree level s−channel

A(s)
I =GFVCKMfIfF(k · PF)√

2fa
MI∫

dx gI(x)
[

cqmq

m2
a − 2k · PI(1 − x)

− cQmQ

m2
a − 2k · PIx

]
φI(x)

B(s)
I =GFVCKMfIfF(k · ε(PF))√

2fa
MIMF∫

dx gI(x)
[

cqmq

m2
a − 2k · PI(1 − x)

− cQmQ

m2
a − 2k · PIx

]
φI(x)
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Phenomenology of different searches

Meson-to-meson decay

Charged Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Tree level s−channel

A(s)
I ≈ GFVCKMfIfF

2
√

2fa
M 2

I (cq − cQ)

B(s)
I ≈ i

GFVCKMfIfFMF(k · ε(PF))
2
√

2fa(k · PI)
M 2

I (cq − cQ)
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Phenomenology of different searches

Meson-to-meson decay

Neutral Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Tree level t−channel

C(t)
I = −iGFVCKMfIfF

2fa
εα(PI)P β

I (kβP α
F − kαP β

F )∫ 1

0
dx
[cQmQ θ(x− δMa )
m2
a − 2k · PIx

− cqmq θ(1 − x− δMa )
m2
a − 2k · PI(1 − x)

]
φI(x)

D(t)
I = i

GFVCKMfIfF
2fa

εα(PI)εδ(PF)P β
IMF∫ 1

0
dx
[cQmQ θ(x− δMa )
m2
a − 2k · PIx

(εαβδρkρ − ikβgαδ + ikαgβδ) +

cqmq θ(1 − x− δMa )
m2
a − 2k · PI(1 − x)

(εαβδρkρ − ikαgβδ + ikβgαδ)
]
φI(x)
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Phenomenology of different searches

Meson-to-meson decay

Charged Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Penguins

RT/L =

∣∣∣∣∣M(s,t)
T

ML

∣∣∣∣∣ ≈ 2π2fIfF
m2
q

∣∣∣∣∣V CKM
T
V CKM

L

∣∣∣∣∣
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Phenomenology of different searches

Meson-to-meson decay

Neutral Mesonic decays amplitudes

[AWMG Rigolin, 2211.08343]

Tree level t−channel

|C(t)
I | ≈GFVCKMfIfF

4fa
M 2

I (cQ − cq)

|D(t)
I | ≈GFVCKMfIfFM

2
I

4fa

√
(cQ − cq)2 + 4

M 2
F

M 2
I

(c2
Q + c2

q)
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• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B
+ mesons decay into a dark sector state carrying

SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B
�
c (3)

B
� (4)

Y�B = �YB (5)

In B
+
c Mesogenesis a baryon asymmetry is generated

as follows:

B
+
c !B

+ + M
0
SM , (6a)

B
+
! B

+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B

+
c = |cb̄i (6.274GeV) meson decays into a B

+ =
|ub̄i (5.279GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f)� �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B
+
M

0
SM.

Next, for low enough temperatures T . 20MeV [GE:
justify somewhere] the produced B

+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B

+
c and B

+ de-
cays, schematically, and in terms of yield variables

YB ⌘
nB � nB̄

s
/

X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘

Br
�
B

+
c ! B

+
M

0
SM

�
and BrB+ ⌘ Br

�
B

+
! B

+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (10)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y
⇤
ū b

c � y s Y  ̄ s
c + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m
2

Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B

0 ! B̄
0

will di↵er from that of B̄
0 ! B

0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d

B
0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”
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III. HYPERON DECAYS

[GE: New section added (maybe combine later):] The
e↵ective Lagrangian in Eq. (7) induces interactions be-
tween � and baryons. In particular, if the interactions of
� involve a strange quark, this leads to various new decay
channels for hyperons. Given an initial state ⇤0 (uds),
⌃0 (uds), ⌃+ (uus), ⌃+ (dds), ⌅0 (uss) and ⌅� (dss), we
will compute the exclusive branching fractions for the
following decays consitant with Eq. (5):

• Fully invisible hyperon decay

• Hyperon decay to ⇡
0 ,± and missing energy

• Hyperon decays to photon and missing energy

A sample decay for each of these processes is shown in
Fig. ??.

Given the exclusive branching fractions for each pro-
cess, it is possible to use current and upcoming searches
at Hyperon factories to set constraints at on the Wil-

son coe�cients of the operators O(0)
ab,c for each model

in Table I. These are then to be with constraints from
LHC searches (Sec. ??) and, for some processes, bounds
from SN1987A (Sec. ??). Flavor observables also set
constraints on products of couplings that enter the Wil-
son coe�cients (Sec. ??). These constraints will in turn
set relevant constraints on the parameter space of new
physics mechanisms which require exotic hyperon decays
into dark sectors.

⇤0 (11)

⇡
0 (12)

� (13)

� (14)

⇤0 ! � � (15)

⇤0 ! ⇡
0
� (16)

d

�

s

u

⇤

�

�

FIG. 1. Example of a hyperon dark decay ⇤ ! � �.

⇤0 ! ⇠ � (17)

� (18)

y⇠� (19)

Cus ,d (20)

IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � C
R
ud,dORR

ud,d + C
L
ud,dOLR

ud,d

+ C
R
ud,sORR

ud,s + C
R
us,dORR

us,d + C
L
ud,sOLR

ud,s + C
L
us,dOLR

us,d

+ C
R
us,sO

RR
us,s + C

L
us,sOLR

us,s, (21)

d d
b̄

s

d

u

ψℬ

d
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things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(6)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (7)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (3b). There are four possible flavorful variations of
Eq. (7) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible
decay modes. Note that there is no a priori reason to
expect a particular flavor structure. Eq. (7) also gives
rise to decays of neutral B0

s,d mesons decays and decays
of b-flavord baryons [GE: Note that I’m not including all
the possible baryon decays in this table. I’m going to re-
move everything but the B+ decay mode and referencing
my other papers for the other decays.]

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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C. Exotic B Meson Decays

As discussed in the Introduction, one of the key pre-
dictions of B-Mesogenesis is the presence of a new decay
mode of B mesons into a dark antibaryon  , a visible
baryon B and any number of light mesons with a branch-
ing fraction Br(B !  B M) & 10�4.

In order for the B !  B M decay to exist, a new BSM
TeV-scale bosonic mediator is needed. In particular, this
state should be a color-triplet scalar Y which couples to
 and SM quarks. The LHC and flavor observables set
relevant constraints on the mass and couplings of this
color-triplet scalar which we discuss in detail in Sec. V.
This heavy mediator can be integrated out to yield a

low energy Lagrangian of the form Le↵ =
P

i,j Ouidj

y2
ij

M2
Y

,

with y2
ij being the product of the two relevant dimen-

sionless couplings. The four possible flavor combination
operators Oi of interest for B meson decays are

Oud =  b u d , (15a)

Ous =  b u s , (15b)

Ocd =  b c d , (15c)

Ocs =  b c s , (15d)

where all fermions are assumed to be right-handed6 and
color indices are contracted in a totally antisymmetric
way. These operators can induce the decay of the b̄
quark within the B meson into two light quarks and a
dark antibaryon  . The resulting possible hadronic pro-
cesses are summarized in Table I for the di↵erent opera-
tors in Eq. (15). Matrix elements involving the operators
in Eq. (15) depend on the precise pairing of the spinors.
Each of the operators can come in three di↵erent versions:
“type-1” O1

ij = ( b)(uidj), “type-2” O2
ij = ( dj)(uib)

and “type-3” O3
ij = ( ui)(djb). This distinction becomes

relevant for some of the constraints discussed in the next
sections.

As we will see in Sec. V, flavor constraints on the Y
triplet scalar imply that only one of these operators can

be active in the early Universe. In practice, this means
that we only expect one dominant flavor combination of
these possible operators at collider experiments and not
a combination of the above. Therefore, only one of the
sets of decay channels listed in Table I is expected to
have a sizeable branching ratio, while all others should
be suppressed.

In view of the form of the e↵ective operators in
Eq. (15), it is important to note that all B mesons should
decay at a very similar rate given that mB± ' mB0

d

'
mB0

s
. Additionally, b-flavored baryons (generically de-

noted by Bb) should also posses a branching fraction with

6 In principle, operators of the form  d QL Q0
L, mediated by a

color-triplet vector in the fundamental of SU(2), are also possi-
ble. Although for simplicity we do not expand on this possibility
here, they constitute another viable option.

Operator Initial Final �M

and Decay State State (MeV)

Bd  + n (udd) 4340.1

Oud =  b u d Bs  + ⇤ (uds) 4251.2

b̄ !  u d B+  + p (duu) 4341.0

⇤b  ̄ + ⇡0 5484.5

Bd  + ⇤ (usd) 4164.0

Ous =  b u s Bs  + ⌅0 (uss) 4025.0

b̄ !  u s B+  + ⌃+ (uus) 4090.0

⇤b  ̄ + K0 5121.9

Bd  + ⇤c + ⇡� (cdd) 2853.6

Ocd =  b c d Bs  + ⌅0
c (cds) 2895.0

b̄ !  c d B+  + ⇤+
c (dcu) 2992.9

⇤b  ̄ + D
0

3754.7

Bd  + ⌅0
c (csd) 2807.8

Ocs =  b c s Bs  + ⌦c (css) 2671.7

b̄ !  c s B+  + ⌅+
c (csu) 2810.4

⇤b  ̄ + D� + K+ 3256.2

TABLE I. The lightest final state resulting from the new decay
of b quarks as necessary to give rise to baryogenesis and dark
matter production. We list each of the possible flavorful op-
erators that can equally lead to B-Mesogenesis, see Eq. (15).
For a given operator, the rate of each decay is fairly similar
given that mB± ' mB0

d

' mB0
s
⇠ m⇤b

. �M refers to the dif-

ference in mass between the initial and final SM hadron. Note
that additional light mesons can be present in the final state,
which act to decrease �M by their corresponding masses.

a size Br
�
Bb !  ̄M

�
⇠ Br(B !  B M), again given

that the masses of all the b-flavored hadrons are fairly
similar to the B mesons ones.

III. CP VIOLATION IN THE B MESON
SYSTEM

As described in the previous sections, B-
Mesogenesis [1] directly relates the CP violation in
the neutral B meson systems to the observed baryon
asymmetry of the Universe. In this section, we discuss
how current measurements of CP violating observables
in B0

q � B̄0
q mixing constrain the mechanism. In partic-

ular, as clearly seen from Eq. (6), there is a correlation
between Br(B !  B M) and the CP asymmetries
in the B0

q systems. Thus, current measurements on
the CP violation of B0

q mesons set a lower bound to
Br(B !  B M) which we find to be ⇠ 10�4.

To set the stage, we first review the origin of CP vio-
lation in B0

q mesons and the associated observables. The
oscillations of neutral B0

s and B0
d mesons are described

by the mass (Mq
12) and decay (�q

12) mixing amplitudes
between the flavor eigenstates B0

q and B̄0
q — see [64] for

reviews on CP violation in the quark sector and B0
q � B̄0

q

s

u
u

ψℬ

3

• Perhaps Olcyr can add something about measure-
ments prospects of B+

c decays and ACP?

• Also for Olcyr - current constraints and SM predic-
tions for ACP and Br of B+

c decays in the SM

• Adding an appendix deriving the Boltzmann equa-
tions. This will be very similar to the lepton asym-
metry of the D meso appendix [27] but note the
dark matter treatment is di↵erent.

• Plot beautification and final decisions: Gilly has
code to make ugly plots, Robert can make make
them pretty!

• general editing and organizational thoughts

]
We first discuss the scenario in which Mesogenesis in

which B
+ mesons decay into a dark sector state carrying

SM baryon number. [GE: In general in this section when
we write  B in the branching fraction we really mean
missing energy as  B decays down into dark sector states.
Need to converge on notation here or explain in words.]

A. The Mechanism

B
�
c (3)

B
� (4)

Y�B = �YB (5)

In B
+
c Mesogenesis a baryon asymmetry is generated

as follows:

B
+
c !B

+ + M
0
SM , (6a)

B
+
! B

+
SM +  B , (6b)

and, of course, the conjugate processes. Here SM
B

+
c = |cb̄i (6.274GeV) meson decays into a B

+ =
|ub̄i (5.279GeV) meson and various di↵erent SM neu-
tral mesons M0

SM (see [] for a summary of decay modes).
This decay should contain CP violation (both from the
SM and possible new physics contributions []), which is
parameterized in terms of the CP asymmetry observable
defined as

ACP =
�(B+

c ! f)� �(B�
c ! f̄)

�(B+
c ! f) + �(B�

c ! f̄)
, (7)

where f is some final state i.e. in this case f = B
+
M

0
SM.

Next, for low enough temperatures T . 20MeV [GE:
justify somewhere] the produced B

+ will quickly decay
(rather than scatter) into a SM charged baryon B

±
SM and

a new dark sector anti-baryon  B. Note that as such this
decay conserves baryon number. The net result is the

generation of an equal and opposite baryon number be-
tween the dark and visible sector which will be directly
related to experimental observables in B

+
c and B

+ de-
cays, schematically, and in terms of yield variables

YB ⌘
nB � nB̄

s
/

X

f

ACP BrB+
c

⇥ BrB+ (8)

where we have used the shorthand notation BrB+
c

⌘

Br
�
B

+
c ! B

+
M

0
SM

�
and BrB+ ⌘ Br

�
B

+
! B

+
SM  B

�
.

[GE: I think we save the discussion of measuring these
things for later. Maybe just say something here about
why we don’t expect them to be super small?]

B. The Model

We introduce a dark sector fermion  B which is
charged under anti-baryon number B = �1. The decay
of the meson into the dark sector stateM+

SM ! B
+
SM+ B

proceeds through a dimension six four fermion operator.
Following the UV model of [26], we add a colored triplet
scalar � with hyper-charge assignment3 Y = �1/3, the
following Lagrangian is then allowed by all the symme-
tries:

L� = �

X

i, j

yuidj�
?
ūiRd

c
jR �

X

k

y Bdk�d
c
kR ̄B + h.c. .(9)

The flavor indices i, j, k account for all flavorful variations
of this model. Note that such model has a simple real-
ization in the context of supersymmerty [36], where the
mediator � can be idetified with a right handed squark.
As such, � can be produced and searched for at LHC ex-
periments as is generally expected to be constrained by
SUSY collider searches to be heavier than about 1 TeV
(see [32] for detailed bounds from colliders and flavor ob-
servables).

As Mesogenesis operates at MeV scales, we integrate
out the mediator �, arriving at the following portal op-
erator for mediating meson decays

O =
y
2

M
2
�

 Buidjdk . (10)

Here y
2
⌘ yud y d (where we have suppressed flavor in-

dices), and M� is the mediator mass. Note that this
conserves baryon number. This operator then mediates
the parton level decay q̄ !  ̄Bqq within the meson decay
Eq. (6b). There are four possible flavorful variations of
Eq. (10) leading to di↵erent final state SM baryons from
the B

+ decay. Table. I summarizes these four possible

3 Note that it is also possible to construct such a model with the
choice Y = 2/3. While the two di↵erent choices correspond
to models with slightly di↵erent flavor constraints [32], for the
purposes of the present work we do not need to go into these
details. [GE: phrase better].
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III. HYPERON DECAYS

[GE: New section added (maybe combine later):] The
e↵ective Lagrangian in Eq. (7) induces interactions be-
tween � and baryons. In particular, if the interactions of
� involve a strange quark, this leads to various new decay
channels for hyperons. Given an initial state ⇤0 (uds),
⌃0 (uds), ⌃+ (uus), ⌃+ (dds), ⌅0 (uss) and ⌅� (dss), we
will compute the exclusive branching fractions for the
following decays consitant with Eq. (5):

• Fully invisible hyperon decay

• Hyperon decay to ⇡
0 ,± and missing energy

• Hyperon decays to photon and missing energy

A sample decay for each of these processes is shown in
Fig. ??.

Given the exclusive branching fractions for each pro-
cess, it is possible to use current and upcoming searches
at Hyperon factories to set constraints at on the Wil-

son coe�cients of the operators O(0)
ab,c for each model

in Table I. These are then to be with constraints from
LHC searches (Sec. ??) and, for some processes, bounds
from SN1987A (Sec. ??). Flavor observables also set
constraints on products of couplings that enter the Wil-
son coe�cients (Sec. ??). These constraints will in turn
set relevant constraints on the parameter space of new
physics mechanisms which require exotic hyperon decays
into dark sectors.

⇤0 (11)

⇡
0 (12)

� (13)

� (14)

⇤0 ! � � (15)

⇤0 ! ⇡
0
� (16)

d

�

s

u

⇤

�

�

FIG. 1. Example of a hyperon dark decay ⇤ ! � �.

⇤0 ! ⇠ � (17)

� (18)

y⇠� (19)

Cus ,d (20)

IV. MATCHING TO THE CHIRAL EFT

The models mentioned and the associated exotic hy-
peron decays, are of interest to Mesogenesis and the neu-
tron lifetime anomaly. As such experimental searches
that can probe the associated operators are highly moti-
vated. It is therefore interesting to study the predicted
exclusive branching fractions, the form factors for which
can be computed within the framework of chiral e↵ective
theory. We follow the formalism introduced in [20, 21]
[GE: others?].

In order to connect the e↵ective Lagrangian in Eq. (7)
to the operators triggering hyperon decays to dark
baryons, one needs to break up the doublets and ro-
tate the quark fields from the gauge to the mass bases.
For simplicity we assume that the right-handed fields
and dL are defined in their mass basis and the cou-
plings to the doublets are anarchical in flavor space i.e.
yQadb y�Qc ⇠ O(1) for all generations. Focusing on the
couplings to the light quarks and neglecting contributions
suppressed by � ⇠ Vus ' 0.22, one obtains

Le↵ � C
R
ud,dORR

ud,d + C
L
ud,dOLR

ud,d

+ C
R
ud,sORR

ud,s + C
R
us,dORR

us,d + C
L
ud,sOLR

ud,s + C
L
us,dOLR

us,d

+ C
R
us,sO

RR
us,s + C

L
us,sOLR

us,s, (21)

s
b̄

s

s
u

ψℬ

Flavorful Initial Final

Operator State State

Bd  + n (udd)

Oud =  b u d Bs  + ⇤ (uds)

B+  + p (duu)

Bd  + ⇤ (usd)

Ous =  b u s Bs  + ⌅0 (uss)

B+  + ⌃+ (uus)

Bd  + ⇤c + ⇡� (cdd)

Ocd =  b c d Bs  + ⌅0
c (cds)

B+  + ⇤+
c (dcu)

Bd  + ⌅0
c (csd)

Ocs =  b c s Bs  + ⌦c (css)

B+  + ⌅+
c (csu)

Table 1. We summarize the possible final states corresponding to each of the operators mediating
the new decay mode of the b̄ quark within the B meson which generates the baryon asymmetry
in B-Mesogenesis. Note that this model would also give rise to the decay of a baryon into light
mesons and missing energy e.g. ⇤b !  ̄ + ⇡0 through the Oud. Such decays serve as an indirect
probe of Mesogenesis. Note that one can compute the form factors and corresponding branching
fractions of such new b-flavored baryon decay modes using three point correlators in the framework
of the LC QCD sum rules. For simplicity we focus in the present work on B meson decays, as their
branching fraction directly feeds into the baryon asymmetry, deferring a more detailed study of
indirect signals to future work. [GE: Note LHCb can search for such channels.] [GE: Add figure
showing example decay(s)]

flavor constraints. So we can choose them appropriately to maximize the allowed branching

fraction (when the time comes)]

[GE: comment here on implications for [11]]

5 Conculsion

[GE: Comment on future directions. Branching fraction for b-flavored baryons (unless we

do that here), final states with multiple pions.]
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B Meson Decays to SM Baryons and Dark Baryon

Br(B→BSM+ψB) challenging calculation

Correlation function
∫
d4xei(P+q)·x 〈0| T{jB(x),Odiukdj} |BSM〉

Dispersion Relation

ΠI((P + q)2, q2) ⊃
∫
ds

ρI(s, q2)
s− (P + q)2

OPE

ΠOPE
I ((P+q)2, q2) = 1

π

∫
ds

Im{ΠOPE
I (s, q2)}

s− (P + q)2
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