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Low-scale baryogenesis could be discovered at B factories and the LHC. In the B-Mesogenesis
paradigm [G. Elor, M. Escudero, and A. E. Nelson, Phys. Rev. D 99, 035031 (2019)], the CP-violating
oscillations and subsequent decays of B mesons in the early Universe simultaneously explain the origin
of the baryonic and the dark matter of the Universe. This mechanism for baryo- and dark matter genesis
from B mesons gives rise to distinctive signals at collider experiments, which we scrutinize in this paper.

We study CP-violating observables in the Bg - Bg system, discuss current and expected sensitivities for the

exotic decays of B mesons into a visible baryon and missing energy, and explore the implications of direct
searches for a TeV-scale colored scalar at the LHC and in meson-mixing observables. Remarkably, we
conclude that a combination of measurements at BABAR, Belle, Belle 1I, LHCb, ATLAS, and CMS can

fully test B-Mesogenesis.

DOI: 10.1103/PhysRevD.104.035028

I. INTRODUCTION

The Standard Model of particle physics (SM) is a highly
successful framework describing the known particles and
their interactions, and it has been tested to great precision at
collider experiments. Meanwhile, astrophysical and cos-
mological data are consistent with the standard cosmologi-
cal model in which a very hot early Universe is preceded by
a stage of inflationary expansion describing the birth and
evolution of our Universe. Strikingly, these two highly
successful models are in conflict with one another, leaving
many unanswered questions and manifesting the need for
physics beyond the Standard Model (BSM).

Precision measurements of the cosmic microwave back-
ground (CMB) by the Planck satellite [1] show that only
about 16% of the matter content of the Universe corre-
sponds to known baryonic matter, while the remaining
84% is due to yet undiscovered dark matter. The SM does
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not contain a candidate dark matter particle [2,3].
Furthermore, a hot big bang governed only by SM physics
leads to a Universe with equal parts of matter and antimatter
[4,5], thereby necessitating a dynamical mechanism
dubbed baryogenesis to generate a primordial asymmetry
of baryonic matter over antimatter.

The mysteries of dark matter and baryogenesis have
been at the forefront of both the experimental and
theoretical particle physics programs for many years.
The existence and properties of dark matter have been
gravitationally inferred (for instance, the CMB anisotro-
pies point toward a particle description of dark matter),
but its actual nature is yet to be unveiled. Since the firm
observational establishment of dark matter in the 1970s
[6,7], several well-motivated candidates have been pro-
posed weakly interacting massive particles (WIMPs)
[8,9], axions [10-12], sterile neutrinos [13-15], and
primordial black holes [16], among others. On the
experimental front, a multidisciplinary enterprise has been
set forth to test these scenarios. Unfortunately, thus far no
direct signal of dark matter has been found at laboratory
experiments, particle colliders, or satellite missions.

The baryon (B) asymmetry of the Universe has been
measured with subpercent accuracy to be [1] (see also [17])

Yp = (ng—ng)/s = (8.718 £0.004) x 1071, (1)
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where s is the entropy density of the Universe. The
physical requirements to generate an asymmetry of matter
over antimatter were outlined by Sakharov in the late
1960s [18], and since then many mechanisms of baryo-
genesis have been proposed [19-26]. However, they
typically operate at very high energies in the early
Universe (see, e.g., [27-30]), and are therefore notori-
ously difficult to test experimentally.

The standard lore, that baryogenesis is troublesome to
confirm experimentally, has been challenged in recent years
as potentially testable baryogenesis mechanisms have been
put forward; see, e.g., [31-38]. In this work, we concentrate
on the mechanism proposed in [39], which achieves not
only MeV-scale baryogenesis but also dark matter produc-
tion. This scenario relies on the CP-violating oscillations
and subsequent decays of B mesons into a dark sector in the
early Universe,l and as such, we hereafter refer to this
mechanism as B-Mesogenesis® The primary novelties of
B-Mesogenesis, as envisioned in [39], are

(i) Contrary to typical baryogenesis scenarios, B-
Mesogenesis operates at very low temperatures,
5MeV < T <30 MeV.

(ii) Baryon number of the Universe is actually con-
served. This is achieved by linking baryogenesis to
dark matter, which is charged under baryon number.

(iii) The baryon asymmetry is directly related to
B-meson observables, and as such, there are
unique signatures at current hadron colliders and
B factories.

As briefly discussed in [39] and as extensively explored
in this work, there are three robust predictions that make
the key elements of B-Mesogenesis testable at current
experimental facilities:

(1) Both neutral and charged B mesons should have a

large branching ratio

Br(B — yBM) > 10~ 2)

into a final state containing a SM baryon B, missing
energy in the form of a dark sector antibaryon v, and
any number of light mesons denoted here by M.

(2) b-flavored baryons (53,) should decay into a dark
baryon and mesons at a rate

Br(B, - yM) > 1074, (3)

where again, M accounts for any number of light
mesons, and  would appear as missing energy in
the detector.

'We refer to [36-38] for studies dealing with baryogenesis
using heavy baryons, B-meson oscillations, and charged D-
meson decays, respectively. We also refer the reader to [40]
for a supersymmetric UV completion of the mechanism of [39].

*The B perfecter emphasizes that B aryogenesis is achieved by
leveraging the properties of B mesons.

(3) The CP violation in the neutral B-meson system
should be such that

AL > 1074, (4)

where AJ; is the semileptonic charge asymmetry in
B) — BY decays.
Accompanying these unique signatures, there are two
other key sets of observables that are useful to indirectly
constrain B-Mesogenesis:
(1) The parameters describing B) — B oscillations

as, AT, , and AMg,. (5)

Here and as usual, qbf'zs denotes the CP-violating
phase in Bgd oscillations, and AM, ; and AI';; are
the mass and width differences of the physical B2
states. A combination of these quantities determines

A%, and therefore their measurements indirectly
constrain the mechanism.

(2) Resonant jets and jets plus missing energy transfer
(MET) at TeV energies. A color-triplet scalar Y is
needed in order to trigger the exotic B-meson decay
into a baryon and missing energy in Eq. (2). Such a
scalar would also have implications for heavy-
resonance searches at the LHC.

In Fig. 1, we summarize each of these direct and indirect
signals, as well as highlight the key collider experiments
that can target each of them. We emphasize that these
signals are general features of B-Mesogenesis, independent
of the details of a UV model. Given a model that realizes
this mechanism, there will likely be many other comple-
mentary probes (see, e.g., [40]).

Surprisingly, there have been no experimental searches
for decay modes of the type B — wB for which baryon
number is apparently violated.” At present, a bound on such
a process at the Br(B — wBM) < 10% level arises from
inclusive decay measurements of B mesons (see Sec. [V).
In addition, searches for large missing-energy events from
b-quark decays at LEP can be used to set constraints
Br(B — wBM) <107 — 1073 across some regions of
parameter space. Otherwise, the current lack of dedicated
searches for this B-meson decay mode renders B-
Mesogenesis relatively unconstrained at present. Given
that B factories have reached sensitivities of order 107
for exclusive decay modes involving missing-energy final
states, such as B — Kov, we expect a substantial improve-
ment on the measurement of Br(B — wBM) once this
decay mode is targeted. Our estimates indicate that BABAR
and Belle should be able to test large regions of the relevant

*There are, however, already several searches in development
using BABAR [41] and Belle/Belle II data [42], and also
feasibility studies at LHCb [43].
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FIG. 1.

Summary of the collider implications of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. The

distinctive signals of the mechanism are (i) the requirement that at least one of the semileptonic (CP) asymmetries in Bg decays is
A& > 107, (ii) that both neutral and charged B mesons decay into a dark sector antibaryon (appearing as missing energy in the
detector), a visible baryon, and any number of light mesons with Br(B — wBM) > 107*, and (iii) that b-flavored baryons should decay
into light mesons and missing energy at a rate Br(B, — M) > 107*. In addition, we include as indirect signals the various oscillation
observables in the Bg - Bg system as they are linked to Af; , and the presence of a new TeV-scale color-triplet scalar Y that is needed to
trigger the B — wIBM decay. We also highlight the existing experiments that can probe each corresponding signal. Notation: B, B
meson; B, SM baryon; M, any number of light mesons; y, dark sector antibaryon (ME in the detector).

parameter space, while we expect that Belle I and LHCb
could be able to fully test the mechanism by searching for
these processes.

B-Mesogenesis directly relates the matter-antimatter
asymmetry of the Universe to the CP violation in the
neutral BY and BY meson-mixing systems. Although many
BSM scenarios can lead to nonstandard CP violation in the
B-meson system (see, e.g., [44], prior to the work of [39]),
there existed no mechanisms that could directly connect
such CP violation to the baryon asymmetry of the
Universe. Therefore, B-Mesogenesis makes current and
upcoming measurements of CP violation in the neutral
B-meson system not only a powerful probe of BSM physics
but also a potential test of the physics of baryogenesis.

Additionally and as discussed above, B-Mesogenesis
requires the existence of a new bosonic colored mediator in
order for B mesons to decay into a baryon and missing
energy. Thus, searches for heavy colored scalars at ATLAS
and CMS lead to relevant implications for the mechanism.
In particular, multijet and jet plus missing-energy searches
at the LHC have a direct connection to Br(B — wBM).

Given the exciting possibility of generating baryogenesis
and dark matter from B mesons and the potential for
B-Mesogenesis to be tested at hadron colliders and B
factories, in this work we set up an enterprise to shape the
experimental signatures of the mechanism proposed
in [39]. In particular, we study the reach of current and
upcoming collider experiments to the new decay mode
B — wBM, the implications from CP-violation measure-
ments in the B-meson system, and the phenomenology of

TeV-scale color-triplet scalars. The conclusion of this paper
is that B-Mesogenesis could be fully confirmed at current
hadron colliders and B factories. It is our intention for this
work to provide a roadmap for experimental efforts directed
at uncovering the mechanism responsible for baryogenesis
and dark matter production.

This paper is organized as follows: In Sec. II, we begin
by reviewing the key ingredients and features of the
B-Mesogenesis mechanism, including an updated calcu-
lation of the early Universe dynamics that allow us to refine
the predictions for B-meson observables. Section III is
devoted to the study of the implications of current and
upcoming measurements of CP violation in mixing in Bg
and BY mesons. In particular, we use these measurements
to set a theoretical lower bound on Br(B — wBM).
In Sec. IV, we review the current experimental limits on
B — wBM decays and comment on the prospects for B
factories and LHC experiments. Next, in Sec. V we
consider the various collider implications of the new
bosonic mediator needed to trigger the new decay mode
B — wBM, including dijet and jet plus MET signatures of
color-triplet scalars, as well as flavor-mixing constraints.
After discussing the interplay of the different searches in
Sec. VI, we conclude in Sec. VII by summarizing our main
results and outlining various avenues for future work.

II. B-MESOGENESIS

In this section, we explore how allowing B mesons to
decay into a baryon and dark matter can lead to the

035028-3



ALONSO-ALVAREZ, ELOR, and ESCUDERO

PHYS. REV. D 104, 035028 (2021)

( Baryogenesis and Dark Matter from B Mesons: B Mesogenesis )

Out-of-equilibrium
late time decay

\

CP-violating oscillations

; OO0

£ 1!l O
S 1T S
Tg ~ 15 MeV Al Ay Br(B— ¢+ B+ M)

~

B-mesons decay into
Dark Matter and hadrons

-~

Dark Matter
(antibaryon)

FIG. 2. Summary of the mechanism of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. Adapted from Fig. 1

in [39].

generation of the baryon asymmetry and the dark matter of
the Universe. We begin by briefly reviewing the mechanism
presented in [39], while referring to Appendix A 1 for a
detailed discussion of the cosmological dynamics. We then
continue by describing the new particles and interactions
necessary for the mechanism, with the goal of finding
theory-motivated benchmark points for experimental
searches. This includes the minimal particle content
required to trigger the new decay mode of B mesons in
all its possible flavorful variations. We refer to [39] for
more detailed and alternative discussions.

A. The mechanism in a nutshell

In the late 1960s, Sakharov outlined the three conditions
that must be satisfied in the early Universe in order for it to
evolve into what we observe today: A Universe in which
matter dominates over antimatter. These Sakharov con-
ditions [18] are as follows. (i) C and CP violation: Matter
and antimatter need to interact differently if an excess of
one over the other is to be generated. (ii) Departure from
thermal equilibrium: In thermal equilibrium, even if C and
CP are violated, the rates of particle and antiparticle
production and destruction are equal. Thus, the system
must be out of thermal equilibrium so that the rate of
producing particles is larger than that of antiparticles.
(iii) Baryon number violation: One requires interactions
which violate baryon number if an excess of baryons over
antibaryons is to be generated in the early Universe.

The mechanism of B-Mesogenesis addresses each of the
Sakharov conditions as follows:

(i) C and CP violation: The most novel feature of [39]
is to leverage the C and CP violation within the
oscillations in the SM neutral B-meson systems.

(i) Departure from thermal equilibrium: It is assumed
that the early Universe is dominated by a
combination of radiation and a very weakly coupled

scalar particle ®, with mass Mg 2 11 GeV and a
lifetime of 7 ~ 1073 s.* The ® particle predomi-
nantly decays into b quarks, and in doing so reheats
the Universe at temperatures T ~ 20 MeV. Given
that 7 < Toep ~ 200 MeV  during this era, the
produced b quarks quickly hadronize to yield a
substantial population of B mesons in the early
Universe: ng/n, ~ 10 x Tg /Mg ~ 0.02. This pop-
ulation of B mesons is in this way out of thermal
equilibrium.

Baryon number violation? In this setup, B mesons
posses a nonstandard decay channel into a dark
sector antibaryon () and a SM baryon: B — wBM.
This results in the generation of a baryon asymmetry
in the visible sector that is exactly compensated by a
dark antibaryon asymmetry. As a consequence, total
baryon number is actually conserved.’

In summary, the late-time out-of-equilibrium B and BY)
production, oscillation, and subsequent decay into y and B
results in the generation of an excess of baryons in the
visible sector and an excess of antibaryons in the dark
sector. In this way, the origin of baryogenesis and that of
dark matter are linked.

Importantly, following the chain of events described
above and as depicted in Fig. 2, it is possible to show
that the observed baryon abundance today (see
Appendix A 1) can be directly related to two observables
at collider experiments:

(iif)

“These values are roughly those expected for a pseudo-
Goldstone boson with Planck suppressed interactions with
matter; see, e.g., [45]. Note that these values imply that it is
hopeless to produce the @ particle at colliders since the coupling
to matter would be <1019,

°In a similar fashion to [46].
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_ Br(B = wBM)
Yp~8.7x 107! T Z qlo_g, (6)

where we have normalized to the observed baryon asym-
metry given in Eq. (1).

In Eq. (6), Br(B —» wBM) is the inclusive branching
ratio of B mesons into a dark antibaryon, a visible baryon,
and any number of light mesons, and A{; are the semi-
leptonic asymmetries in neutral Bg—meson decays, which
measure the amount of CP violation in mixing in the B(q)
systems. Finally, a, are functions that encode the
dependence on the mass and lifetime of the @ field.
They are bounded to be 0 < a, < 1.4; see Fig. 14 in
Appendix A 1.

Although all relevant cosmological details are present
in [39] and detailed in Appendix A 1, some comments on
Eq. (6) are in order. First, the a, parameters are different
for each B, meson. The physical reason is that the early
Universe is a hot dense plasma in which electrons can
interact with Bg mesons and potentially decohere the
BY) — B)) oscillations. Given that BY mesons oscillate ~35
times faster than Bg mesons, they are more resilient
against decoherence effects and a; > a, for temperatures
in which decoherence is important. In addition and
although not explicitly stated in [39], it is clear that
the baryon asymmetry generated by B-Mesogenesis is
only sourced by the CP violation in the Bg oscillation
system and is totally independent of any potential CP
violation in the ®bb coupling illustrated in Fig. 2. The
reason is as follows: At temperatures T < Tocp, a CP
asymmetry in the B) system appears at one loop since B
mesons are hadronized, while the CP violation arising
from a CP-violating ®bb coupling appears only at the
three-loop level; see [47,48]. Given that the ®bb coupling
is < 107'° any contribution to the baryon asymmetry
arising from such a three-loop process is extremely
suppressed and can safely be neglected.

Equation (6) clearly shows the direct connection that
exists between baryogenesis, the CP violation in the Bg
system parametrized by A{; , and the branching fraction for
the new decay Br(B — wBM). In light of this relation,
current measurements of CP violation in the Bg meson
systems can constrain B-Mesogenesis, as we illustrate in
Sec. III. Furthermore, the aforementioned exotic decay
mode of B mesons has important implications for B
factories and the LHC, which we discuss in Sec. IV.

Before proceeding to analyze this in detail, it is
necessary to address two important points regarding the
new particle content of the model, namely, (i) what are the
minimal requirements of the dark sector, and (ii) what
additional particles are needed to trigger the new decay
mode B — wBM?

B. The dark sector

A key element in B-Mesogenesis is that B mesons
can decay into a SM (visible) baryon and a dark sector
antibaryon (y). However, this antibaryon yw cannot re-
present the dark matter of the Universe. The reason for this
is that the decay B — wB can only proceed if y interacts
with three quarks. The same operator that mediates such an
interaction can also allow the GeV-scale y to decay into
light antibaryons, thereby washing out the generated
asymmetry. Thus, successful baryogenesis demands that
the y state must rapidly decay into other stable dark sector
particles. This requirement is trivially met provided the
existence of two additional states coupled to the dark
fermionic antibaryon: a SM singlet scalar antibaryon ¢ and
a SM singlet Majorana fermion & coupling to y via the
Yukawa interaction

LD —ywpé+ H.c. (7)

To write this Lagrangian, we have assumed the existence of
a Z, symmetry that stabilizes both ¢ and &.

Given the interaction in Eq. (7), and provided that
m,, > mgy + mg, y rapidly decays into ¢ and £ states in
the early Universe. In this way, a combination of number
densities of ¢ and £ particles can be such that their present-
day abundance matches the dark matter density measured
by the Planck satellite, Qpy A% = 0.1200 £ 0.0012 [1].

With the knowledge that the dark sector is made up of at
least three states (the dark Dirac antibaryon y, the dark
scalar baryon ¢, and the dark Majorana fermion &), relevant
limits on the mass of these particles can be set given the
requirements of baryogenesis in conjunction with several
other kinematic constraints. First, the B — wB decay can
only occur if

my, < mg—m,~434 GeV. (8)

Second, proton stability requires
my, > m, —m,~937.8 MeV. 9)
Third, the ¢b and ¢ states need to be both stable, otherwise
they could decay into each other by emitting an antiproton
and an electron which would erase the generated baryon
asymmetry from the B-meson oscillations and decays. In
addition to the Z, symmetry, this requirement implies
|mg —my| < m, +m, ~938.8 MeV. (10)
Finally, allowing for the w — £¢ decay requires
my, > my + me. (11)

In light of the above constraints, we can conclude that the
mass of the dark antibaryon y needs to lie within the range

035028-5
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094 GeV < m,, < 434 GeV| (12)

We note that since both y and ¢ carry baryon number,
they can potentially be produced in high-density environ-
ments, even if they interact very weakly with regular matter.
One of the most favorable environments for this is the
interior of a neutron star, where light baryons can be
produced provided that they are lighter than the chemical
potential of a neutron p, ~ 1.2 GeV within the star [49]
(see also [50-55]). In [39], this motivated the additional
restriction to only consider masses above this threshold,
1.e., m,, > nmgy > 1.2 GeV at face value. Howeyver, there is
in fact no dedicated study of these neutron stars’ constraints
on light baryons like the ones considered here, which
may not have interactions involving only light quarks.
Furthermore, these bounds are subject to several uncer-
tainties, such as the unknown equation of state of neutron
stars. In this situation, we opt to take the conservative
approach of not applying this further restriction to the
masses of i and ¢ in this work. That said, we note that the
regime of light mass m,, < 1.5 GeV may be subject to these
astrophysical bounds once a dedicated study addressing the
aforementioned uncertainties is performed.

An important observation at this stage is that the energy
density in asymmetric dark matter that is produced through
B-Mesogenesis cannot be larger than m,, /m,, x Q. In light
of Eq. (10), this means that the full observed dark matter
abundance cannot be generated solely via this process. That
said, other processes such as annihilation freeze-out can
yield the correct amount of dark matter. In fact, and as
discussed in [39], dark sector interactions are crucial in order
to allow the annihilation of any symmetric abundance of
dark sector particles that would result in an overproduction
of dark matter. The details of these processes depend on the
exact matter content and dynamics of the dark sector. If we
restrict the dark matter to be comprised of ¢ and & particles,
then there could also be additional detection signals of
the dark matter. For instance, the dark matter could
annihilate into SM neutrinos, as can occur in supersymmetric
versions of the mechanism [40]. Although this annihilation
channel is at present unconstrained [56,57], it could be
tested in upcoming neutrino experiments such as Hyper-
Kamiokande [58,59]. Alternatively, the dark matter could
annihilate into sterile neutrinos. If the dark sector states are
much heavier than the sterile neutrinos, annihilation would
be p wave [60,61] and would not yield any relevant signals
for CMB or neutrino experiments. Finally, as was discussed
in [39] (see also [62]), the dark matter particles considered
here do not yield typical WIMP-like scattering signals at
underground laboratories, as the dark matter states £ and ¢
do not interact directly with SM fermions.

Of course, y, ¢, and & need not be the only dark sector
states. Indeed, one may expect many other particles
to be present in a full realization of the dark sector.
A theoretically motivated example of an additional dark

species is a SM gauge singlet 4 carrying the opposite
baryon number of a quark, i.e., —1/3 [39]. The A state can
be stabilized via a Z, symmetry and represent the entirety
of the dark matter and could provide an explanation for
why the dark matter and baryon energy densities are
observed to be so similar, Qpy;/Qz~5. Since baryon
number is conserved in our setup, n 4 = 3ng if A is the only
stable dark sector antibaryon. With this, assuming that the
asymmetric A population makes up the entirety of the dark
matter, we can solve for m 4 to find

m :@QDMhz
AT 3 QR

= 1680 £20 MeV,  (13)

where mp is the average mass per baryon [63], and where
we have used the current errors from Planck [1] on Qpy k2
and Qgh?.

A scalars can be produced in the early Universe via
interactions of the type ¢+ ¢* - A+ A*, while the
asymmetry in the dark sector can be transferred via
processes of the type ¢ + A* — A+ A. For these proc-
esses to be active in the early Universe requires m, > m 4.
Since m,, > my > m, then for masses of m, > 1.7 GeV,
B-Mesogenesis with this extended dark sector could
provide an explanation for the observed dark-matter-to-
baryon density ratio.

Motivated by the above discussion, we suggest adopting
the following benchmark value for the mass of y:

m,, =2 GeV (benchmark). (14)
For this benchmark, the dark matter could be fully
composed of antibaryons .4 with baryon number —1/3,
thereby providing an explanation for the observed ratio
Qpm/25 ~ 5. Needless to say, while this benchmark is
particularly theoretically appealing, the entire range (12) is
very well motivated as it can lead to an understanding of
baryogenesis and dark matter generation.

C. Exotic B-meson decays

As discussed in the Introduction, one of the key
predictions of B-Mesogenesis is the presence of a new
decay mode of B mesons into a dark antibaryon y, a visible
baryon B, and any number of light mesons with a branching
fraction Br(B — wBM) = 1074,

In order for the B — wBM decay to exist, a new BSM
TeV-scale bosonic mediator is needed. In particular, this
state should be a color-triplet scalar ¥ which couples to y
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

2
energy Lagrangian of the form Loy = ), ; Oua, ;7’5 with
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ylzj being the product of the two relevant dimensionless

couplings. The four possible flavor combination operators
O; of interest for B-meson decays are

Oua = wbud, (15a)
O,s = wbus, (15b)
O.y = yhcd, (15¢)
O, = whcs, (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 b quark within
the B meson into two light quarks and a dark antibaryon .
The resulting possible hadronic processes are summarized
in Table I for the different operators 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 different versions: “type 17
Ol = (wb)(uid;). “type 2° O = (wd;)(u;b), and “type
3" O} = (yu;)(d;b). 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 effective operators in Eq. (15),
it is important to note that all B mesons should decay
at a very similar rate given that mpg: ~m BY = M.
Additionally, b-flavored baryons (generically denoted by
B;) should also posses a branching fraction with a size
Br(B, - wM) ~Br(B — wBM), again given that the
masses of all the b-flavored hadrons are fairly similar to
the B-meson ones.

III. CP VIOLATION IN THE B-MESON SYSTEM

As described in the previous sections, B-Mesogenesis
[39] 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 B) — B) mixing constrain the
mechanism. In particular, as clearly seen from Eq. (6), there

®In principle, operators of the form wdQ; Q) mediated by a
color-triplet vector in the fundamental of SU(2) are also possible.
Although for simplicity we do not expand on this possibility here,
they constitute another viable option.

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 operators
that can equally lead to B-Mesogenesis; see Eq. (15). For a given
operator, the rate of each decay is fairly similar given that
Mpgs S Mgy 2 Mgy ~ My, . AM refers to the difference 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 AM
by their corresponding masses.

Operator and decay Initial state Final state AM (MeV)
O,q = wbud By w + n(udd) 4340.1
b — wud B, w + A(uds) 42512
Bt v + p(duu) 4341.0
Ay W+ ° 5484.5
O,s = wbus By w + A(usd) 4164.0
b — wus B, w + E0(uss) 4025.0
B* v+ X" (uus) 4090.0
Ay w+ K 5121.9
O,y = whcd B; w+A.+7 (cdd) 2853.6
b—wed B w + E(cds) 2895.0
Bt v+ Al (dcu) 2992.9
Ay W+ D° 3754.7
O, = wbcs By v+ E9(csd) 2807.8
b — wes B, v+ Q. (css) 2671.7
Bt v+ B (esu) 2810.4
Ay w+D +K" 3256.2

is a correlation between Br(B — wyBM) and the CP
asymmetries in the Bg systems. Thus, current measure-
ments on the CP violation of Bg mesons set a lower bound
to Br(B — wBM) which we find to be ~107,

To set the stage, we first review the origin of CP
violation in Bg mesons and the associated observables.
The oscillations of neutral BY and BY mesons are described
by the mass (M?,) and decay (I'{,) mixing amplitudes
between the flavor eigenstates B) and BY); see [64] for
reviews on CP violation in the quark sector and B) — B)
oscillations. CP violation can be present in these systems
and manifests itself as a relative phase between M, and
I'{,. The observables that connect the dynamics of BY)
mesons in the early Universe and observations in laboratory
experiments are the semileptonic asymmetries defined as

F(?g —>Bg - f) —F(Bg — B;’g —>}__‘)
I'(B) - BY — f)+T'(B) - B) — f)

AgL = , (16)

where A;f is the semileptonic asymmetry in B(s). 4 decays, f
is a CP eigenstate that is only accessible to the Bg meson,

and f is its CP conjugate. Note that Al is called semi-
leptonic asymmetry simply because the decays used to
quantify it are semileptonic (e.g., b — cv,£~). In terms of
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the mass and decay mixing amplitudes, Eq. (16) can be
written as

Al
Af = _AMq tan (). (17)
q

Here, AM , and AL, represent the physical mass and width
differences of the Bg eigenstates, which are related to the
amplitudes by AM, = 2|M,| and AT, = 2|T';5| cos ¢{,,
where ¢7, is the relative phase between M, and I'},.

From Eq. (16), we can see why the semileptonic
asymmetries play a fundamental role in the mechanism
and appear in Eq. (6): They precisely control how often
more matter than antimatter is generated from the decays
of B) and Bj) mesons. As pointed out in [39], since the
Universe is made out of only matter, one of the key
predictions of the mechanism is that at least one of the
semileptonic asymmetries should be positive and larger
than ~107%.

A. Current measurements and implications

1. Semileptonic asymmetries
The current world averages for A, as reported in the
PDG 2020 [64] and as prepared by the HFLAV group [65],
at 68% C.L. read

Ad = (=2.1£1.7) x 1073, (18a)

A = (0.6 £2.8) x 1073. (18b)
Meanwhile, the SM predictions for these quantities, which
we take from [66],7 are

A s = (=47 £04) x 107, (19a)

AY lsm = (2.1£0.2) x 1075. (19b)
Comparing Egs. (18) and (19), it is clear that the current
experimental error bars are about 4 times larger than the SM
prediction for the Bg meson, and about 30 times larger for
the BY system.

Existing measurements of A%, are already useful for
constraining the parameter space of the mechanism. As
highlighted in Eq. (6), the baryon asymmetry of the
Universe is proportional to both Br(B — wBM) and
Al . Thus, given the observed baryon asymmetry, a
constraint on A, can indeed be used to indirectly set a
lower limit on Br(B — wBM). In particular, the fact that
Al <1073 implies that

"Note that Ref. [67] has recently pointed out that renormal-
ization-scale-dependent effects could change these predictions by
up to a factor of 2.

95% C.L.
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FIG. 3. Contour lines for the minimum Br(B — ywBM) re-

quired for baryogenesis and dark matter generation as a function
of the semileptonic asymmetries in Bg-meson decays, A} . Inred,
we show the relevant parameter space in which baryogenesis can
successfully occur. The dashed lines delineate the cosmological
uncertainties of our predictions (see text for more details). The
black rectangle corresponds to the SM prediction for the semi-
leptonic asymmetries [66], while the orange contour corresponds
to the current world averages for experimental measurements
of these quantities [64]. The gray line highlights the region of
parameter space corresponding to Br(B — wBM) > 0.5%,
which is disfavored by an ALEPH search as discussed in
Sec. IVA 2. All contours are shown at 95% C.L. This figure
showcases that, given current measurements of the semileptonic
asymmetries, a branching ratio Br(B — wBM) = 107 is re-
quired for successful baryogenesis. Similarly, in light of the
ALEPH constraint, A¢, > 107* is necessary in order to explain
the observed baryon asymmetry of the Universe.

Br(B — wBM) 2 107, (20)

Given the direct correlation between A¢; and Br(B —
wBM) in generating the baryon asymmetry of the
Universe, a lower limit on Ag can be established given
an upper limit on Br(B — wBM). This correlation is
clearly seen in Fig. 3. As is discussed in Sec. IVA, at
present we know that Br(B — wBM) < 0.5%, which
implies that in order for B-Mesogenesis to explain the
observed baryon asymmetry of the Universe, at least one
semileptonic asymmetry should satisfy

AL 2 1074, (21)

2. CP violation in interference and global fits

In addition to the direct observation of AgL, one can also
attempt to place indirect limits on A by taking into
account constraints on other relevant B-meson observables.
As seen from Eq. (17), the sign of the semileptonic
asymmetries is characterized by the phase ¢7,. As such,
the value of ¢, is critical to baryogenesis. Recall that this
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phase depends only on the difference between ¢, (the
phase of M{,) and ¢ (the phase of I'{,). Of these two
individual phases, ¢, can be reconstructed by measuring
the interference between B) — BY) oscillations and their
decay into CP eigenstates. In particular, the most favorable
decays are the so-called golden modes in b — c¢s tran-
sitions, which are BY — J/wK9 and B) — J/y¢.® The
extraction of ¢}/ from these modes depends on the
experimental uncertainties in the measurements along with
potential contamination from penguin diagrams. At
present, the theoretical uncertainty on the SM prediction
from penguin diagrams is dominant for ¢¢,, while the one
for ¢}, is dominated by current experimental uncertainties
(for a recent discussion, see [68]). Including all relevant
measurements, the HFLAV Collaboration [65] reports an
average of

e = —0.050 £0.019 = (—2.9 + 1.1)°.  (22)

This number is to be compared with the SM prediction
which, neglecting contamination from penguin diagrams, is
P s = =2p, = —0.037 £ 0.001 [44].

In order to gauge the relevance of these measurements
for B-Mesogenesis, let us write the two phases in the most
general case where new physics can modify M,, I'|5, as
well as the penguin contributions, as

=gt e (23)
= =2B i+ Soen + e (24)

The lack of control over SM penguin diagrams as well as
the possible NP effects on them translate into an uncertainty
of ~1°in &M + )5 [44]. However, the most important
uncertainty comes from the potential new physics in tree-
level decays, which are largely unconstrained and can
modify ¢\" and thus ¢}, without affecting ¢¢%. In fact, it
has been recently shown in [66,69] via a global fit that
allowing for modifications in tree-level decays such as
b — c&s can lead to large values for the ¢ and ¢;. phases.
We note that in our scenario, such tree-level decays are
naturally expected to be modified; see Sec. V D. Depending
upon the exact flavor structure of the b — u;i;q; decay,
the large modifications to ¢ in turn allow values for
the semileptonic asymmetry that can be as large as
|AL | = 1.5 x 1073, which are comparable to current direct
constraints on these quantities; see Eq. (18). Thus, while
CP violation in interference represents an important test
of ¢%,, current measurements allow for large values

The J /y and ¢ mesons are not to be confused with the dark
Dirac antibaryon yw and the dark scalar antibaryon ¢ of
B-Mesogenesis.

of the semileptonic asymmetries via modifications of
tree-level b decays.

3. Cosmological uncertainties

The predictions shown in Fig. 3 incorporate a number of
uncertainties arising in our calculation of the generation
of the baryon asymmetry in the early Universe. These
uncertainties are discussed in detail in Appendix A 1, and
are primarily dominated by the uncertainty in the frag-
mentation ratios of @ decays to B*, B, and B} mesons.
Clearly, these fragmentation ratios are unknown, and the
band simply covers the range of fragmentation ratios as
measured in other environments, namely, in Z-boson
decays f,/f4=0254+0.02 at pp collisions at
Tevatron; f;/f; = 0.33 £0.04 at at pp collisions at the
LHC; f,/f4 = 0.247 4+ 0.009 and at e™ e~ collisions at the
Y(5S) resonance; f,/f, = 0.267093 (see HFLAV [65]).
In order to generate the band in Fig. 3, we take
fs/fa €10.22-0.37].

Another source of uncertainty arises from the fact that
the charge distributions within the Bg mesons are not
precisely known. Neutral B mesons interact with the
plasma in the early Universe through this charge distribu-
tion; these interactions act to decohere the CP-violating
B) — BY oscillations, therefore hindering the production
of a baryon asymmetry. Since the Bg system is spinless
and chargeless, its electromagnetic interactions can be
described by an effective charge radius for which we only
have theoretical estimates that range within a factor of 2;
see [70-72]. This uncertainty corresponding to the width of
the bands in Fig. 14 effectively translates into a <20%
uncertainty on our prediction of Y and therefore of Ad
and Br(B — yBM).

Finally, the baryon asymmetry depends on the early
Universe cosmology via the mass of the @ field that reheats
the Universe to a temperature T'. Since Mg and T’ are free
parameters that can vary over a certain range, in Fig. 3 we
have marginalized over them so as to maximize the baryon
asymmetry of the Universe for each given A{, . Thus, the
red contours in Fig. 3 should be read as a theoretical lower
limit on Br(B — wBM).

B. Future prospects at the LHC and Belle II

The sensitivity of upcoming studies at the LHC and Belle
Il to CP violation in the B2 systems are promising [73-75].
In particular, the projected 1o sensitivities for the semi-
leptonic asymmetries are

The sensitivity for A, atBelle I is not in the Belle II physics
book [76]. We have obtained it from [75]. We also note that

ATLAS and CMS also have the potential to measure Ag;’, but the
projected sensitivities are not available in the literature.
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FIG. 4. The decay of the BT meson to the lightest possible baryon as triggered by the four different flavor operators given in Eq. (15).
Note that any of the four can lead to successful baryogenesis and dark matter production. As usual, the light dark sector antibaryon y
would appear as missing energy in the detector, and Y is a heavy color-triplet scalar mediator with My > 1.2 TeV (see Sec. V).

5A% =10x 10~ [LHCb (33 fb~!) —2025], (25a)
5AL =3x 10~ [LHCb (300 fb~') —2040], (25b)
SA¢ =8 x 10" [LHCb(33 fb~1) —2025],  (25c)
SA¢ =2x10* [LHCb (300 fb~!) —2040], (25d)
SAY =5x10"* [Belle I1(50 ab™!) — 2025]. (25¢)

Comparing these numbers with the parameters necessary
for baryogenesis shown in Fig. 3, one can appreciate the
great potential that upcoming measurements from LHCb
or Belle II have for helping to confirm (or refute) B-
Mesogenesis. For instance, if all measurements are com-
patible with the SM predictions by the year 2025, we will
know that Br(B — yBM) 2 6 x 107*. On the other hand,
positive semileptonic asymmetries potentially reported by
future measurements would be a clear signal in favor of
the mechanism and could point toward somewhat smaller
branching fractions 107 2 Br(B — yBM) = 1073, As
such, B-Mesogenesis provides a complementary source
of motivation for the LHCb Upgrade II [74], as measure-
ments with 300 fb~' would be extremely useful in con-
straining the relevant parameter space.

C. Baryogenesis with the SM CP violation?

According to common lore, the CP violation within the
SM is too small to generate a matter-dominated universe as
we observe it. For instance, in electroweak baryogenesis
[20,21], which can occur during a first-order electroweak
phase transition, the relevant quark CP-violating invariant
is such that (ng—ng)/n, <1072° [77,78]. This indeed
requires new BSM sources of CP violation to generate
the observed baryon asymmetry of the Universe at the
(ng —ng)/n, ~ 1071 level. However, it is important to
note that in the SM, the CP asymmetries in the Bg mesons
are not small compared with 107'°. In particular, AZ, |gy =~
—4.7x 107 and A§ |y =2.1x 1075 [66]. As can be
seen from Fig. 3, B-Mesogenesis could in principle
account for the observed baryon asymmetry of the
Universe with only the SM CP violation provided that
Br(B - wBM) > 2.5%. Although this possibility is

disfavored given the constraints on the new b-decay modes
from ALEPH, which tell us that Br(B — wBM) < 0.5%,
it is important to note that, contrary to scenarios such as
electroweak baryogenesis, the generated baryon asymmetry
with only the SM CP violation is off by just an order of
magnitude rather than by 10 or more. The reason for this
ultimately stems from the fact that B-Mesogenesis proceeds
at much lower temperatures than other baryogenesis
scenarios—temperatures at which the SM CP violation
is not suppressed.

IV. SEARCHES FOR THE B — v+ BARYON

In B-Mesogenesis, the baryon asymmetry of the
Universe depends upon the inclusive rate of B mesons
decaying into a dark sector antibaryon (y) and a SM baryon
(B) plus any number of light mesons, (M), i.e.,
Br(B — wBM); see Eq. (6). Recall that any of the four
flavors of operators in Eq. (15) can yield such an inclusive
rate; the contributing lightest final flavor states in each case
are summarized in Table I. To illustrate these flavorful
variations, in Fig. 4 we display possible decays of B™
mesons for each of the distinct operators.

Experimental searches for B-meson decays into missing
energy and a SM baryon have arguably been overlooked
in experimental programs to date. In this section, we first
summarize in Sec. IV A the current state of constraints on
the branching fractions for these processes as relevant for
baryogenesis. In Secs. IV B and IV C, we then discuss the
potential reach of B factories and the LHC, respectively, to
exclusive decays of B mesons involving missing energy and
a baryon in the final state (these are easier to target than
inclusive modes including mesons). Finally, in Sec. IV D
we perform a primitive phase-space analysis to relate the
inclusive decay rate Br(B — wBM) to the exclusive one
Br(B — wB), the result of which suggests that BABAR,
Belle, and especially Belle IT and LHCb have the potential
to test wide regions of parameter space of the baryogenesis
and dark matter mechanism of [39].

A. Current limits

There exists no current dedicated search for B-meson
decays into a visible baryon and missing energy plus
any number of light mesons at any experimental facility.
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In [39], a loose bound Br(B — wBM) < 10% was set on
such a decay by taking into account the inclusive measure-
ments of B — (¢ + anything). This is only applicable
provided that the baryon in the B — wBM does not contain
a charm quark, which can certainly be the case as can be
seen in the two right panels of Fig. 4. Similarly, one can set a
very loose bound on the branching fraction by comparing
the predicted SM decay rate of b hadrons to the measured
value. Doing so leads to Br(B — wBM) < 40% as a result
of the large [O(20%)] uncertainties in the theoretical
prediction of the decay rate of » hadrons in the SM [79].
In this work, we find substantially stronger bounds by
(i) examining inclusive decays of B mesons into baryons
[which yield constraints at the Br(B — wBM) < 1-10%
level], and (ii) by recasting an inclusive ALEPH search [80]
for events with large missing energy arising from
b-flavored hadron decays at the Z peak [which yield
constraints at the Br(B — yBM) < 10741072 level for
the relevant range of the dark sector antibaryon mass].

1. Inclusive considerations

The reasoning presented in [39] regarding inclusive
measurements of B-meson decays can be refined to obtain
firmer bounds. Given some reasonable assumptions, these
apply to the different flavor final states possible in the
b — wu;d ; decay. First, the PDG [64] reports a measured
inclusive rate of

Br(B — p/p + anything) = (8.0 £0.4)%, (26)

where here B refers to an admixture of B*, B~, B), and BY
mesons. If we assume that the process B — wBM pro-
duces the same number of protons as neutrons (which is
reasonable based on isospin symmetry), we can use
Eq. (26) to find a 95% C.L. upper bound

Br(B — y + Baryon + Mesons) < 8.7%.  (27)

Other measurements of the inclusive decay rate of B
mesons into baryons can be used to set appropriate upper
limits on each flavor variation of these new decays modes.
The relevant averages as reported by the PDG [64] are'’

Br(B — p/p(dir) + anything) = (5.5 £ 0.5)%, (28a)
Br(B — A/A + anything) = (4.0 £0.5)%,  (28b)
Br(B — A} /A7 + anything) = (3.6 £ 0.4)%,  (28c)
Br(B — E? + anything) = (1.4 £02)%,  (28d)

"These are based on measurements by ARGUS [81] and
CLEO [82] for Egs. (26), (28a), and (28b), by BABAR [83] for
Eq. (28c¢), and by BABAR [84] for Eq. (28d).

where (dir) means that the secondary protons from A
baryon decays have been subtracted. In order to obtain
Eq. (28d), we have additionally made use of the measure-
ment  Br(B — E + anything) x Br(E0 - E- +7") =
(1.9+0.3) x 10~* [64] (see also [84]) as well as the
very recently measured absolute branching fraction
Br(E0 - B~ +7t) = 1.434+0.32% [64] (see also the
original study by Belle [85]).

Equation (28) can be used to constrain the operators that
lead to new B-meson decays provided that an assumption
regarding the final-state hadronization is made. A problem
arises since these bounds apply to an admixture of
B mesons; thus, the final-state baryons could be produced
by any of the B mesons depending upon the emission of
other charged light mesons. To illustrate the issue, let us
take for concreteness the case of Eq. (28c). From the third
diagram in Fig. 4, we clearly see that the BT meson can
contribute to this inclusive rate. However, this is only the
case if no charged pions are emitted: If a z* is produced,
the A baryon must be neutral, and the decay is not included
in the inclusive measurement. However, we can assume that
the probability for this charged pion to be emitted is the
same as for an oppositely charged pion to be emitted in the
decay of a BY. If this is the case, then the B — wAlz~
process contributes to the inclusive channel with a similar
rate as the one that was excluded. It is reasonable to assume
that the emission of these light mesons is independent of
the B meson that is decaying, given that B*, B, and BY all
have approximately the same mass, and that the masses of
the relevant light charged and neutral hadrons are similar.
Under this assumption, we can indeed assume that the
new decays of the b and b quarks contribute to Eq. (28).
Therefore, assuming the errors in Eq. (28) to be Gaussian,
we can obtain the following 95% C.L. upper limits for the
flavorful decays of B mesons into baryons and missing
energy as generated by the interactions in (15):

Br(b — yud) < 6%, fromEq. (28a), (29a)
Br(b — wus) < 5%, from Eq. (28b), (29b)
Br(b — yed) < 4%, fromEq. (28¢), (29¢)
Br(b — wes) < 2%, fromEq. (28d). (29d)

These bounds should, however, be taken with a word of
caution given the assumptions that have been made to
obtain them. We note that the above bounds could be
slightly improved by subtracting off from Eq. (28) the
contribution from measured exclusive B-meson decays
with a baryon in the final state. However, the total sum
of the branching fraction for such processes is still far from
the upper limit and doing so would not lead to a substantial
improvement with respect to the bounds quoted in (29).
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2. Missing energy from b decays at LEP

The ALEPH experiment at LEP collected and analyzed
events with large missing energy arising from b-hadron
decays [80,86,87]. These studies were originally designed
to target inclusive b — ¢t~ 7, decays [86], which lead to
events with large missing energy as a result of the neutrinos
in the final state. Since these searches select events only
based on their missing energy and do not discriminate
based on the hadronic or leptonic content of the final state,
they are completely inclusive. In fact, soon after [86,87]
appeared, the authors of Ref. [88] pointed out that such
searches could be used to set the first constraint on
inclusive b — sbv transitions at the Br <1073 level.
Because of their inclusive nature, these searches can be
used to constrain our decays both at the inclusive and the
exclusive levels.'! In what follows, we summarize the main
ingredients and results from our recast of [80], and point
the interested reader to Appendix A 2 where we describe
the details of the simulation of the missing-energy spectrum
of B — wBM decays at LEP.

In Ref. [80], the ALEPH Collaboration studied events
with large missing energy at LEP arising from the decays
of b-flavored hadrons, Z — bb. The sample of Ref. [80]
consists of approximately 4 x 10 hadronically decaying Z
bosons collected at energies near the Z peak. In order to
target only b-flavored hadron decays, an algorithm was
used to mainly select events with a decaying particle with a
lifetime similar to that of the b quark [89]. This requirement
has an efficiency of fi,, = 0.567 and reduces backgrounds
significantly [80]. In addition, a cut of cos & < 0.7, where 6
is the angle between the beam axis and the thrust axis, was
applied. The goal of this cut is to reject events that are not
well contained within the detector, for which missing
energy cannot be determined reliably. Following the dis-
cussion in [86], we believe that this likely implies an
efficiency factor of fus = 0.45. Given these known cuts,
the number of candidate bb events in the sample of [80] can
be estimated to be'?

BR(Z — bb)
sample __ had
NhE = f[agflhruStNZa BR(Z — hadronS) '

~2.2 % 10°. (30)

Within this sample, events with large missing energy were
searched for and compared with the expected backgrounds
arising from other SM processes, such as b — X¢7,. In the
analysis for b — svv events, which are closest to our

""We are grateful to our anonymous referee for pointing out the
existence of [80] and for highlighting its potential relevance for
our scenario.

We note that in [80] several other cuts and corrections to the
missing-energy spectrum were applied. However, their impact on
the efficiency is not stated in [80] and it falls beyond the scope of
our paper to analyze them.

decays, the relevant kinematic signal region was chosen
to correspond to events with E ;> 30 GeV. In this
window, the events were subdivided into three bins with
the following observed and expected background counts
(see Table V of [80]):

Ngfss =31 N =370227. (Gl
obs 1 background __ 254+1.6 1
N3P, =1, N3s5 49 - o (3 b)

N® =1,  N¥FE™ <1 (31c)

These can be compared with the predictions for the
missing-energy distribution in our decays to set a limit
on their branching fractions. To this end, we simulate the
missing-energy spectrum of b — wu;d ; and B — V/Bu,dj
decays. For the inclusive decays (b — yu;d 1), we calculate
the missing-energy spectrum from the parton-level three-
body differential decay width, while for the exclusive
decays the missing energy is fixed by the two-body decay
kinematics. In addition, we simulate the initial energy of the
decaying b by taking into account the Peterson fragmenta-
tion function used in [80]. Finally, in order to set limits, we
compare the predictions from our missing-energy spectrum
to the observations in Eq. (31) given Eq. (30). We set the
limits by assuming a Poisson likelihood for the measure-
ments and by following the Bayesian procedure outlined in
the PDG review for statistics for likelihoods with back-
grounds; see Eq. (40.63) of [64].

The result of this procedure is showcased in Fig. 5,
where we show the resulting constraints from the ALEPH
search at 95% C.L. for exclusive and inclusive decays. In
the left panel of Fig. 5, we can appreciate that the exclusive
constraints on B decays are at the 107 level for the final
state involving hyperons or nucleons for m,, < 4.2 GeV.
For final states containing charmed baryons, the exclusive
constraints are at the Br ~ 103 level for m,, < 2-2.5 GeV.
These results are easy to understand with the knowledge
that in B — wB,; decays, for m,, < 4 GeV, roughly 20%
of the signal events have E;, > 35 GeV. For the case of
B — wB,,; decays and due to the heaviness of charmed
baryons, only 10% of the events have missing energy
E iss > 30 GeV, which explains the comparably weaker
limits (note that the number of background events is
moderately large in the 30-35 GeV bin). The left panel
of Fig. 5 only shows the constraints for BT decays, but very
similar results hold for B® decays. For the case of B, and A,
decays, the constraints are relaxed by roughly a factor of 4
as a consequence of the smaller fragmentation ratio of these
states at LEP.

In the right panel of Fig. 5, we show the resulting
constraints on inclusive b — yu;d ; decays. We can appre-
ciate that the bounds are at the level of Br~3 x 107°—
5 x 1072 depending upon the exact final-state flavor and
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Constraints on B-mesons decays into a dark sector antibaryon y and a baryon 5. The colored lines show the resulting

constraints from our recast of a search at ALEPH for decays of b-flavored hadrons with large missing energy at LEP [80]. The global
bound Br < 10% arises from inclusive considerations; see Eq. (27). Left panel: constraints on exclusive channels containing no
additional mesons in the final state. We also highlight the expected reach of dedicated analyses using old BABAR/Belle data and of Belle
IT with 50 ab™" of data, as well as that of LHCb with 15 fb~! [43]. Right panel: constraints on the inclusive decay including any number
of mesons in the final state. Note that these constraints are derived assuming a parton-level missing-energy spectrum, which may suffer
from relevant modifications when effects from the b-quark momentum inside the B meson and QCD corrections are included. We expect
that including these effects will relax the constraints by a factor of 2—4 (see main text), and we thus incorporate this theoretical
uncertainty in order to obtain the conservative results depicted by the solid lines. The dashed lines correspond to the bounds taking the
decay kinematics and our recast of the ALEPH analysis [80] at face value.

the y mass. These results are rather important in that they
constrain the inclusive branching fraction Br(B — wBM)
that is directly related to the baryon asymmetry of the
Universe; see Eq. (6). However, a word of caution is in
order. We have derived these bounds by modeling the
missing-energy spectrum by using a tree-level parton decay
of a free b quark, and we have not considered the effect of
hadronization or any QCD corrections in our simulations.
Modeling these effects falls beyond the scope of this study,
but we believe that including them will yield relevant
modifications to the missing-energy spectrum and therefore
to the constraints. Including such corrections typically
leads to a softer missing-energy spectrum and therefore
to weaker constraints than those derived using the free
quark decay model. In fact, in the erratum of [88] it is
highlighted that the inclusion of such effects does indeed
lead to a relaxation of the bound on b — svv by a factor
of 3. For our decays, one should expect a similar (and
perhaps larger) uncertainty. For this reason, we have added
to our constraints a relaxation factor of 4 for the operators
containing a charm quark, and a factor of 2 for the operators
containing a u quark. The solid lines correspond to the
conservative limits, while the limits derived directly from
the free b-quark decay are shown as the dashed line. In
addition, the derived constraints depend slightly on the
exact type of operator that triggers the b decay; see
Sec. IIC. Here we choose to show the constraints for
the Oj; = (wb)(u;d;) operators, and we note that the
bounds for the other operators are roughly the same for
m,, 2 2.5 GeV and that they are stronger by a factor of up
to 2 for m, <2 GeV.

Yo~

In summary, we find that the most stringent constraint to
date on b-hadron decays involving missing energy plus a
baryon in the final state arises from a search made more
than 20 years ago at ALEPH [80]. By recasting it to our
setup, we find constraints at the Br < 107*-1072 level for
the decays of interest for B-Mesogenesis. We stress once
more that these bounds, and in particular, those appertain-
ing the inclusive decays, should be taken with some
caution given our lack of detailed knowledge of the
ALEPH analysis and of the missing-energy spectrum in
b — yu;d; transitions. In view of these uncertainties, it is
plausible that the constraints derived here may be weakened
by a factor of a few should a more sophisticated study be
performed. In any case, these results highlight the power of
inclusive searches for h-hadron decays with large missing
energy and tell us that at 95% C.L.

Br(B — wBM) < 0.5% [ALEPH], (32)

irrespective of the value of m,,.

It is clear that searches of this sort in a future e*e”
collider at the Z peak such as FCC-ee [90] would be able
to potentially test branching fractions as small as 1077,
and therefore make a definitive test of B-Mesogenesis.
Similarly, an inclusive search of this kind at B factories
could led to an excellent sensitivity to these decays as long
as backgrounds can be kept under control.

B. Possibilities at B factories

We now discuss the potential reach of B factories when
searching for decays of B mesons to baryons and missing
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energy. Given the difficulties of making theoretical pre-
dictions that can be matched to the kinematic distributions
of inclusive measurements, here we focus on exclusive
decays, and mostly on the simplest two-body ones that do
not contain any number of additional light mesons.

As illustrated by Eq. (28), B factories have sensitivities
of less than about 0.5% to inclusive B-meson decays with
final-state baryons. The kinematic data used to measure
(28) could in principle be used to constrain two-body
exclusive channels down to comparable levels. This can be
done by comparing the number of observed baryons as a
function of momentum with the theoretically predicted
distribution for an exclusive channel like B — w13, since
the 4-momenta in this case are related by pl; = pl — pi.
This approach has been leveraged to motivate a new
inclusive measurement of B — A, + anything [91] using
Belle (and eventually Belle II) data.

Regarding exclusive measurements, B factories are
extremely sensitive to B-meson decay modes involving
missing energy in the final state, such as B — Kov. Indeed,
for B - Kivv, BABAR and Belle’s sensitivity is about
Br ~ 107 [92,93], while Belle II is expected to reach a
sensitivity ~1076 [76] with 50 ab™! of data."® In addition to
this, the BABAR Collaboration has very recently reported
an upper limit Br(B~ = Apov) <3 x 107 [95]. This
four-body decay mode contains baryons and missing
energy in the final state. Therefore, given the reach of
BABAR and Belle to similar B-meson decays, we expect a
sensitivity of

Br(B — w + Baryon) ~3 x 107> (BABAR-Belle), (33)

Br(B — y + Baryon) ~3 x 107%  (BelleIT [50 ab™']),

(34)

for exclusive B — y + Baryon decays.

This 107°-1073 expected sensitivity in exclusive B-meson
decays should be compared with the prediction from B-
Mesogenesis for the inclusive rate Br(B — wBM) >
10~*. In Sec. IV D, the ratio between exclusive and inclusive
rates is estimated to be ~(1-10)%, which implies that B
factories have the potential to fully test the mechanism.
We therefore expect large regions of parameter space of
B-Mesogenesis to be explored via exclusive decay searches
at B factories.

It should be noted that, as discussed in Sec. IIC,
baryogenesis can proceed via any of the operators in
Eq. (15). Importantly, and as we show in Sec. V, flavor-
mixing constraints imply that only one of these operators
can be active in the early Universe. However, there is no
a priori way to know which operator may be the one
responsible for baryogenesis. Therefore, in order to fully

BSee [94] for a recent inclusive search with 63 fb~! of data.

test the mechanism, all possible flavorful variations should
be independently searched for. Furthermore, and as dis-
cussed in Sec. II C, all B mesons (including charged ones)
should decay into a visible baryon (3) and missing energy at
a similar rate. This means that all the searches discussed here
can in principle be performed using any of the B mesons,
exploiting the channels listed in Table I. In practice,
experimentally it may be easier to target B+ decays as they
leave a charged track at each interaction point.

We conclude this section by mentioning that searches are
currently under development at B factories for the decay
modes described in our study. Concretely, the decay
Bg — wA is being investigated using BABAR [41], Belle
[42], and Belle II [42] data.

C. Possibilities at the LHC

Targeting the missing energy in the decay B — w3 is
highly nontrivial at hadron colliders due to the fact that
there is no handle on the initial energy of the decaying B
meson. That said, there are two reasons to consider
searches for these decays at hadron colliders: First, B
mesons and b-flavored baryons are not produced at B
factories when they run at the Y(4S) resonance, and
second, the number of B mesons produced at LHC experi-
ments is substantially larger than that of B factories. For
example, at LHCb with £ =5 fb~!, Nz ~ O(10'?) have
been produced [96], while at ATLAS and CMS with
L =100 fb~!, the figure reaches Ny ~ O(10'*) [97,98].
This should be compared with the number of B mesons that
were produced at BABAR or Belle (Nz ~ 3 x 10°), or to
those that are expected to be produced at Belle II with
L =50 ab~!, which will be Nz~ 10'". Owing to large
number of B mesons produced at hadron colliders, it is
possible that LHC experiments could provide relevant
measurements on a new decay of the B meson with a
branching fraction Br(B — wyBM) > 1074, despite the
complications related to tagging the missing energy in
the decay.

1. Prospects and challenges for direct searches

As discussed above, performing a dedicated search for B
mesons decaying into missing energy at hadron colliders is
complicated. In this section, we do not present a study of
the feasibility of searches for these new decay modes LHC
experiments, but simply discuss some aspects that need to
be addressed by any proposed search. We also summarize
some recent ideas that could lead to a measurement of
Br(B — yBM) at LHC experiments. Three ingredients are
necessary in order to perform a direct search for B — w13
decays at the LHC: (i) a proper trigger, (ii) good vertex
resolution, and (iii) a handle on irreducible backgrounds.
Addressing points (i) and (ii) is beyond the scope of this
work and would require a careful assessment by exper-
imentalists at LHCb, ATLAS, and CMS. However, we can
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comment on point (iii) with the goal of gaining an under-
standing of the potential sensitivity of LHC experiments
given that the mass of the y particle cannot be recon-
structed, before points (i) and (ii) are addressed.

Let us consider the observed exclusive B-meson decays
rates into baryons (B) (see [99] for a nice summary):

Br(B — B.B.) ~ 1073, (35a)
Br(B — B.B./M) ~ 1073, (35b)
Br(B — B.B) ~ 107>, (35¢)
Br(B — B.BM) ~ 107>, (35d)
Br(B — BB') <107, (35e)
Br(B — BB'M) <1073, (35f)

Here, B, denotes a baryon containing a ¢ quark, B is a
baryon containing just u, d, s quarks, and M corresponds to
one light meson: z, K, or D.

Since the missing energy of the y state cannot be
reconstructed, decays of the type B — nl5 yield a similar
signature as the decay B — wI3. Of course, antineutrons
deposit a signal in the calorimeter, but it may prove
challenging to associate this signal with the B — i3 decay
given the absence of a signature in the tracker. Thus, decays
of the type B — nB3 could contribute to a significant
irreducible background at the LHC.

Given the above consideration and using Eq. (35), one
finds an irreducible background at the Br ~ O(1073) level
for B — ywB,. If the baryon in the final state does not
contain a ¢ quark, then the irreducible background would
be at the Br~O(1077) level. This is interesting as
successful baryogenesis requires Br(B — yBM) > 107
and so, at least in principle, the LHC could probe the
relevant parameter space. Of course, one should bear in
mind that these considerations are not specific; depending
on the exact final-state baryon that is targeted in the
B — wB decay, one would find a different contribution
to the irreducible background. Such contributions would
therefore need to be studied on a case-by-case basis and
may very well differ from the ones we estimated above.

2. Possible searches

We now highlight some recent ideas for potential LHC
searches for the exotic decays of b hadrons required for
baryogenesis. The focus here is on the LHCb experiment
[100], but we believe that similar ideas could be pursued at
ATLAS and CMS. As discussed above, targeting missing
energy at hadron colliders is nontrivial, but there have been
some recent attempts that we find are worth discussing.

(i) B - wB* searches: Motivated by the excellent

vertex resolution and high particle reconstruction

(i)

(iif)

@iv)

035028-15

efficiencies of the LHCb experiment, the feasibility
of the direct search of B mesons into a visible baryon
has been recently studied [43]. In particular, Ref. [43]
has considered the case of excited baryons in the final
state, B — w3*. Excited baryons decay promptly,
making the decay point B — yw3* coincide with that
of B* and thus allowing one to trigger on the decay.
This study has shown that for modes such as
B - wA(1520), the sensitivity of LHCb with
15 fb~! of data can be at the Br ~ (6-60) x 107’
level for m,, < 3.5 GeV. In addition, for the channel
Bt — ywA,(1520), the sensitivity could reach values
Br ~ (2-4) x 107° for m,, < 2.5 GeV. Although the
exact reach of the LHCb experiment to these decays
will depend upon the control of several backgrounds
[43], these results highlight the high sensitivity of the
LHCD experiment to search the decay modes required
by B-Mesogenesis.

B, —wM searches: Within the context of B-
Mesogenesis, b-flavored baryons also posses an exotic
decay into missing energy and light mesons with
Br(B;, - wM) ~Br(B — yBM). Since b-flavored
baryons are not produced at B factories, the LHC is the
only current experiment potentially capable of search-
ing for these processes. In this context, Ref. [101]
proposed a method to search for b-flavored baryon
decays involving missing energy by studying B,
baryons arising from the decay of resonant baryons,
B}, — B, In this way, the initial energy of B;, could
be inferred from the decay kinematics of B} — B, 7,
thus offering a handle on decay channels of the B, state
involving missing energy. It would be interesting to
study the reach of such proposals for the decay
B, = wM. For example, AY) - K*z~ and A, —
D~ K"y decays as generated by operators O, and O,
in Eq. (15) could be interesting channels to pursue. In
fact, it has been recently shown in Ref. [43] that LHCb
can have a sensitivity at the level of Br ~ 3 x 107 —
10~ for decays of the type A) — Kz

B} — B — w3 searches: Very recently, the LHCb
experiment has been able to set the constraint
Br(B* - KTu~tt) < 3.9 x 107 [102] at
90% C.L. by using BT mesons arising from the
resonant B-meson decay Bgz* — BTK~.In [102], the
7+ four-momentum is reconstructed from the kin-
ematics of the rest of the particles and is thus
effectively treated as a missing particle. Therefore,
it is potentially feasible that LHCb could also search
for By — B — wB processes following a similar
approach and achieve sensitivities comparable to that
of BT —» Kt~ 7" [102].

BY — wB with oscillations: Measuring the mass of
y in hadron colliders seems challenging. However,
Ref. [103] has pointed out that one could gain a
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handle on the mass of y by studying the oscillation
pattern of BY — wB decays. Given that this ap-
proach needs to trigger on the BY — wB decay
explicitly, it necessarily requires searches such as
the ones described in the two previous paragraphs to
find the decay first.

To conclude, although missing-energy searches at the
LHC seem at first complicated, there are interesting
avenues that are currently being explored and that may
shed light on the new decay modes required for the
B-Mesogenesis. Of course, all of the above considerations
could also apply to potential future hadron collider experi-
ments; see, e.g., [104].

D. Relating exclusive to inclusive decays

While the observable directly linked to baryogenesis is
the inclusive B — w3M branching ratio, the experimental
searches discussed above are best suited to test exclusive
final states without additional mesons, B — wB. In fact, the
presence of additional hadronic states accompanying the
final-state baryon can significantly modify the expected
sensitivities in Eqs. (33) and (34). It is therefore crucial to
estimate the relative size of the exclusive modes that
contribute to a given inclusive channel.

The task of obtaining form factors for the exclusive
branching ratios induced by the operators listed in Table I
requires sophisticated methods that can deal with the
nonperturbative hadronization process. In the simplest
case of B — w5, there is only one form factor which is
a function of the recoil energy ¢ = ml%, Form factors are
often obtained using data-driven methods, which are,
however, not helpful in this case given that baryon-
number-violating B decays have never been observed.
As an alternative, one could hope to obtain a purely
theoretical estimate using the vacuum insertion approxi-
mation along the lines of [105]. However, the presence of a
spectator quark makes this technique challenging to apply
to our decays. Furthermore, the vacuum insertion approxi-
mation requires that all the states involved share the same
quantum numbers as the vacuum and can therefore only be
applied to neutral decays. More sophisticated possibilities
would be to perform a lattice QCD calculation, or use a
QCD sum rule, which are, however, beyond the scope of
this paper.

In this humbling situation, the only way forward is to
resort to phase-space considerations in order to obtain an
estimate. The kinematic arguments that we use were first
employed by Bigi in [106] to predict a sizeable decay rate
of B mesons to baryons within the SM. In this prescription,
the probability for the final state of the B decay induced by
ab— ud jy transition to contain a single baryonic state is
calculated as the fraction of phase space in which the
invariant mass M, 4 of the diquark system does not exceed

a certain energy scale A, which we take to be the mass of

the corresponding baryon. In the remaining region of
phase space, M, 4, > A and we would expect that resonant
baryons are produced, which naturally leads to additional
hadrons (mostly pions) in the final state. Although simple
in nature, the predictions made using this approach
[106-109] were in all cases subsequently validated by
experiment. For example, in [108] these considerations
were used to understand the softness of the B - A, + X
spectrum, and in [106] it was predicted that
Br(B —» B+ X) ~5-10% which agrees well with the
observed inclusive measurements; see Eq. (26).

We choose to follow this avenue and study the kinemat-
ics of the B — y + B 4+ M decays of interest. Defining the
phase-space constrained width of the parton-level decay
b — u;d W as

IS ar
P(A) = / am? ., (36)
(m,,[.+m,1,-)2 aMiidj %

the desired ratio of phase-space integrals corresponds to

Br(B— By +y)  r(mg)
Br(B = B;; +w + M) ~y(my, — my,)’

(37)

where my; ~denotes the mass of the lightest baryon with

matching flavor content as listed in Table I. The ratio above
critically depends on the mass of the dark Dirac antibaryon
y, which is unknown but bound to lie in the 0.94 GeV <
m,, <4.34 GeV window [see Eq. (12)]. The resulting
estimation for the expected fraction of decays containing
only a baryon and y in the final state is shown in Figs. 6
and 7 as a function of m,,. For brevity, here we only display
the results for charged B meson and neutral B, decays, as
they were found to be the most promising experimental
targets in Sec. IV B. The results for BY mesons as well as
A, baryons are presented in Appendix A 3.

For each operator O;; = wbu;d;, the phase-space inte-
gration depends on the matrix element obtained from the
effective Lagrangian (45a). Different combinations of the
quarks in the dimension-six operators in Eq. (15) lead to
different contractions of external momenta. Given this
dependence on the kinematic structure of the matrix
element, we choose to separate the results of different
quark combinations in Figs. 6 and 7. In these figures,
the left panel corresponds to the “type-1" operator O}j =
(wb)(u;d;), while the right one corresponds to the “type-2”
and “type-3” cases O; = (wd;)(u;b) and O}, = (wu;)(d;b),
for which the phase-space integration is very similar. Note
that the type-2 and type-3 combinations always yields a
larger phase-space ratio than the type-1 one. This means
that it is easier to probe the inclusive branching ratio
B — wBM by measuring the exclusive channel B — yB if
the effective operators are of the former types.
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FIG. 6. Fraction of Bt — wBM decays that are not expected to contain hadrons other than 5 in the final state, as a function of the
mass of the dark fermion y. Different colors correspond to decays induced by the different operators listed in Table I. Each panel
corresponds to a different kinematic structure of the effective four-fermion operator as listed in Table II. The width of the band represents
an estimation of the uncertainty in our computations and is obtained by varying the b-quark mass used in the calculation between

_ _ 1
my(u = i), mp”

(solid line), and m BY:
An important question is related to the value of m,, that
should be used when evaluating the phase-space integral

in Eq. (36). Arguments can be made in favor of using the

pole mass mi‘)le = 4.78 GeV [64] or the MS mass at the

corresponding energy scale i, (u = m;,) = 4.18 GeV [64],
or even the mass of the decaying B meson against which
the diquark system is recoiling. In order to be conser-
vative regarding this choice, we decide to use this inde-

termination as one measure of the uncertainty in our

. , : I
calculation. We choose the intermediate value m) * as

our benchmark, corresponding to the solid lines in
Figs. 6 and 7, while m,(u = m;) and mg, respectively,
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delineate the upper and lower edges of the shaded bands in
those figures. As can be seen in the figures, this amounts
to a factor of ~2 uncertainty in our predictions for the
inclusive vs exclusive rates, which is reasonable given the
purely kinematic nature of our arguments.

From this analysis and as can be seen in Figs. 6 and 7,
we learn that the exclusive modes that do not contain any
extra pions in the final state are expected to constitute a
1%-100% fraction of the inclusive width of B mesons,
where the larger numbers correspond to heavier y particles,
which restrict the available phase space. Although this
estimate is clearly rough and a dedicated calculation using

By decays through O, = (¢d;)(u;b) or O} = (vu;)(d;b)
BY = Af + 7 + ¢ (O = 1pbed)
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FIG. 7. Same as Fig. 6 but for B} — wBM decays.
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lattice QCD or QCD sum rules is highly desirable, we
expect it to be a good order-of-magnitude indicator of the
behavior of the actual form factor. As a consequence, the
searches proposed in Sec. IV B should aim to test
exclusive B — w8 modes down to a branching fraction
of ~107°-107 in order to completely probe the parameter
space that allows for successful B-Mesogenesis; see
Eq. (20). It is also worth noting that a search for B —
wB* with a sensitivity of Br ~ 1075-10"* would yield
complementary information to B — w8 searches. The
reason is that given that Br(B — yBB) + Br(B — wB*) ~
Br(B — wBM) and that Br(B — wIB) is small for light y
masses, one expects Br(B — yB*) to be large in this
regime. We believe that this serves as further motivation
to perform searches for these exotic B-meson decays at
LHCD in addition to BABAR, Belle, and Belle II, taking
advantage of the channels containing excited baryons as
described in Sec. IV C. LHCb also offers the possibility to
search for exotic b-baryon decays such as A, — M.
Figure 17 shows that a large fraction of these decays are
expected to be into final states with multiple mesons, which
is to be expected given the large phase available in these
decays if y is not too heavy. This information should help
design appropriate search strategies when targeting these
decays in order to test B-Mesogenesis.

V. COLOR-TRIPLET SCALAR

The four-fermion operator in Eq. (15), which triggers the
new decay mode of the B mesons necessary for baryo-
genesis, can arise in a UV model with a color-triplet scalar
mediator with baryon number —2/3. We denote this scalar
mediator by Y. It must be an SU(2); singlet and carry
hypercharge —1/3 or +2/3, just like a right-handed d- or
u-type squark. While the discussion in [39] focused on the
Y ~ (3, 1,—-1/3) option, here we also consider the choice of
possible charge assignment Y ~ (3, 1,2/3). Although the
results are qualitatively similar for both scenarios, current
experimental constraints are less stringent for some fla-
vorful variations of the hypercharge 2/3 version. As we
will see, this has important consequences for determining
which of the operators in Table I are best suited for
B-Mesogenesis.

The most general renormalizable Lagrangian that can be
written for a (hypercharge —1/3 or 2/3) color-triplet scalar
interacting with quarks and the SM singlet baryon y is

£—1/3 = _Zyuidj Y*uiRde - qu/dk Yd]Lch/_/ + H.C.,
i X
(38a)
L3 = —Z)’d,-dj Y*dipdsy — Zyx//uk Yuppy +H.c.,
i k

(38b)

where the y’s are coupling constants, the sum is performed
over all up- and down-type quarks, and we are working in
the quark mass basis (i.e., where the Higgs-quark Yukawa
matrix is diagonal). The color indices in the diquark
operators are contracted in a totally antisymmetric way,
so that y;, must be an antisymmetric matrix with only
three relevant entries. Note that all quarks here are right-
handed and Y carries baryon number —2/3 so that Eq. (15)
is a baryon number conserving Lagrangian. The inter-
actions of Y are reminiscent of those of squarks in R-parity
violating supersymmetric scenarios; see [40] for the details
of such a realization.

In this section, we turn our attention to the phenom-
enology associated with this color-triplet scalar. First, in
Sec. VA we discuss the requirements on Y such that the
requisite Br(B — wBM) needed for baryogenesis is
achieved. As we shall see, this requires the triplet scalar
to have a TeV-scale mass. Next, in Sec. V B, we study the
constraints arising from LHC searches for colored scalars
on the couplings that contribute to Br(B — wBM), which
can therefore indirectly test B-Mesogenesis. In Sec. V C,
we also present a study of flavor-mixing constraints due to
observables in the neutral B, D, and K systems that shape
the flavor structure of the y coupling matrices but that do
not necessarily test the mechanism indirectly. In particular,
in Sec. V D we show that sizeable new tree-level b decays
can arise in this setup. Finally, in Sec. V E we present a
combined discussion of the searches for this color-triplet
scalar in light of its role as mediator in the generation of the
baryon asymmetry and the dark matter of the Universe.

A. Requirements for B-Mesogenesis

Before diving into the experimental phenomenology
of the triplet scalar Y, we first delineate the parametric
requirements of the Lagrangian in Eq. (38) to successfully
generate the new B-meson decay. The rate for a new decay
mode of the b quark into lighter quarks forming a baryon B
and y can be estimated as [39]]4

Am \* (15 TeV /y*\*
Br(B ~ 107
t(B > yBM) <3 Gev> ( M, 0.53)’

(39)

where Am = mg — m,, —mpg — m,, is the mass difference
between the initial and final states, and y*> = Yud,Yyd, OF
yr = Yd.d,Yyu, Tepresents the product of two of the cou-
plings in the interaction Lagrangians in Eq. (38), provided a
b quark is involved and depending on the hypercharge of Y.
The benchmark value for My is chosen to be consistent
with LHC bounds on colored scalars, as is discussed in the

“This estimate should be accurate up to a 20% QCD
correction; compare the first number of the first and last rows
of Table I of [79].

035028-18



COLLIDER SIGNALS OF BARYOGENESIS AND DARK MATTER ...

PHYS. REV. D 104, 035028 (2021)

-

B Mesogenesis

Usj

B—Q—/

!
> <d,—
Y

Decay

Signature 4 jets

\

x
Y

2 jets+MET Dijet jet+MET

J

FIG. 8.

Summary of the most important production and decay modes of a color-triplet scalar at the LHC, together with their associated

signatures. Some of the couplings involved in these processes can be directly identified with the ones that mediate baryogenesis and dark

matter production.

following Sec. V B. Given the results shown in Fig. 3,
successful baryogenesis requires Br(B — wBM) > 107*.
This implies that the size of the couplings is bound to be

My 3 GeV (Br(B - yBM)\}
2 Y
\/ . 4
V20395 Tev am < 104 - (40)

which in turn implies rather large coupling constants for
My =z 1.5 TeV. Unitarity of the processes gg — gg and

qy — qy requires \/y_2 < V/4z. This means that if Y is to
trigger the new decay mode of the b quark as needed for
baryogenesis and dark matter production in the early
Universe, then Y cannot be too heavy. More concretely,
we can put upper bounds on its mass depending on the
branching ratio assumed:

My < 5(2.5) TeV  for Br(B — wBM) =102, (4la)
My < 9(4.5) TeV  for Br(B — wBM) = 1073,  (41b)
My < 16(8) TeV  for Br(B — wBM) = 107*.  (4lc)

The numbers with and without parentheses correspond to
setting Am = 1.5 GeV and Am = 3 GeV, respectively.
These are approximately the maximum mass differences
for decays with and without a ¢ quark in the final-state
baryon. Comparing this with Fig. 3, we conclude that the
color-triplet scalar may be within the reach of direct
searches at the LHC. This has important implications for
upcoming ATLAS and CMS searches as detailed below.

B. LHC searches for color-triplet scalars

A color-triplet scalar baryon with a TeV-scale mass
has the potential to be copiously produced at the LHC.
Depending on the production and decay channels, one
expects various different signatures as highlighted in Fig. 8.
First, an ATLAS [110] search for resonant 4-jets with

36.7 fb~! of data shows that pair-produced triplet scalars
that decay into quarks should have My > 0.5 TeV. In
addition, ATLAS [111] and CMS [112] supersymmetry
searches for pair-produced squarks decaying into a neu-
tralino and a quark rule out the existence of this kind of
strongly interacting boson in the mass region below
1.2 TeV with the current 139 fb~! of data. For larger
masses, pair production becomes kinematically suppressed
and the bounds weaken drastically. However, resonant
single Y production is still possible above this threshold
via the process g;q; — Y enabled by the first couplings in
Eq. (38). The production cross section varies significantly
depending on the exact combination of flavors in each y, 4,
O Yy, coupling due to the proton parton distribution
functions, with a difference of about 2 orders of magnitude
between the most favorable combination ud and the least
favorable one c¢b (we do not consider contribution from top
quarks, as they are too heavy to participate in the b-quark
decay). While the bounds on pair-produced triplet scalars
have been thoroughly inspected, single production has been
less explored (see, however, [113,114] for recent studies of
other heavy colored resonances), and we therefore analyze
it in detail below.

Once produced, the triplet scalar can decay via any of
the two types of Yukawa couplings in Eq. (38), either into
two quarks or into a y-quark pair. For My > m,, m,,, the
corresponding partial decay rates are

1778}

2
Yyq;
'Y - yq) :%My-

(42)

2
Yaiq;
J MY,

FY 1. (1. :2
(Y= q:q;) Ton

These two decay channels lead to very different signatures
at the LHC detectors. The gq final state can be targeted
using dijet searches. In order to obtain a limit, we perform a
recast of the CMS analysis presented in [115], which uses
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FIG. 9. Left panel: constraints on yél_qlBr(Y — jj) from dijet searches. Bounds are based on a recast of the CMS search of [115] that
used 36 fb~! of data at 13 TeV. We have assumed I'y /My = 0.04 and, as discussed in [115], an acceptance of A = 0.56. Right panel:
constraints on yél qur(Y — jy) from jet plus missing-energy signals. Bounds have been recasted from the analysis of ATLAS [119] that

used 36 fb~! of data at 13 TeV. We have assumed I'y /My = 0.06 and performed a fit without correlating errors to the exclusive signal

regions of [119].

36 fb~! of data at 13 TeV. For that, we first implement our
particles and interactions in FEYNRULES [116] and then use
MadGraph5_aMC@NLO [117] in order to calculate the lowest
order (LO) Y production cross section as a function of y,. 4

and My. Then, we compare the LO prediction with the
constraints on production cross section limits times the dijet
branching fraction in Fig. 12 of [115] by taking the
acceptance A = 0.57 as relevant for the isotropic decays
that we consider [115].

Finally, using the narrow width approximation and
following the previously described procedure, we can
translate the constraints from [115] into a bound on the
product y%b_ql_Br(Y — jj). The corresponding results are

shown in the left panel of Fig. 9 as a function of My and for
a fixed value of I'y /My = 0.04. We note that the bounds in
Fig. 9 can only be applied to y < 1 in order to maintain the
validity of the narrow width approximation. For larger
couplings, the Y particle has a wider width, which in turn
would lead to more relaxed bounds on yﬁ Br(Y = jj);
see [115]. In addition, we also display in this figure a
forecast for the reach of the high-luminosity (HL) LHC
running at \/E = 14 TeV with 3 ab~! of data, which has
been obtained using the results of Sec. 6.4 of [118]. Note
that one does not expect a large improvement for the
masses shown in Fig. 9 as a result of the large SM
backgrounds, though HL. measurements could be sensitive
to My ~ 10 TeV scalars.

We now turn to the ¢ final state which produces a jet
and missing energy in the detector. In this case, we perform
arecast of the ATLAS search [119], again based on 36 fb™!
of data at 13 TeV. To do this, we make use of a procedure
similar to the one described in the previous paragraph,
but for this channel we employ a publicly available

MADANALYSIS5 [120-122] implementation [123] of the
relevant analysis [119]. We use PYTHIA8 [124] to model
the partonic showering and hadronization of the jets and
use the DELPHES3 [125] program to simulate the ATLAS
detector response following [123]. As before, we use the
narrow width approximation to translate the limit on the
number of observed events for each signal region in [119]
to find a limit on y,zli qur(Y — jy); this is shown in the right
panel of Fig. 9. The resulting limit displayed there is the
combination of the individual limits obtained for each of
the ten different exclusive signal regions in the analysis.
In addition to the current bounds, we show the maximal
reach of the HL LHC with a total of 3 ab™! of data for the
exemplary case of the y,, coupling (all other limits scale
analogously). This forecast is obtained by assuming that the
uncertainties are and will remain dominated by systematics.
This allows one to simply scale the uncertainties on the SM
background given in [119] with the inverse square root of
the luminosity.

The findings of both analyses described above can be
combined using Eq. (42), which allows us to compute the
branching ratio relevant for each search in terms of the
y couplings. The resulting constraints are compiled in
Figs. 18 and 19 in Appendix A4. The information
showcased in those figures can be further used to obtain
an upper limit on the product [y/y?TeV/My]* and therefore
to directly constrain Br(B — ywBM) through Eq. (39). We
show the obtained constraints in Table II and Fig. 10 for all
the possible flavor combinations corresponding to different
products of y couplings, for both hypercharge —1/3 and
2/3 triplet scalars. For all the possible effective operators
O’;i dy the first column of Table II gives the maximum

possible value of the [\/y*TeV/My]* product, while for the
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TABLE II. Maximum possible value of [\/y*TeV/My]* as
constrained by a combination of constraints on color-triplet
scalars from ATLAS and CMS on resonant high p; jets and
jets plus missing energy. The columns on the right-hand side
show the heaviest expected possible dark fermion mass in the
b— ud iw decay as a function of the operator that triggers it

given the constraint on [y/y*TeV/My]*; see Eq. (39).

Upper limit on m,,

Inclusive Br(B — wBM)

Max:

2 4
Operator [% 151‘4%} 107* 1073 1072
O, = (wb)(ud) 0.3 2.0 .
02, = (wd)(ub) 6.7 32 23
O} = (yu)(db) 162 34 2.8 1.6
Ol = (wb)(us) 24 2.7 1.6 -
02, = (ys)(ub) 6.7 3.2 2.3 .
O3, = (wu)(sb) 758 3.5 3.0 22
0!, = (wb)(cd) 10.4 2.0 1.2 e
O, = (yd)(cb)  96.6 24 1.9 1.2
O3, = (wc)(db) 16.2 2.1 1.4 e
Ol = (wb)(cs) 50.9 2.0 1.5 e
% = (ys)(cb) 96.6 2.4 1.9 1.2
O3 = (wc)(sh) 75.8 2.1 1.7 e

latter columns, we use Eq. (39) to obtain the maximum dark
fermion mass that allows for Br(B — wBM) at the 1074,
1073, and 1072 levels. In order to showcase the dependence
of the constraints on the mass of the triplet scalar Y, in
Fig. 10 we display the maximum possible Br(B — wBM)
as a function of My for a fixed dark fermion mass
m,, = 1.5 GeV, and once more for all the possible flavor
combinations. The red bands displays the region that allows
for B-Mesogenesis with new-physics-enhanced semilep-
tonic asymmetries. Figure 10 shows that triplet scalars with
masses in the ~3-5 TeV range produce the largest exotic B
branching ratios allowed by the dijet and jet + MET
constraints on the triplet scalar mediator. It also shows
the strong dependence of the limits on the flavor structure
of the Y couplings, with diquark couplings to heavy flavors
being much less constrained than the ones to light quarks.

In light of Fig. 10, we conclude that despite the stringent
ATLAS and CMS bounds, it is still possible for a color-
triplet scalar to mediate the exotic decay B — By M with a
branching fraction above the 10~* level, no matter what the
flavor combination of its couplings in Eq. (38) is respon-
sible for it. This means that B-Mesogenesis can proceed
through any of the operators listed in Table I, provided that
the semileptonic asymmetries in the BY and/or Bg system
are enhanced by new physics to a sufficient extent. That

S

said, if the enhancement of A‘SiL is relatively modest and a
branching fraction O(1073) is required, then colored scalar

— YudYypb Yed Yo — Ydb Yyu
7T Yus Yo Yes Yabb Ydb Yope
T YuYpa T YebYpd 777 Ysb Yyu
TTTT Yub Yys T Yab Yys T Ysh Yye

Maximum Br(B — By M)

My (TeV)

FIG. 10. Maximum possible exotic branching ratio of B-meson
decays mediated by a hypercharge —1/3 or 2/3 color-triplet
scalar, in view of the LHC constraints displayed in Fig. 9. The
value of Br(B — wBM) is obtained using Eq. (39) with a fixed
value of m,, = 1.5 GeV (larger branching ratios are possible for a
lighter ). The red band highlights the values of Br(B — yBM)
where B-Mesogenesis can proceed, while the gray line shows the
lower limit of the ALEPH bound on Br(B — wBM) as found in
Sec. IVA 2.

searches at the LHC could be instrumental in determining
which of the operators in Table Il may give rise to the exotic
B-meson decay. Excitingly, our projections using the final
luminosity of 3 ab™! show that the HL LHC has great
potential to discover a color-triplet scalar with the cou-
plings required for B-Mesogenesis via searches for jet plus
missing energy, as can be appreciated in the right panel
of Fig. 9.

C. Flavor-mixing constraints

A color-triplet scalar with intergeneration couplings as in
(38) can induce AF = 2 processes and therefore contribute
to mass differences and CP-violating parameters in the
neutral B, D, and K meson systems; see, e.g., [126—129].
The SM prediction for the mass differences matches
observations except for the K and D meson systems, in
which the SM prediction cannot be reliably calculated from
first principles. In this situation, any new-physics contri-
bution to AMyg and AMp can only be bounded to be
smaller than the corresponding experimentally measured
value. CP violation is particularly constraining in the kaon
sector, given that e€x is experimentally known down to
the half-percent level [64], while recent theoretical evalu-
ations [130] have achieved an ~10% uncertainty in the
SM prediction.
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Triplet-scalar contributions to neutral meson mixing
arise from box diagrams, which are only nonvanishing if
at least two different y, , or y,,, couplings are nonzero. It is

important to stress that such coupling combinations are not
the same ones that enter Eq. (39), and therefore, flavor-
mixing constraints do not directly constrain B-Mesogenesis.
The relevant diagrams and corresponding amplitudes are
given in Appendix A 5. Comparing the calculated values of
AM and e with the most recent experimental measurements
[64] and SM predictions [66,130] allows us to obtain
constraints on the couplings of the triplet scalar.

We show first the results for a hypercharge —1/3 triplet
scalar. The limits for the Y interactions involving two SM
quarks are

Vuayis| <4 x1072(My/1.5 TeV), AMy, (43a)
[Vuayas| <1 x 1073 (My/1.5 TeV), €k (43b)
[Veavis| < 8 x 1074(My /1.5 TeV), €k, (43c)
[Viavs| <3 x 1074(My/1.5 TeV), € (43d)

Ved,Via| <2x102(My/1.5TeV),  AMp,  (43¢)

My
1.5 TeV

|yu,by:,,.d|<<2—4>xlo-2( ) AMy.  (43)

My
1.5 TeV

il < (1-2) x 10-1( ) AMy. (43g)

while the ones for the Y —y-SM quark couplings read

[Yyayiys| < 4 X 1072(My /1.5 TeV), AMg, (43h)

pavys| < 1x 103(My/1.5 TeV), ek, (431)

Dysyial < (2-4) x 107(My/1.5 TeV),  AMy,, (43))

Vypypsl < (1-2) x 1071 (M /1.5 TeV), AMp . (43k)

The limits for the hypercharge 2/3 triplet scalar are
obtained analogously. For the Y interactions involving two
SM quarks, we have

[Yapyiy| <4 x 1072(My/1.5 TeV), AMy, (44a)
|ydby:h| < 1 X 10_3(My/15 TCV), €K, (44b)
Vasyiy| < (2-4) x 1072(My /1.5 TeV), AMp . (44c)
|)’db}’:d’ < (1—2) X lo_l(My/IS TCV), AMBJ’ (44d)

while for the ¥ — y-SM quark couplings, we find

[Yyudpel <2 % 1072(My /1.5 TeV), AMp. (44e)
To be conservative, all the above constraints are given at
95% C.L. and assume that there is no cancellation between
the contributions from different combinations of couplings.

Note that there is no bound on y,,4 or y, 4 couplings from

D° mesons because these interactions only involve down-
type quarks. Conversely, bounds for y,, arise only from

D° mesons. Although we quote the bounds in terms of the
absolute value of the couplings, the dependence on the
phase is important, especially for CP-violating parameters.
In particular, the bound from AMg only applies to the real
part of the corresponding coupling product, while the one
from ex constrains the imaginary one. For the B mesons,
the intervals quoted cover all the possible phases, ranging
from aligned to antialigned with the SM contribution. The
only case where the flavor of the internal quark in the box
diagrams is relevant is ey, due to the fact that the dominant
contribution in this case comes from the right diagram in
Fig. 20, which depends on Cabibbo-Kobayashi-Maskawa
factors.

In light of these results and given the size of the
couplings in Eq. (40) required for baryogenesis, we
conclude that the color-triplet scalar should preferentially
couple to one particular flavor combination. In other
words, if the coupling responsible for generating a large
Br(B — yBM) is y,,, ~ O(1) for some particular flavor
combination, all the other couplings y, , should be sup-
pressed at the ~107'-1072 level (or up to ~10~* depending
on the complex phase and the exact flavor structure).

We end this section by noting that the study presented
here of the flavor-mixing effects of the color-triplet scalar Y
can be improved in a number of ways. First, we have
neglected any renormalization group running from the scale
u ~ My at which the box diagrams in Fig. 20 are computed
down to the relevant hadronic scale y ~ GeV. Furthermore,
for simplicity we have disregarded CP violation in the B
and D systems. Although these CP-violating observables
are generally less constraining than AM, they are relevant
when considering the full dependence of the constraints
on the complex phases of the Y couplings. Of particular
interest is the fact that modifications of the width mixing
I'Y, are possible as is discussed in the next section. These
caveats call for a more exhaustive study of this topic,
ideally by means of a global fit including all CP-conserving
and -violating observables along the lines of [131].

D. New tree-level b decays

The operators in Lagrangian (38) can induce three
qualitatively distinct tree-level decays of a b quark. All
of them are mediated by the triplet scalar Y, which can be
integrated out to obtain different effective four-fermion
operators depending on the hyperharge of ¥ and the flavor
variation. For hypercharge —1/3, we have
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1

ﬁhﬁﬁ;_,-v’/ = Weaﬁr[yz,by;/dj(b%“zﬁR)(d;‘Rll/R)
Y
+ 350, Yo (dxuig) (Drwr)], (452)
11 * —a P\ (P a
Eb—»uiﬁjdk = EWyu‘/-byu,»dk[(uiRy bR)(dkRyuujR)
Y
— (@rb) (). (45b)
1 * - a\( Ja
ﬁhqwdj = _Wyy/bywdj(lI/RyﬂbR)(dey;ﬂ//R)’ (45¢)
Y
while for hypercharge 2/3, we get
1 ,
ﬁb—»ﬁ,-&l_,y‘/ = Wea/}yyjjjby;/ui(b%de)(ut(Rl//R)’ (46a)
Y
11 * Sa PP o
Lyaia, = EM—gy)’d,b)’didk[(diR}’ Vi) (dirudi)
— (A7 b3) ()] (46b)

Here, a, f, and y are color indices, while u; and d; represent
any up- or down-type quark such that the corresponding
decay is kinematically allowed. We have performed
Fierz rearrangements [132] to bring the operators into
the above form.

The decay channels (45a) and (46a) are the ones
responsible for baryogenesis and are studied in detail in
Sec. IV B. The remaining three are not strictly required for
the baryogenesis mechanism, but appear if we consider
a generic flavor structure for the couplings of the color-
triplet scalar Y. While the channels in (45b) and (46b) are
the “right-handed versions” of flavor-changing charged
current and flavor-changing neutral current SM decays,
Eq. (45c) constitutes a radically novel decay channel for
the b quark.

Decays of neutral BY mesons that are triggered by
(45b), (45c), or (46b) can produce final states that are
common to both mesons and antimesons. As a conse-

quence, these tree-level b decays contribute to the width

mixing T, and can thus enhance the semileptonic

asymmetries above the small values predicted in the SM.
As discussed in Sec. III, these tree-level decays do not
contribute to CP violation in interference and are therefore
largely unconstrained.

In order to highlight the relevance of this phenomenol-
ogy, we consider the particular decay b — ccs, as a
complete model-independent analysis of potential new-
physics contributions to this channel was performed in
[69]. In the notation of [69], our operators (45b) can be
mapped to Q¢ and Q. The strongest constraints on these
operators are found to be due to their loop-level contribu-
tions to the semileptonic decays of B mesons (more
specifically, to the operator Qg, as described in [133]).

From the bounds on the Wilson coefficients displayed in
Fig. 3 of [69], we can obtain the 1o limit

Yepyés| £ 7% 1072(My/1.5 TeV)?, (47)

which is somewhat stronger than the corresponding bound
from AMpo in Eq. (43g). This showcases the fact that a
full study of the impact of Y in the neutral meson-mixing
system including modifications in I'Y, is highly desirable.
As interesting as this may be, the matching of the operators
(45b) and (45c) to observables of the Bg system would
involve hadronic calculations that are out of the scope of
this paper.

In addition, the decays of the form b — yays and
b — ywwyd, which involve invisible dark sector states,
can in principle significantly modify Ff’zs and thus, ¢, .
That said, these decays containing missing energy are
constrained by the LEP search [80] discussed in
Sec. IVA 2. Although a dedicated recast would be required
to obtain precise numerical values, the bound on the similar
process Br(b — sup) < 6.4 x 107+ at 90% C.L. found in
[80] constitutes a conservative comparison.

Overall, we conclude that our present setup has the
potential to significantly enhance I'{, and thus the semi-
leptonic asymmetries beyond their SM values through the
introduction of new tree-level b-quark decay channels.
Although precise numerical evaluations are needed in order
to make a more quantitative statement, these modifications
may be the source of the extra CP violation required
by B-Mesogenesis to explain the baryon asymmetry of the
Universe. This interesting possibility would make the
framework presented here completely self-contained.

E. Implications for searches and models

We now combine the requirements found for successful
baryogenesis and dark matter production with the multiple
experimental constraints on color-triplet scalars discussed
above. This provides a global perspective on the implica-
tions for (i) direct searches of B — wBM at B factories and
colliders, and (ii) model-building efforts to reproduce the
flavor structure of the triplet scalar interactions required by
B-Mesogenesis.

In Fig. 11, we highlight the implications of current
searches for TeV-scale color-triplet scalars at ATLAS and
CMS on the possible size of Br(B — wBM). The dotted
lines in Fig. 11 represent the region of parameter space
excluded by the lack of BSM signals of high p; dijets and
jets plus missing energy. From the results, it is clear that
the impact of these indirect constraints is very relevant for
B-Mesogenesis. In particular, for operators containing a
charm quark, the indirect constraint from ATLAS and CMS
is substantially more stringent than the direct one set by
ALEPH for m,, > 1.7 GeV. In addition, achieving suc-
cessful baryogenesis in light of these constraints requires
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FIG. 11. Maximum inclusive Br(B — wBM) as a function of

m,, as directly constrained by an ALEPH search [80] for b decays
with large missing energy (see Fig. 5), and indirectly by ATLAS
and CMS searches for TeV-scale color-triplet scalars. In red we
highlight the region of parameter space compatible with baryo-
genesis and dark matter production. Each line represents the
constraints on each of the four possible b decay operators in
Table I.

m,, < 3.5 GeV. This can be understood as due to the strong
dependence of Br(B — wBM) on Am; see Eq. (39).
Globally, Fig. 11 showcases the relevant size and kinematic
properties of each decay mode that should be targeted with
direct searches at BABAR, Belle, Belle II, and LHCb.
Finally, we note that, barring a detection, these bounds will
be significantly improved by the high-luminosity upgrade
of the LHC, as shown in Fig. 9.

We now turn our attention to the implications for model
building and the LHC. As shown in Figs. 10 and 11, any of
the operators in Eq. (15) could be responsible for baryo-
genesis. Depending upon the exact Br(B — yBM) needed
for baryogenesis, the color-triplet scalar mediator ¥ could
be much heavier and potentially out of reach of direct LHC
searches. Even in such a scenario, indirect effects on flavor
observables such as neutral meson mixing can still shed
some light on the flavor structure of the Y couplings. The
important observation is that flavor observables constrain
the product of two different couplings as can be seen in
Eqgs. (43) and (44), while baryogenesis only requires a
single coupling to be O(1). Therefore, flavor bounds can be
evaded if, for instance, the couplings of Y have a hierar-
chical structure. In Fig. 12 we show two examples of such
structures, one for the case of Y carrying hypercharge —1/3
and another one for hypercharge 2/3. It would be interest-
ing to explore how flavor structures like the ones in Fig. 12
may arise in a UV complete model."”” We leave this
interesting model-building task to future work.

SWe refer to [40] for a scenario where Y is a supersymmetric
squark with hypercharge —1/3.

FIG. 12. Two examples of flavor structure of the couplings of
the color-triplet scalar Y that can produce the observed baryon
asymmetry and the dark matter abundance while satisfying all
current constraints. The heavy scalar mass here is fixed to
My = 1.5 TeV, but masses up to 20 TeV are possible with the
subsequent relaxation of experimental constraints. The couplings
controlling the B — wBM decay as relevant for baryogenesis are
shown in green. Note that y,, and y,,, are largely unconstrained.

VI. DISCUSSION: COLLIDER
COMPLEMENTARITY

In the previous sections we have systematically explored
the various collider implications of B-Mesogenesis. In this
one, we take a global view and discuss the correlations
between signals relevant for testing this baryogenesis and
dark matter production mechanism. Given our discussion,
we conclude that a combination of measurements at
BABAR, Belle, Belle II, LHCb, ATLAS, and CMS would
be capable of testing the entire parameter space of
B-Mesogenesis on a timescale of four to five years.

Figure 13 summarizes the prospects for the aforemen-
tioned experiments to test B-Mesogenesis. As usual, we
highlight in red the entire viable parameter space for which
the observed baryon and dark matter abundances of the
Universe are reproduced. This roughly corresponds to

Br(B — wBM) x (25A% + A% ) > 107, (48)

Note that the product of these quantities is critically
positive since we live in a Universe dominated by matter
rather than antimatter.

Guided by Eq. (48), one can appreciate that there is a
strong complementarity between the various current col-
lider experiments that

(i) directly search for B - wBM decays, or

(i1) constrain the CP violation in the Bg system, or

(iii) indirectly constrain Br(B — wBM) by searches
for the heavy colored scalar needed to trigger the
B — wBM decay.
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FIG. 13. Parameter space for successful baryogenesis and dark matter generation within B-Mesogenesis in the Ay — A, plane.
Similar to Fig. 3, the red bands indicate the minimum Br(B — yw/BM) needed to obtain the observed baryon asymmetry of the Universe.
In black we highlight the SM prediction for the semileptonic asymmetries, while in orange we show current experimental constraints.
The arrows indicate the upcoming sensitivity from collider experiments on these quantities. The purple arrows highlight the reach on
Br(B — wBM) from analyses at BABAR or Belle, and from Belle IT and LHCb. With a green arrow we indicate the region of parameter
space for which ATLAS and CMS could be sensitive to the colored-triplet scalar needed to trigger the new B — wBM decay. We see
that the upcoming measurements and searches at Belle IT and LHCDb have the potential to test the entire B-Mesogenesis parameter space.

At present, we know that Br(B — yBM) < 0.5%
at 95% C.L. as a result of an old ALEPH search; see
Sec. IVA. This constraint on Br(B — wBM) in turn tells
us that at least one semileptonic asymmetry should be
positive and larger than 10™*. At present, the semileptonic
asymmetries are measured to be Ad, =(-2.1£1.7)x 1073
and A§ = (0.6 +2.8) x 107, meaning that current
measurements have error bars which are a factor of
20-30 larger than the minimum value required by success-
ful baryogenesis. That said, and as discussed in Sec. III,
Belle IT and LHCb expect to improve the precision on these
quantities by a factor of 3—4 on a five year timescale. The
impact of this improvement on the parameter space is
highlighted in orange in Fig. 13. We can clearly appreciate
that the improved measurements of Ag by LHCb
will narrow down the minimum required value of
Br(B — wBM). A potential measurement of a nonzero
positive value for the semileptonic asymmetry would not
only represent a clear signal of new physics, but also a
strong indication in favor of B-Mesogenesis.

The most distinctive signal of B-Mesogenesis is the
presence of a new decay mode of B mesons into a dark
sector antibaryon (missing energy in the detector), a visible
baryon, and any number of light mesons, B — wBM.
As we have discussed in Sec. IV, such processes are already
constrained in an inclusive way by LEP at the Br(B —
wBM) < 0.5% level. We stress that while B-Mesogenesis
is only sensitive to the inclusive Br(B — wBM) rate,

searches for exclusive channels like B — y + B are typ-
ically easier to carry out in collider experiments. Indeed,
LEP constrains these exclusive modes down to Br(B —
wB) <107 — 1073 at 95% C.L. It is therefore crucial to
know the relative exclusive vs inclusive branching ratios,
which for the simplest case containing no additional
mesons in the final state we estimate to be in the
1%-10% range following our discussion in Sec. IV D.

In light of the current constraints on the semileptonic
asymmetries, we know that Br(B — wBM) > 10~ is
required for successful baryogenesis. With this target in
mind, the sensitivity of past and current collider experi-
ments to these decays is already promising. In particular, a
direct search using old BABAR or Belle data should
improve upon existing constraints by more than an order
of magnitude, reaching Br(B — wB) ~ 3 x 107> for some
of the flavor combinations. Regarding upcoming experi-
ments, Belle II is expected to improve this figure by another
order of magnitude and constrain exclusive branching
fractions down to 3 x 107°. Given this sensitivity, searches
at Belle II for these decays together with improved
measurements of the semileptonic asymmetries could be
enough to probe the entirety of the parameter space of
B-Mesogenesis.

Additionally, LHCb can also search for decays of the type
B — wB*, where B* is a resonant baryon. The sensitivity of
LHCb with 15 fb~! for decays of this type can reach the
Br ~ 1077 level [43]. From the theoretical point of view, it is
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not straightforward to translate a limit on Br(B — yB*)
to Br(B — wyBM). However, these modes should
represent some fraction of the inclusive decay and probing
Br(B — wB*) down to the 107°~107 level would represent
an important test of B-Mesogenesis.

Given all of the above sensitivity expectations, we
conclude that Belle IT and LHCDb have the capabilities of
performing a direct search for the decays predicted by
B-Mesogenesis in order to test the entire parameter space.
The reach of the individual searches are indicated with
purple arrows in Fig. 13.

An alternative avenue to test B-Mesogenesis is to
directly search for the colored particle that mediates the
B-meson decay mode into a visible baryon and a dark
antibaryon. This new mediator cannot be too heavy and
could therefore be produced and searched for at the LHC.
In fact, as we have shown in Sec. V, ATLAS and CMS
searches for high pr jets, and jets plus missing energy
already place relevant constraints on the couplings of this
mediator to quarks and dark sector states. Given that
Br(B — wBM) is completely determined by these cou-
plings and the mass of Y [see Eq. (39)], one can use these
bounds to place indirect constraints on Br(B — wBM). At
present, these constraints are particularly relevant for decay
operators involving a charm quark, as Fig. 11 shows, but
with the planned increase in luminosity, the LHC has great
potential to discover (or exclude) this mediator.

In summary, we have argued that there is an intimate
interplay between (i) direct searches for B — wBM decays
at BABAR, Belle, Belle II, and LHCb, (ii) the various
possible tests of CP violation in the Bg system at Belle II,
LHCb, ATLAS, and CMS, and (iii) the searches for color-
triplet scalars at ATLAS and CMS in order to test
B-Mesogenesis. Not only could it be possible to detect
multiple signatures of this scenario at different collider
experiments, but, most importantly, a combination of mea-
surements has the potential to conclusively confirm whether
or not this mechanism is responsible for the origin of the
baryon asymmetry and the dark matter of the Universe.

VII. CONCLUSIONS

Within the framework of baryogenesis and dark matter
from B mesons—B-Mesogenesis [39]—the baryon asym-
metry of the Universe is directly proportional to two
experimental observables: (i) the CP asymmetries in
neutral Bg decays and (ii) the branching fraction of a
new decay mode of B mesons into dark matter (missing
energy) and a visible baryon, Br(B — wBM) [recall
Eq. (6)]. In this work, we have presented a detailed study
of experimental tests that could confirm or refute this
mechanism; see Figs. 1 and 13 for a summary of these
possible searches and their implications. We have found
that B-Mesogenesis should be fully testable at current and
upcoming collider experiments.

In order to asses all possible theoretical uncertainties, we
have first revisited the calculation of the evolution of
B-meson oscillations in the early Universe using a den-
sity-matrix approach (see Appendix A 1 for details). The
corresponding predictions of the mechanism have then
been contrasted against current C P-violating measurements
in the Bg system in Sec. III. In Sec. IV, we have discussed
current constraints and the expected sensitivity of possible
searches of the B — wBM decay at recent and current
collider experiments. We have also presented a rough
phase-space calculation that suggests that the ratio between
the rate of the minimal exclusive channel B — wB
and that of the aforementioned inclusive one should be
2 1%; see Fig. 6. In Sec. V, we have considered the collider
implications of the new TeV-scale color-triplet scalar Y
needed to mediate the B — wBM decay. Finally, in
Sec. VI, we have presented a global view of the exper-
imental landscape with which the implications of
B-Mesogenesis for current collider experiments have been
assessed in an all-encompassing way.

A. Summary

The main results obtained in this work are the following.

(i) Current measurements of the semileptonic asymme-
tries in Bg decays imply that baryogenesis and dark
matter generation in the early Universe requires
(see Fig. 3)

Br(B — yBM) 2 107, (49)

where Br(B — yBM) is the inclusive branching
fraction of a B meson decaying into a visible baryon
B, a dark sector antibaryon y, and any number of
light mesons collectively denoted by M.

(i) The most stringent current constraint on these new
decay modes arises from an old search at ALEPH
for b-decay events with large missing energy [80].
Our recast of this search has yielded constraints at
the level of

Br(B —» wBM) <10#-0.5% (ALEPH), (50)

Br(B — wB) <1074-10 (ALEPH). (51

The weakest constraints are for m,, ~ 1 GeV, while
the more stringent limit applies for heavier y states;
see Fig. 5 for the precise dependence of the limits
on m,.

(iii) Given the above constraints on Br(B — wBM),
we have concluded that at least one of the semi-
leptonic asymmetries should be positive and have a
magnitude
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(iv)

)

(vi)

(vii)

(viii)

AL > 107 (52)
in order to generate a sufficient baryon asymmetry.
We have estimated that B factories should have a
sensitivity to exclusive B-meson decays of (see
Sec. IV B)

Br(B - w + B) ~3x 10> (BABAR-Belle),

(53a)

Br(B -y +B)~3x10"° (Bellell), (53b)
which are up to 2 orders of magnitude better than
existing limits.

Given our (rather primitive) phase-space calculation
of the B — wB decay, we expect the ratio between

exclusive and inclusive decays to be (see Fig. 6)

Br(B - yB)

2P 7VE) S
Br(B —» yBM) "™ (1-10)%.

(54)

This, together with Eqs. (49) and (53), supports our
expectation that direct searches at B factories have
great potential to test wide regions (if not all) of
parameter space of B-Mesogenesis.

The LHC has the potential to search for B — yB,
B — wB*, and B, — wM decays. In fact, a recent
analysis shows that LHCb could reach sensitivities
at the level of Br~ 1077-10"° [43]. We have
discussed the implications of irreducible back-
grounds for these searches in Sec. IV C, which
need to be carefully analyzed to reach these target
sensitivities.

The color-triplet scalar ¥ needed to mediate the
B — wBM decay has the potential to be discovered
at the LHC by ATLAS and CMS. Current dijet and
jet+ MET searches already represent a powerful
indirect constraint on the parameter space of the
mechanism as shown in Fig. 11. In fact, we expect
that upcoming squark searches at the HL. LHC will
provide an independent probe of relevant and yet
uncharted parameter space of the mechanism, as
argued in Sec. VE.

While meson-mixing constraints do not directly
constrain the mechanism, they do shape the
Y-quark-quark and Y — yw-quark coupling matrices.
The fact that AL > 107 is needed for successful
baryogenesis implies that there should be new-
physics contributions to the phases of M?, or I'},
in the B -meson system, which could be probed via
meson-mixing observables. In fact, the new tree-
level b decays enabled by the triplet-scalar mediator
could be directly responsible for such contributions,
making the mechanism completely self-contained.

(ix) Our analysis of meson-mixing constraints in Sec. A 5
has shown that only one of the four operators high-
lighted in Sec. II can be sizeable and thus responsible
for baryogenesis. Namely, we do not expect any
scenarios in which two operators are simultaneously
large. However, it is in general not possible to favor
any particular operator above the others provided
that Br(B — wBM) and m,, lie within the allowed
regions depicted in Fig. 11. As a consequence,
searches for all possible flavor variations of the
B — wBM are necessary in order to fully test the
mechanism.

In Sec. VI, we have presented a global analysis of
the signals of B-Mesogenesis that highlights the
remarkable complementarity between recent, cur-
rent, and upcoming collider experiments in testing
the parameter space of B-Mesogenesis. In particular,
we have shown that it is possible that simultaneously
(i) BABAR, Belle, and Belle II could discover the
new decay mode B — B, (ii)) LHCb, ATLAS, and
CMS could measure the relevant CP violation in the
BY — BY system, and (iii) ATLAS and CMS could
discover a TeV-scale color-triplet scalar responsible
for the B — wBM decay.

In summary, we have presented an exhaustive and global
study of the experimental signals of baryogenesis and dark
matter from B mesons. Importantly, if the mechanism of
[39] is at play in the early Universe, there should be clear
signals at B factories of B mesons decaying into a baryon
and missing energy at rates that are within the reach of
current data from BABAR and Belle and certainly from
upcoming data at Belle II. In addition, upcoming measure-
ments of the CP violation in the B) — BY) system will play
a key role in constraining the parameter space of the
mechanism. This is relevant for measurements at Belle II,
LHCb, ATLAS, and CMS. Complementarily, dijet and
jet + MET searches of TeV-scale color-triplet scalars can
indirectly constrain the mechanism.

x)

B. Outlook: Future directions

In the course of our analysis, the following additional
experimental, phenomenological, and theoretical studies
that remain to be explored have been identified.

(i) Theory

UV models.—Across the entire paper, we have
employed a minimal implementation of the particle
content necessary for the mechanism and have
remained agnostic about possible UV completions
that can accommodate B-Mesogenesis. Needless to
say, one would expect additional signals to arise
after an exhaustive UV completion is constructed.
For example, in a supersymmetric version of the
mechanism [40], one finds new signals involving
auxiliary long-lived states and further implications
for flavor and neutrino physics. It is therefore
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(i)

interesting to pursue the construction of UV models
of this kind further, as they may help to not only shed
light on the origin of baryogenesis and dark matter,
but also more generally on the nature of the physics
beyond the Standard Model.

QCD calculations.—In Sec. IV D, we have pre-
sented a very rough calculation that has allowed us
to quantify the relative size of exclusive and in-
clusive B — wBM decay modes. Unfortunately,
and due to the purely kinematic nature of our
argumentation, our predictions in Figs. 6 and 7
could have uncertainties of up to an order of
magnitude. We would like to remark that a lattice
or a sum-rule calculation of the exclusive decay rates
required for baryogenesis and dark matter produc-
tion would be highly desirable to provide more
accurate estimates. Similarly, we have calculated the
inclusive missing-energy spectrum of B-meson de-
cays at the parton level in order to contrast it with a
search performed at ALEPH [80]. This is clearly a
rough estimation of the actual inclusive spectrum,
and a robust constraint can only be obtained after
properly accounting for the relevant QCD correc-
tions and for the effect of the b-quark momentum
inside the B meson.

Phenomenology

Flavor structures.—In Sec. VE, we have as-
sessed what structures of the Y-quark-quark and
Y —w-quark coupling matrices are needed in order
to accommodate baryogenesis while satisfying all
known collider and meson-mixing constraints on
color-triplet scalars. Although we have not aimed to
provide a theoretical explanation of the particular
shapes of the resulting coupling matrices, we believe
that such a study would be very relevant as it could
yield indirect constraints on viable UV completions
of the mechanism. Finally, given that the models
aimed to explain the anomalous measurements in
B — K¢ decays [133] modify the mixing pattern
of BY— BY oscillations [134] and thus lead to
A§ # Ay |sm» it would be very interesting to ex-
plore connections between the mechanism of [39]
and these current anomalies in b — s£¢ transitions.

CP violation in T'!,.—The new tree-level b decays
present in our model generically contribute to the
width mixing in ngs mesons. We have not analyzed
the sizes and phases of couplings of the triplet scalar
that could result in an enhancement of A% and A},
with respect to their SM values, as such calculation
requires nontrivial QCD matching and a careful
analysis of many tree-level decays, which is beyond
the scope of this work. Given that current global fits
including some of the operators [66,67] present in
our model highlight that these modes can lead to
large values of Al , we believe that it would be

particularly interesting to systematically consider
the possible modifications to 'Y, from new tree-
level decays.

LHC simulations.—In Sec. VB, we have pre-
sented an analysis of dijet and jet + MET signals
involving color-triplet scalars at the LHC. It would
be interesting to reevaluate these analyses at next-
to-leading order in QCD and foregoing the narrow
width approximation, in a similar fashion to
[135,136] but in the context of a singly produced
color-triplet scalar.

Experiment

LHC searches.—In Sec. IV C, we have commented
on the opportunities and difficulties when searching
for the new decay modes of B mesons and b-flavored
baryons at the LHC. Although recent ideas to target
these decays have been put forward [43,101,103],
evaluating the full impact of direct LHC searches on
the parameter space of B-Mesogenesis remains an
exciting avenue to explore.

Searches at BABAR, Belle, and Belle II—In
Sec. IV B, we have estimated that upcoming mea-
surements at B factories have the potential to test wide
regions of parameter space for baryogenesis and dark
matter from B mesons as originally proposed in [39].
In fact, searches are currently ongoing for B?[ - wA
decays [41,42] at BABAR, Belle, and Belle II. We look
forward to the results of upcoming searches which we
expect will significantly test B-Mesogenesis.

Uncovering the mechanism responsible for generating an
asymmetry of matter over antimatter in the early Universe
is key to explaining our very existence. That such a process
may also be at the origin of dark matter, thereby explaining
the nature of the component that dominates the matter
density of the Universe, is particularly appealing. B-
Mesogenesis is such a mechanism, and in this work we
have shown it to be fully festable at current hadron colliders
and B factories. This scenario resurrects the dream that
discovering baryogenesis can be a physics goal of B
factories and hadron colliders. In fact, we are looking
forward to forthcoming results from searches and studies
already underway at BABAR, Belle, Belle II, and LHCb. By
providing a roadmap toward the discovery of baryogenesis
and dark matter from B mesons, it is our hope that many
more experimental programs will be set forth to discover or
refute this mechanism.

(iii)
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APPENDIX: ADDITIONAL DETAILS AND
CALCULATIONS

1. B Meson Oscillations in the Early Universe

In this Appendix, we describe the set of Boltzmann
equations that characterize the evolution of the population
of B mesons and their decay products in the early Universe
in order to establish the benchmarks for the experimental
searches proposed in the main body of this work. Although
our discussion is based on that of [37,39], we have updated
the numerical results and identified and quantified the main
sources of uncertainty in the calculation. Compared to [39]
and as was done in [37], we use a density-matrix approach
to track the evolution of the number densities, thus
consistently taking into account decoherence effects in
the neutral B-meson oscillations. It is important to note that
the results originally obtained in [37] show some discrep-
ancies with the one in [39] in the limit of vanishing
decoherence, where both approaches should agree.
Crucially and thanks to our updated numerical treatment,
we resolve this discrepancy and fully agree with [39] in this
limiting case. We therefore strongly advise using the
numerical results presented in this Appendix rather than
the ones in [37,39].

At times well before the relevant dynamics take place
(i.e., at times much shorter than 1/T'y), the Universe is
assumed to be dominated by an admixture of radiation and
nonrelativistic ® particles. The Hubble parameter can thus
be expressed as

H2 — 8_77",0r + /o
3 My

(A1)

in terms of the energy densities, pg = Mgng, and
pe = (72/30)g, (T)T*, where g,(T) are the number of
relativistic degrees of freedom as a function of the temper-
ature which we take from [137].

The evolution of the energy and number densities of
radiation and the decaying ® particles is given by the
following Boltzmann equations:

d
ﬁ + 3an> = —F(I)nq),

& (A2)

d
% —+ 4Hpr = F@Mq;.nq;..

(A3)
Note that although the decay of ® is assumed to be
predominantly into nonrelativistic b quarks, these hadronize
and decay into radiation in a timescale much shorter than that
of the Universe expansion, H~!. This justifies neglecting the
brief existence of B mesons in (A2) to only include the final
relativistic products of the decay chain of ®.

Instead of using the lifetime of @ as a parameter, we
use the ‘“reheat temperature” to which it leads, i.e.,
3H(TR) = I'y. Physically, this temperature must be below
the hadronization scale Agcp ~ 200 MeV (otherwise B
mesons do not hadronize) but above ~4 MeV [138,139] so
that the decays of @ do not spoil the successful predictions
of big bang nucleosynthesis. In this way, the b quarks
produced via the decay of @ hadronize into B*, BY, BY
mesons and b baryons. Among those, the neutral B mesons
undergo CP-violating oscillations and subsequently decay.
If the oscillation process is coherent, i.e., it is not damped
by interactions with the plasma, then the resulting chain
of events can lead to the generation of a net particle-
antiparticle asymmetry in the Universe.

The most accurate framework to study these processes
in the early Universe is the density-matrix formalism.
This formalism has been applied to study similar setups
in [140-143] and was specifically described in [37] for
B-Mesogenesis. We therefore follow closely the notations
and equations [37]. In terms of the density matrix

( npp TNpp )
n = )
Npp NBp
the Boltzmann equations that govern the oscillations can be
compactly written as

(A4)

d 1
d—’z +3Hn = =i(Hn = nH") = 2Ty [0_ [O_.n]
1
+ §F¢”¢BT¢->BO+- (A5)
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Here, O. =diag(1l,£1) discriminates between flavor-
blind and flavor-sensitive interactions. The first term
describes oscillations and decays in terms of the AF = 2
effective Hamiltonian H = M — i['/2. The second one
describes elastic scatterings with the electrons and posi-
trons in the plasma, which occur due to the nontrivial
charge distribution in the neutral mesons. These inter-
actions are flavor sensitive and therefore act to decohere the
B® — BY oscillations via the quantum Zeno effect [144]. We
use the estimation of the scattering rate computed in [39],

oy~ 10t Gev(— b V(- tm) (A6)
B 20 MeV) \0.187 fm2) °

that depends on the charge radius of neutral B mesons
which can only be estimated theoretically and for which we
have taken the value obtained in [70].

The particle-antiparticle asymmetry Ap = ngp — npp that
is generated through the coherent oscillations is translated
into a baryon-antibaryon asymmetry through the new
B-meson decay into a baryon (B) and a dark antibaryon
(y): B —» wBM. In this manner, the visible positive baryon
asymmetry is compensated by a negative one that is stored in
the dark matter. Thus, dark matter is antibaryonic in our
setup. The baryon asymmetry in the visible sector, which we
denote by np, is therefore sourced by the B-meson asym-
metry Ap. The time evolution of nyg is given by

dl’llg

E + 3HnB - BrB_,BFBAB, (A7)
from which the baryon-to-entropy ratio
ng
YB = 27.[2 (Ag)

Hgit,S(T)]w3

can be obtained.

Owing to the fact that both the oscillation frequency and
the lifetime of neutral B mesons are much smaller than H~!
at the relevant temperatures, the system described by (AS5)
reaches equilibrium in a very short timescale. This allows
us to solve (A5) algebraically for the fixed point of Ap
as a function of time, once (A2) is solved numerically.
With this, one can numerically integrate (A7), including the
contributions from both BY and BY, to obtain the baryon
asymmetry.

The resulting asymmetry can be parametrized as in (6) in
terms of the functions a, (T, M), which encompass the
dependence of the result on the cosmological parameters.
In turn, these functions can be written as

11 GeV) (BI‘(D_)BS /BY

) (P ). (a90)

a4(Tr. Mo) = <

(A9b)

11 GeV) /Bre_p /3
aS(TR,Mq,):< e >< ®©—B%/B°

(T
) (B e ),

where the functions ¢, enclose the dependence on the
reheat temperature and have to be obtained numerically.
The reheat temperature is ultimately controlled by the
lifetime of ®, and it determines the precise moment when
the out-of-equilibrium population of B mesons is injected.
Keeping this in mind, the functional form of «a; ,(Ty),
which is displayed in Fig. 14, can be understood as follows.

If the decay of @ happens at low temperatures, the rate at
which electrons and positrons scatter with the neutral B
mesons given in (A6) is small and the oscillations can
proceed unimpeded. In this limit, the asymmetry scales
proportionally to the number of B mesons produced in the
decay of @ relative to the number of photons, which grows
as « Tg.

At higher reheat temperatures, scatterings with e
become more frequent and decohere the system once
their rate overcomes the frequency at which the neutral
mesons oscillate. This results in a sharp decline in the
generated asymmetry, which happens earlier for Bg
mesons given that their oscillation frequency AM, =
0.5065 £ 0.0019 ps~! is smaller than that of B? mesons,
AM, = 17.757 +0.021 ps~.

The overall conclusion is that the generation of the
asymmetry is maximally efficient at T, ~5 MeV for Bg
mesons and T ~ 10 MeV for BY mesons. Given that
current experimental data favor a negative value of the
semileptonic asymmetry Ag of BY mesons, these are
expected to contribute negatively to the baryon asymmetry.
Under this assumption, the production of the observed
positive baryon asymmetry is driven by B? mesons and
occurs most favorably at temperatures 7z ~ 10-20 MeV,

+

1.251

1.001

=

~

ot
f

oy, coefficients

0 20 40 60
Reheating temperature T [MeV]

FIG. 14. Functions describing the dependence of the generated
baryon asymmetry on the reheat temperature, as parametrized in
(6) and (A9). The severe suppression of the baryon yield at high
temperatures is caused by the decoherence of the B’ — B°
oscillations due to interactions with electrons and positrons in
the plasma. The shaded regions represent the uncertainty in our
calculation arising from the lack of precise knowledge of the
charge radius of the neutral B mesons.
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TABLE III. Experimentally measured values for the fragmen-
tation ratios of b quarks into B%, BY, BY, and b baryons as
compiled by [64]. In addition, ATLAS has measured a value
fs/fa=0252 [145] in pp collisions at 7 TeV.

Z decays Tevatron T(59)
Su 0.408 0.344 0.379
fa 0.408 0.344 0.379
fs 0.100 0.115 0.199
Fraryon 0.084 0.198 0.045

depending on the exact magnitude of A, and A¢,, which
are currently not well determined experimentally.

The uncertainty of the numerical calculation of ¢, is
shown as shaded regions in Fig. 14 and is dominated by the
lack of precise knowledge of the charge radius of neutral B
mesons. A larger (smaller) value of the charge radius results
in more (less) efficient scatterings with the e in the plasma
and reduces (increases) the generated asymmetry. For our
benchmark calculation, we use the value (r3) = —0.187 fm?,
which was estimated in [70]. However, given the dispersion
in its determination by different authors [70-72], we
choose to conservatively allow for a factor of 2 uncertainty
in this parameter, which leads to the upper and lower bands
for ¢, depicted in Fig. 14.

Aside from this, the functions a,; depend on the mass
of @, which has to be Mg > 2m,, and on its branching
fraction to BY and BY. Assuming for simplicity that the
decay of ® always produces b quarks, the important
quantity is the fragmentation ratio of b quarks into the
different » hadrons. These fractions are usually denoted
fu (for Bi)’ fd (fOI‘ Bg)a fs (fOI‘ B?)a and fbaryon (fOI' b
baryons). These ratios are challenging to compute from first
principles and have experimentally been found to be very
process dependent, as can be seen in Table III. Clearly, the
fragmentation ratios for @ decays are completely unknown.
For concreteness, in Fig. 14 we choose a benchmark ratio
4:4:1:1, consistent with measurements from Z decays into
bb [64]. However, the actual value for ® decays could
significantly deviate from this benchmark as, for example,
the BY to BY ratio is measured to be closer to 3:1 in pp
collisions [64]. Fortunately, it is straightforward to use
Egs. (A9) to scale our results for different values of these
ratios. For the predictions presented in the main text, we
choose to account for the uncertainty in the fragmentation
fractions by allowing the ratio f,/f, to vary over the range
of experimentally measured values given in Table III,
which amounts to f;/f, € [0.22,0.37].

2. Missing-energy spectrum from b decays at ALEPH

This Appendix contains supplementary material to our
recast of the ALEPH search for events with large missing
energy at LEP [80]. In particular, we provide the relevant
formulas needed to calculate the missing-energy spectrum

of the decays predicted in B-Mesogenesis as produced at
the Z peak in Z — bb processes. We first comment on the
relationship between the center-of-mass energy (/s = M)
and the energy of the decaying b quark as encoded in the
b-quark fragmentation function. Then we discuss how to
calculate the missing-energy spectrum in exclusive two-
body B decays and for inclusive decays, b — wu;d;. We
finish by showing some representative results for each of
the cases.

a. The b-fragmentation function at LEP

A relevant quantity to calculate the missing-energy
spectrum at ALEPH is the fragmentation function of b
hadrons at the Z peak. This essentially represents the
fraction of the center-of-mass energy that the decaying b
quark carries, x, = E,/(y/s/2). The distribution of x;,
values is dependent upon the hadronization of the b quark
and is typically characterized using theoretical models
which are then fitted to b-quark decay data. In [80], the
Peterson model [146] is used, which gives

dN b N 1 €p -2

dx,  xp [ Xp 1‘%] ’
where N is a normalization constant, and ¢, must be
obtained from a fit to kinematic decay data and is found
to be €, = 0.0032 4+ 0.0017 [147]. We note that the used
fragmentation function does lead to a relevant ~20%—40%
effect on the resulting missing-energy spectrum at high
energy as relevant for the ALEPH analysis. In order to

derive our constraints, and as is done in [80], we use
€, = 0.0032 4+ 0.0017 in order to remain conservative.

(A10)

b. Exclusive missing-energy spectrum:
Two-body hadronic decays

We study the missing-energy spectrum in exclusive two-
body decays of the type B — wB. For these decays, the
kinematics is fixed in the B-meson rest frame, and the
energy of the dark antibaryon y simply reads

EB»frame — mZB + m%’ — m% .
174

All
oy (A1)

This energy can be easily boosted to the laboratory frame,

LEP __ B-frame B-frame
EMiss - },(Ex// - ﬁpq/ Cos 6)’

where p,, = \/Ej, —m},p = \/y* = 1/y,andy = Eg/m,,

and where Eg = x;,+/s/2. In addition, 6 is a random angle
that characterizes the direction of the emitted y with respect
to the direction of flight of the B meson. By choosing /s =
M7 =91.2 GeV and generating random samples of 8, the
missing-energy spectrum at LEP can be easily simulated.

(A12)
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c. Inclusive missing-energy spectrum:
Three-body parton decays

We also calculate the missing energy of inclusive decays
at the parton level b — wud, where u and d stand for
quarks of any generation. In the b frame, the differential
decay rate can be written as
1 1

N (27)° 8my,

= |M|%dE,dE,. (A13)

Given the purely right-handed nature of the triplet scalar
couplings, the matrix elements can be expressed as

O = (yb)(ud) - IMP* < (py- py)(Pu-Pa). (Al4)
O = (yd)(ub) - IM* < (py- p)(py - Pa).  (AlS)
O = (yu)(db) = |M|* « (py - pa)(py - Pu).  (Al6)

Taking into account the relevant three-body decay phase
space (see, e.g., the PDG review for kinematics), one can
rewrite these momentum products in terms of £, and E,
and integrate over E,. The formulas that we obtain for the
differential decay rate dI"/dE,, are not particularly insight-
ful, and we do not explicitly reproduce them here. In any
case, this yields dI'/dE,,, the differential missing-energy
spectrum in the b-quark rest frame as a function of the y
mass for each type of operator.

The last ingredient in order to calculate the missing-
energy spectrum is to know the kinematic regions for the
decay. Clearly, these correspond to E$i“ = m,, (y at rest)
and Ep™ = (mj, + m}, — (m, + my)?)/2m;, (ud diquark at
rest). Finally, the shift to the laboratory frame is done by
performing a boost similar to that described in Eq. (A12).

2-body Missing Energy Spectrum

0.06 T
ALEPH signal region
_ 0.05f — :
T
3 0.0 _'_I_
£ 003} |- - 1
S S
E |--- —— ===
S 0.02F it B T——- 1 E
2 1
> ——= my;=1GeV,B"* >y p
0.01F — my; =2GeV,B" = yp B
——— My =1GeV,B" — ¢ =¢
— my =2GeV,B" - =f
0'000 10 20 30 40 50

Emiss [GeV]

For our numerical evaluation, we use the following values
for the quark masses:

m* =48 GeV, m,=1275GeV, m,=0.093 GeV,
my =0.0047 GeV,  m, =0.0022 GeV. (A17)

d. Simulation

We generate 20000 random events for every value of m,,
for each of the four different operators. The three random
variables are

(1) xp, which is generated with the Peterson probability

distribution and ranging between 0 < x;, < 1

(2) 6, which is generated randomly over an uniform

distribution in the range 0 <60 <7x

(3) for three-body decays, E,, which is generated

randomly given the probability distribution dictated
by dU'/dE, and in the region m, <E, <
(g + i, — (my, + my)?)/2m,,

The missing-energy spectrum from exclusive (B — wB)
and inclusive (b — wu;d;) decays is shown in Fig. 15. In
the left panel, we can appreciate that the exclusive missing-
energy spectrum significantly depends upon the y mass
and upon the mass of the resulting baryon in the final state.
Heavier baryons in the final state naturally lead to a smaller
missing energy. In the right panel of Fig. 15, we show the
missing-energy spectrum for inclusive decays for operators
of the type (wb)(ud) (similar results are obtained for the
others). In this case, the number of events with large
missing energy is substantially smaller than for exclusive
two-body decays. This is simply because in the three-body
decay the y particle carries less energy than in the exclusive
decays in the b rest frame. It is important to highlight that

Inclusive Missing Energy Spectrum

0.06 T T T
ALEPH signal region
_ 005F  ___ — ]
L
[0) s E
5] 0.04 ___I
£ 003 [
]:g . -
> ==z
S 0.02f 3
= I
> ——— my=1GeV, b vlre——
0.01F my, =2GeV, b~ vud 3
—— m,,,=1GeV,{Jau,)cs
my, =2GeV,b—vcs —-_———1 |
0'OOO 10 20 30 40 50

Emiss [GeV]

FIG. 15. Missing-energy spectrum from the decays predicted by B-Mesogenesis at /s = M arising from Z — bb processes.
Left panel: exclusive two body decays, B — w 3. Right panel: inclusive decays (calculated here at the parton level as a three-body decay
without any QCD corrections). We also highlight the signal region targeted in the ALEPH [80] search. Note that the region with
E s <30 GeV suffers from the presence of substantially large backgrounds.
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0 1 _
B decays through O;; = (¢b)(u;d;)
BY = A%+ (O = bud) BY = EX + ¢ (O = tpbed)
BY - 2% + 4 (O = 1pbus) BY — Q2 + 1) (O = Ybes)

100

1071<

— Bj¥)/Br(Bl — Bij M)

0
s

Br(BY

1072<

1.0 15 20 25 30 35 40
my [GeV]

B decays through O, = (¢d;)(u;b) or O = (¢u;)(d;b)
BY = A%+ ¢ (O = vbud) B? = Z0 + 1 (O = tbed)
BY — E% + ¢ (O = bus) BY — QY + 4 (O = bes)

100

10714

— Byj1)/Br(B) = Bij v M)

0
s

1072<

Br(B:

20 25 30 35 40
my [GeV]

]

1.0 1.

FIG. 16. Same as Fig. 6 but for B — wBM decays.

QCD and heavy quark corrections to the missing-energy
spectrum are expected to lead to an even smaller fraction of
events in this window in a similar way to what happens with
b — svv decays; see the erratum of [88] for a discussion.

3. Exclusive vs Inclusive decays: B? and A,

Figures 16 and 17 show the fraction of B? and A, decays
that are not expected to contain hadrons other than the ones
listed in Table I in the final state, as a function of the mass
of the dark fermion . These fractions are obtained based
on the phase-space arguments detailed in Sec. IV D, and
in particular, using Eq. (37) with the appropriate flavor
content for each case. From the right panel of Fig. 15, we
can appreciate that the missing-energy spectrum is not very
large in the signal region E,;, > 30 GeV, with only a
fraction of ~10%—15% of the events in such a kinematic

Ay decays through O}; = (1b)(u,d,)
Ay = 70 + 9 (O = Ybud) Ay — D° + 1) (O = 1pbed)
Ay — KO+ (O = ¢pbus) Ay = D™+ K+ + 4 (O = tpbes)
10°

Br(Ay — M;;¢)/Br(Ay — Mij ¢ M)

1071
1072<

1073<

1074<

10—5<

1076 . , ; ! ! |
1.0 1.5 2.0 2.5 3.0 3.5 4.0
my [GeV]

FIG. 17.

region. This is simply because the three-body kinematics
imply typically lead to less energetic y particles in the
b-quark rest frame (as compared to the exclusive two-
body decay).

4. LHC Bounds on Color-Triplet Scalars

For the hypercharge —1/3 case, the combined limits on
the y,4 vs v, parameter space are shown in Fig. 18 for
three benchmark values of My = 1.5,3, and 5 TeV and
each of the quark flavor variations in y,, (given that no
flavor-tagging techniques are employed in the analyses,
the limits are insensitive to the quark flavor of the y,,
coupling). Each of the panels in Fig. 18 shows the dijet
exclusion in green and the jet + MET limits in blue, and the
thin dotted line indicates where the narrow width approxi-
mation I'y << My is expected to break down. The red band

Ay decays through OF; = (vd;)(u;b) or OF = (¢hu;)(d;b)
Ay — DO+ 4 (O = Pbed)
Ay — D™+ Kt 414 (O = tpbes)

Ay — 70+ (O = pbud)
Ay = KO+ (O = tbus)

BI‘(/\b — M“ d})/Br(Ab — Mz‘]‘ ¢M)

10773

1076 T T " " " "
1.0 1.5 2.0 2.5 3.0 3.5 4.0

mu [GeV]

Same as Fig. 6 but for A, — wM decays.
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FIG. 18. LHC limits on the couplings of the color-triplet scalar defined in Eq. (38). The green (blue) region is excluded by dijet
(jet + MET) searches. The red band band corresponds to successful baryogenesis and encompasses 0.1 > Br(B — wBM) > 10~* for
m,, = 1.5 GeV. In black dashed, we show the region of parameter space in whichT'y /My = 0.1. In blue dashed line, we show the reach

of the high-luminosity LHC. We have restricted the couplings to be < v/4x.
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FIG. 19. Same as Fig. 18 but for a color-triplet scalar with SM gauge quantum numbers Y ~ (3,1,+2/3) described by

Lagrangian (38b).

corresponds to the range in which B-Mesogenesis is
possible. The position of this band in each panel depends
on the quark flavors involved: In the presence of a ¢ quark,
the B decays into a charmed baryon and Am in Eq. (40)
becomes smaller. As a result, the band shifts to larger
couplings as compared to the cases involving only u, d, and
s quarks. This is the reason why we distinguish between
Yyu and y,,. in the hypercharge 2/3 case shown in Fig. 19,
where we plot the limits in the y,z vs y,, planes.

5. New physics in neutral meson mixing

The mass difference of neutral mesons is modified by the
presence of a color-triplet scalar with the couplings given
in (38). As a consequence, the flavor structure of the
coupling constants y,,q4,/Ya,4, and y,4, /Yy, can be con-
strained with neutral meson-mixing data. The new con-
tributions to the mass difference can be expressed as

5 3
AMNP — 2(2 CiM; +> CM,), (A18)
i=1 i

=1

where we have split the contributions into a partonic
amplitude C; and a hadronic matrix element M;. Our
labeling follows the conventions of [148]. The Y particle
can mediate the two new kinds of box diagrams depicted in
Fig. 20, which yield contributions to C;, C4, and Cs. The
corresponding matrix elements can be expressed as

N 1
My = §f12l4mMBMs
My

v
24 4 \my +my,

11 m 2
= [t 15 (o) | s
8 12 \m,, +m,,

2
) } famuBY.,

(A19)
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q1 q1

W, H

D) g2
q;

FIG. 20. Box diagrams involving the heavy colored scalar Y and contributing to the neutral meson oscillations. The one involving the

dark baryon s is only possible for down-type external quarks.

in terms of the masses of the meson M and its constituent
quarks ¢y, ¢,, the decay constant f,,, and the bag
parameters BY. The partonic amplitudes for the diagrams
involving internal SM quarks read

- 1 1 . . -
C = 128”2m_%;yq;quqmyq_,-quq;qzsl (qu_,qu_), (A20)

C; = —Cs. (A21)

1 92 * * (s
Cs = 12872 m?, ,zj:yq,-qu’qqu Vo VaaSs(%g %q,)»

(A22)
while the one with the internal dark fermion y results in

1

C, = Twm—%(y;ququ)zsl (x,.x,).  (A23)

Here, x; = m7/mj and we have defined

81 (xg0 xq,) = La(xg %g,, 1.1), (A24)
S‘S(qu_,xqj) = /Xg %Xy, <12(xqi,xqj,xw, 1)
1
+ml4(xqi,xqj,xw,l) , (A25)
with the loop integrals
o "/2dt
I,(x,y,w,z :/ . (A26
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