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We propose a model for CP-violating oscillations of neutral, heavy-flavor baryons into antibaryons at
rates which are within a few orders of magnitude of their lifetimes. The flavor structure of the baryon
violation suppresses neutron oscillations and baryon-number-violating nuclear decays to experimentally

allowed rates. We also propose a scenario for producing such baryons in the early Universe via the out-of-

equilibrium decays of a neutral particle, after hadronization but before nucleosynthesis. We find parameters
where CP-violating baryon oscillations at a temperature of a few MeV could result in the observed
asymmetry between baryons and antibaryons. Furthermore, part of the relevant parameter space for

baryogenesis is potentially testable at Belle II via decays of heavy-flavor baryons into an exotic neutral

fermion. The model introduces four new particles: three light Majorana fermions and a colored scalar. The

lightest of these fermions is typically long lived on collider time scales and may be produced in decays of

bottom and possibly charmed hadrons.
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I. INTRODUCTION

The puzzle of baryogenesis, how the Universe came to
be composed primarily of matter rather than equal amounts
of matter and antimatter, has led to numerous theories about
physics beyond the standard model (SM), beginning with
the pioneering work of Sakharov [1]. Three ingredients are
present in one form or another in any baryogenesis theory:
baryon-number violation, C and CP violation, and depar-
ture from thermal equilibrium. Because baryon-number
violation is required, initially baryogenesis was thought to
involve new baryon-number-violating processes which are
only important at very high energies, although it was later
realized that anomalous electroweak processes could do the
job at temperatures as low as the weak phase transition [2].

Most baryogenesis models require the Universe to reheat
after inflation to a high temperature, typically well above
the weak scale. However, many theories of physics beyond
the SM are inconsistent with a high inflation scale or are
inconsistent with a high postinflation reheat scale. Axion
dark matter, if the axion is present during inflation, requires
a low inflation scale in order to avoid excessive isocurva-
ture perturbations [3]. Supersymmetry requires a low reheat
scale in order to avoid overproduction of the gravitino [4].
The relaxion solution to the hierarchy problem requires a
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low inflation scale so that the Hubble temperature during
inflation does not suppress instantons [5]. In addition,
avoiding the need for a high reheat temperature or
production of heavy particles during reheating means a
low baryogenesis scale is consistent with a wider variety of
inflationary models [6].

Lower reheat temperatures are possible provided the
inflaton decays produce heavy particles which decay out of
thermal equilibrium in a baryon-number-violating and CP-
violating manner [7]. In Ref. [7] baryogenesis occurs due to
the baryon-number-violating decays of TeV mass squarks
in an R-parity-violating supersymmetric model, in which
the reheat temperature could be as low as an MeV, provided
that the heavy squarks can be produced out of equilibrium
at the end of inflation. Such squark mediated baryon-
number violation is consistent with the observed lifetime of
the proton, due to the conservation of lepton number, and,
depending on the flavor structure of the baryon-number-
violating operators, can be consistent with the stability of
heavy nuclei as well. A similar model involving the decays
of Majorana fermions was considered in Ref. [8]. In
Ref. [9] it was pointed out that heavy-flavor baryon-number
violation could lead to oscillations of the Eg baryon at a rate
comparable to its lifetime, while being consistent with the
lifetime of heavy nuclei. Enhanced baryon-number viola-
tion involving heavy flavors was also studied in Ref. [10].

Here we present a baryogenesis model which is con-
sistent with a reheat temperature as low as a few MeV, and
which requires no postinflationary production of any

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevD.96.075009
https://doi.org/10.1103/PhysRevD.96.075009
https://doi.org/10.1103/PhysRevD.96.075009
https://doi.org/10.1103/PhysRevD.96.075009

AITKEN, MCKEEN, NEDER, and NELSON

particle heavier than about 6-10 GeV. The required baryon-
number violation is conceivably observable via the oscil-
lations of heavy-flavor neutral baryons, and the required
CP violation is potentially of O(1) in such oscillations. The
processes that produce the baryon asymmetry in the early
Universe involve particles and phenomena which can be
directly studied in the laboratory—a unique feature of our
theory. Our proposal is that certain neutral heavy-flavor
baryons undergo CP- and baryon-number-violating oscil-
lations and decays, and are produced in the early Universe
via the out-of-equilibrium decays of a weakly coupled
neutral particle whose lifetime is of order 0.1 s, a time
when the temperature is of order a few MeV. The basic
scenario was outlined in Ref. [11], and the model we study
has the same field content and couplings as Ref. [12]. The
basic formalism for analyzing CP violation in fermion-
antifermion oscillations was worked out in Ref. [13].

The outline of the paper is as follows. In Sec. II the
model is introduced, and the effective operator responsible
for baryon oscillations is constructed. In Sec. III, general
AB = 2, six-quark effective operators are analyzed for their
contribution to dinucleon decay, that is, the decay of two
nucleons into mesons. Currently, dinucleon decay places
similar or stronger constraints on all such operators than
does neutron oscillations. For operators that cannot con-
tribute to dinucleon decay at tree level, electroweak
corrections to the six-quark operators are examined. In
Sec. IV, the general formalism for CP-violating oscillations
of fermions is reviewed, and the oscillation parameters are
calculated for the model introduced in Sec. II. In Secs. V
and VI, direct constraints on the masses and couplings of
the new ¢ and y particles from collider searches and
indirect constraints from rare decays of mesons and
baryons are derived, respectively. Section VII contains
our analysis of how in this model the baryon asymmetry of
the Universe (BAU) is produced. Finally, in Sec. VIII we
conclude and point out possible directions for future work.

II. MODEL

We wish to find a theory which allows for sufficiently
large baryon-number and CP violation to explain baryo-
genesis at relatively low energy. In order to ensure
sufficient stability of the proton, we assume lepton number
is not violated, other than perhaps via the tiny AL =2
terms that could account for Majorana neutrino masses.
The lowest dimension terms which violate baryon number
and not lepton number are dimension-nine, six-quark
AB = 2 operators. Such operators can lead to neutral
baryon oscillations and conceivably CP violation [11],
and can arise as an effective field theory description of
physics at some higher energy scale. A minimal renorma-
lizable model for generating such terms involves a new
charge —1/3 color triplet scalar and two Majorana fer-
mions, as described in Ref. [12]. A third Majorana fermion,
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which decays out of thermal equilibrium, allows for the
fulfillment of the out-of-equilibrium Sakharov condition.

We note that this model for baryon-number violation can
easily be embedded in an R-parity-violating supersymmet-
ric (RPV SUSY) theory. In such theories, the neutralinos
play the role of the Majorana fermions and a down-type
SU(2) singlet squark can be the colored scalar. For
simplicity, we do not explore this embedding in a SUSY
framework in this paper and we stick to the minimal version
of the model.

Our model thus adds four new particles: three Majorana
fermions, y,3, and a single color triplet scalar, ¢. The
interactions involving the new particles and weak SU(2)
singlet SM quarks are given by

Line D =Gyqa@ irdy — yiad7:dz + H.c., (1)

along with terms involving other generations, d — s, b and
u — ¢, t. By convention we take all two-component fields
to transform in the left-handed representation under
Lorentz transformations. dj, stands for the charge conjugate
of the right-handed down quark field, which is in the left-
handed Lorentz representation. In this expression and
throughout the paper, we work in the mass basis, which
is unambiguous for SU(2) singlet quarks.

The required new particles and their interactions
are motivated as follows. A natural way to construct the
AB =2 six-quark operator that we require for baryon
oscillations is from two AB = 1 four-fermion interactions
connected by an exotic neutral Majorana fermion. Thus we
introduce an exotic, electrically neutral, colorless,
Majorana fermion, y;, which couples to other fermions
via a four-fermion interaction of the form updrdyy; (using
u and d here to represent any up- or down-type quark).l

Since such a four-fermion interaction is itself nonrenor-
malizable, we also introduce a complex, color triplet, scalar
particle (diquark) ¢ to mediate the AB = 1 interactions.
Note that if y; is heavier than the difference in mass
between the proton and electron, m, —m, = 937.76 MeV,
this interaction does not give rise to proton decay.” In the
presence of only y;, there is no physical CP violation, as
there is enough reparametrization freedom to remove the
phases in the couplings. We introduce a second fermion, y,
(with m,, > m,,), in order to give rise to CP violation.
Finally, for baryogenesis, the oscillating baryons must be
produced out of thermal equilibrium. As described in
Sec. VII, this is most simply accomplished by introducing
a third Majorana fermion, yx3;, which decays out of
equilibrium to produce the baryons whose oscillations
result in baryogenesis.

'Models of baryogenesis that generate four-fermion inter-
actions of this form and identify y; with right-handed neutrinos
can be found in Ref. [14].

The stability of °Be leads to a marginally stronger lower
bound of m, > 937.9 MeV [11].
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FIG. 1. The basic six-quark AB = 2 operator generated by ¢

and y exchange. u and d here represent any of the up- or down-
type quark flavors. The quarks involved are all weak SU(2)
singlets, as emphasized by the R subscripts.

Note that we only consider operators constructed out of
right-handed quarks, for two reasons. Our phenomenologi-
cal reason is that, as we will show in Sec. III, right-handed
quark operators are less constrained by dinucleon decay
due to the requirement of light quark mass insertions in
flavor-changing loops. Our top down theoretical reason is
that, as mentioned, the interactions in Eq. (1) occur in RPV
SUSY models, suggesting a possible embedding of our
model into a more complete theory.

Figure 1 shows the AB = 2 six-quark operators that are
generated by the interactions in Eq. (1). Such operators,
which can mediate the transition of a baryon B to an
antibaryon ', can be written as

OBB’ — eahcedef

x [(qr)5(qr)ip(ar)e(qR); a(dR)E( @Ry + -],
(2)

where a, ..., f are color indices; i, j, k spinor indices; and
q=u, d, s, c, b any of the quark flavors (because of its
short lifetime, the top quark does not hadronize and is not
important in the low-energy effective theory) which are all
right-chiral. The ellipsis represents other possible permu-
tations of color or spinor indices. Here, B denotes an
arbitrary standard model baryon with the quark content gggq
while B contains ¢’q'q’. [We will use both the baryon name
B and the quark content (ggq) to label the operators in
question throughout this paper.] The precise index structure
of O is not important for the purposes of this paper.
Therefore, in what follows, we will suppress the indices on
Opp and generically denote the operators we are interested
in that appear in the effective Lagrangian via the shorthand

Leir D Cpp(999)(d'd'q’) = CppOpg., (3)

keeping in mind that the leading operators that are
generated involve only right-chiral quarks.

Matching the interactions generated by Eq. (1) to the
effective theory at tree level gives the coefficient of the
operator that generates oscillations between a neutral
baryon and its antiparticle, B <> B,
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m,; GnaYia + GogYia \?
C ~ Xi u u , 4
D ( = ) )

Xi

with u, d, and d' labeling the quarks comprising 5. For
example, the operator (ddc)? would allow the processes
Y. < X.. Given this operator, we will find it useful to relate
the coefficient to the (dispersive) transition amplitude,
defined by dz5 = (B|CpgOps|B), with

O = KZCBB, (5)

where x ~ 1072 GeV? [15]. In analogy with meson oscil-
lations, when the two-state system in question iS unam-
biguous, dgp can also be referred to as M,.

Operators which involve different baryons of the form
Opp would allow for a common decay product between 3
and BB and could also give rise to oscillations. For example,
(uss)(uds) would allow for Z° and Z° to have a common
decay product, through E® — A® and =° — A° (ignoring
any neutral meson products). However, we will find such
processes are suppressed relative to their direct oscillation
cousins, so we will ignore them in our analysis. There are
also baryon-number-preserving operators that contribute to
the masses and mixings of SM baryons. These are greatly
suppressed relative to those that occur in the SM and we do
not consider them further either. Therefore, in what follows,
we focus on operators Ogp with coefficients of the form
of Eq. (4).

III. DINUCLEON DECAY CONSTRAINTS

As described in the preceding section, we would like our
six-quark operators to allow for the oscillation of heavy
baryons in order to produce the Universe’s observed baryon
asymmetry. In Sec. VII, we will show that the ideal width
for such an oscillation, which is dependent upon the value
of Cpp in Eq. (4), is a few orders of magnitude smaller than
B’s decay width. However, models with B violation by two
units are certainly not a new idea, and so significant
experimental effort has been put forth into constraining
the AB = 2 processes. The most immediate constraint on
our six-quark operators is the lack of observed dinucleon
decay, which we quantify in this section. The analysis we
perform here applies to six-quark operators in general and
is independent of the origin of the new physics introduced
in Sec. II.

Dinucleon constraints come from underground detectors
whose primary purpose is the detection of proton decay and
neutrino oscillations. For example, in a nucleus, an n — 7
transition will be shortly followed by the annihilation of the
i1 with one of the other nucleons, leading to the decay of the
nucleus of mass number A to a nucleus with A’ = A —2
plus mesons. The lack of observation of such decays can
therefore bound the transition amplitude J,,, [16] which is
related to the coefficient of the (udd)?> operator, C,,
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[cf. Egs. (4) and (5)]. Currently, the lower bound on the '°0
lifetime (in decays to pions) of 1.9 x 10*? years from the
Super-Kamiokande Collaboration [17] places the strongest
limit, §,, < 1.9 x 1073 GeV.

Operators that also violate strangeness do not directly
induce n — 7 transitions in a nucleus. However, they can
also lead to dinucleon decays, A — (A —2) + mesons,
through the reaction NN — kaons + X where N is anucleon.
For example, the diagram on the left of Fig. 2 shows how the
operator (uds)? can lead to dinucleon decay to a pair of
kaons. The Super-Kamiokande Collaboration [18] has
searched for such decays and has placed an upper bound
on the pp — KTK™ decay rate by limiting the lifetime for
160 — MCK*K* to more than 1.7 x 10°? years.

To make use of this limit, we start with the effective
operator Opg. The dinucleon decay rate through direct
nucleon annihilation can then be roughly approximated by
considering the decay rate to a meson pair [19],

r 9 |Cpgl?
WX 3

(2 mesons|Ops|NN)[*py,  (6)

where my is the nucleon mass, py = 0.25 fm™> is the
nucleon density, and we have ignored the masses of the
final state particles. In the case of operators that can
contribute at tree level, the matrix element can be estimated
as roughly (2 mesons|Ogg|NN) ~ Adcp = (200 MeV)>.
Using this and Eq. (5), the limit on the rate for NN —
KK from Super Kamiokande translates to a limit on the
transition amplitude of

Bluasyr < 1070 GeV. (7)

In what follows, we also take operators that change
strangeness by one or three units to have roughly the same
bound as this.

Kinematic constraints protect certain operators from
contributing to dinucleon decay at leading order.
Operators such as (uss)? that change strangeness by four
units (i.e. AS = 4) are kinematically forbidden from con-
tributing to dinucleon decay at tree level since 2my < 4mg.
Similarly, those that involve charm® or bottom quarks also do
not lead to dinucleon decay at leading order. However, when
combined with flavor-violating weak interactions, these
operators involving heavy quarks can lead to dinucleon
decay. An illustration of this is shown on the right in Fig. 2.

3Depending on the nucleon binding energy, nn — Dy through
a AC = 1 operator is kinematically allowed for some nuclei, but
due to the dependence of the amplitude on the photon momentum
and coupling and phase space suppression the rate is proportional
to (a/4r)(k,/my)* ~107°, where k, is the photon energy,
suppressing the rate below other decays with less constrained
phase space.
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FIG. 2. Left: Dinucleon decay via the AB = AS = 2 (uds)?
operator that mediates A° <> A° oscillations. Right: Dinucleon
decay mediated by the AB =2, AS =4 (uss)?* operator that
becomes the AS =3 (uds)(uss) operator in the presence of
flavor-changing weak interactions. Because the short-distance
AB =2 operators we consider involve weak isosinglets, this
operator requires light quark chirality flips, indicated by crosses.
See text for a discussion of the matching of the short distance
theory onto the (chiral-symmetry-violating) long distance theory.

To properly estimate the rate for dinucleon decay from
AB =2 operators (involving heavy flavors), we must
match the UV theory involving quarks to a low energy
effective theory involving baryons valid at momentum
transfers below 4zf,~1 GeV where f, =93 MeV.
This consists of writing down an operator in the UV theory
and treating the coefficient of this operator as a spurion that
transforms in a particular way under the global chiral quark
flavor symmetry SU(3), x SU(3); so as to make the
operator invariant. This operator is then matched onto an
operator in the effective theory that transforms in the same
way under the chiral symmetry with the same spurion
coefficient. In the UV, the light quarks g; z transform as
triplets under SU(3); . In the low energy theory, the
meson octet, I1, is described by a field X = exp (2iI1/f,)
which transforms under the chiral symmetry as £ — LER"
where L, R are SU(3), , transformations, respectively.
Incorporating the baryon octet (see, e.g., Ref. [20]) can be
done by defining a field & = exp (il1/f,) which transforms
as £ > LEUT, & » UERT under SU(3), . U is an SU(3)
matrix that depends nonlinearly on the meson fields. The
baryon octet B is defined to transform as B — UBU".
Operators in the effective theory are then constructed out of
2, B, and & along with spurions from the UV theory to be
invariant under the flavor symmetry. Since the chiral
symmetry is dynamically broken by the strong coupling
of QCD around 4zf,, one can use naive dimensional
analysis to properly account for factors of 4z (that come
from the strong coupling) and the cutoff, 4zf,, that appear
in this matching procedure, as described in, e.g., Ref. [21].

We will first illustrate this matching procedure in our
theory with interactions given by Eq. (1), assuming for now
that only the light quarks u, d, and s are involved. We will
deal with heavy quarks ¢ and b below. Since distinction
between chiralities is necessary, we will temporarily denote
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them explicitly. After integrating out the scalar, ¢, and the
Majorana fermions, y;, we are left with a AB = 2 operator
involving only (light) right-chiral quarks, Cpg(qrqrqr)’.
This operator must be matched onto an operator valid at
long distances involving baryons at the scale of chiral
symmetry breaking. The coefficient Cp can be treated as a
spurion that transforms under SU(3), in a representation
that appears in the tensor decomposition of six triplets. For
definiteness, take it to transform as an SU(3) r octet. Then
the object CBB = £Cppé' transforms as CBB - UCBBU'
and the operator matching is

(4nf3)*rBCgsB + -+, (8)
where the ellipsis represents other possible orderings of the
baryon octets and the spurion. Note that this gives an
understanding of the size of k ~4xzfs =1072 GeV? in
Eq. (5). Adjusting this analysis if Czpg transforms under a
different representation of SU(3)y is straightforward; one
inserts the required numbers of & and &' into the definition
of Cpg so that it transforms in such a way as to leave

CBB(QR‘IR‘IR)z -

trBCpgB invariant. For example, if Cpp is a singlet then
one simply takes 633 = Cpg.

Four-quark weak operators involving light quarks can be
matched onto the low energy effective theory in much the
same way. The coefficient of the operator i, y*q) G} iYL
can be viewed as a spurion that transforms as an octet under
SU(3), and the strangeness changing (AS = 1) coefficient
takes a value o GV Vi h with hi; = 8567, Then £'hé —
UEhEUT and the matching is

Gr

\/—Vusvuduy (1 -7 )Sd}/ﬂ(l - )

_ Gr
BV

where again the ellipsis represents other possible orderings
of B, B, and &Thé.

Now we can combine a AB =2 operator that also
changes strangeness by n units with the weak AS =1
operator to form a AB =2, AS = n — 1 operator that is
given by

Vs Vi (daf3)wBE hEB + - (9)

Gr
V2

In other words, if the leading AB = 2 operator has AS = n,
the AB =2, AS = n — 1 operator that is generated due to
weak interactions is suppressed relative to it by the factor

VMSVdeZ (4”fn') trBCBB{EThé:B + - (10)

Gr
N

Thus, for example, the bound on a leading AS = 4 operator
(ugsgsg)? from the lack of dinucleon decay is around eight

—=VusViafz ~ 1075 (11)
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dr (drug) (Urup) dy
uy, ur,
b b
dr dr
FIG. 3. The ten-quark AB = 2 operator that results from the

leading (ugdgrbg)? operator after integrating out the b quarks.
The crosses represent chirality-flipping b quark mass insertions.
We use (ii; ug) to indicate the pairs of light quark fields that can
be replaced by the chiral condensate when matching onto the long
distance theory relevant for dinucleon decay.

orders of magnitude weaker than that on the AS =3
operator (uds)(uss) [which we take to be comparable to
that on the AS = 2 operator (uds)?]:
O(uss)? < 10722 GeV. (12)
Now, we consider the case where the leading AB = 2
operators contain heavy quarks. Consider, for example, if
after integrating out the heavy scalar ¢ and Majorana
fermions y;, that the leading operator we generate is
C(udb)z(uRdeR)z. Before matching onto the theory valid
after chiral symmetry breaking we must first integrate out
the b quarks. In the presence of weak interactions, as shown
in Fig. 3, doing so will lead to a ten-quark operator,

1\2
)

X Cluapy (urdrdpiipuy ).

G
C(udb (“RdeR) - (\/—%Vubvf,d

(13)

After chiral symmetry breaking, it; uz can be replaced by
the quark condensate which is roughly 4zf3. This means
that the induced AB = 2 operator (u; dgd; )? is suppressed
relative to (ugdgrbg)? by the factor

G Anf?
( 2Ly Vi, ”f> ~ 10720,
V2 my,

Additionally in the case of a leading operator containing a b
and ¢ quark, e.g. (dgcgrbg)?, there are perturbative loops
that generate dimension-nine operators involving light
quarks above the chiral symmetry breaking scale. In the
case of the operator (dgcgbg)?, two such loops can be used
to generate the operator (u;d;dg)* with a coefficient
suppressed relative to the leading one by

(14)
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TABLE 1.

PHYSICAL REVIEW D 96, 075009 (2017)

Operators that mediate B <> BB oscillations and the number of weak interaction insertions required for

each of these to contribute to dinucleon decay. The resulting limit from dinucleon decay on the transition amplitude,
defined in Eq. (5), for each operator is shown. An * indicates a baryon that has not yet been observed and which has
a strong decay channel open. A 1 (}) indicates an unobserved baryon which primarily decays through a weak

interaction of a ¢ (b) quark.

Weak insertions Measured Limits on dzz = M1, (GeV)
Operator B required I' (GeV) [22] Dinucleon decay Collider
(udd)? n None (7.477 £0.009) x 10728 10733 10-17
(uds)? A None (2.501 £ 0.019) x 10713 1073 1077
(uds)> 30 None (8.940.8) x 1076 10730 1077
(uss)? =0 One (227 £0.07) x 1071 1072 10717
(ddc)? 30 Two (1.831015) x 1073 10717 107te
(dsc)? Ep Two (5.871528) x 10712 1071 10-
(ssc)? Q0 Two (9.5+1.2) x 10712 10714 10~1
(udb)? A Two (4.490 £0.031) x 10713 10-13 10=17
(udb)? >0 Two ~1073 10-13 1017
(usb)? =) Two (4.496 £ 0.095) x 10713 10710 10717
(dcb)? =07 Two ~107127 10717 1071
(scb)? Q7 Two ~107127 10714 10715
(ubb)? Bt Four ~10713% >1 1077
(cbb)? Q0 Four ~107127 >1 10715
Gr . mpn, m¥\ 2 16 amplitude, respectively. This system is entirely analogous
<— Vay cd—zl()g_2> ~107% 0 (15) (o the very wellk f neutral d
V2 A m2 ry well-known case of neutral mesons an

In Table I, we list operators that can mediate B <> B
transitions along with the number of loops required for each
operator to mediate (AS = 0, 1, 2, 3) dinucleon decay. We
show the resulting limits on the transition amplitudes oz =
|M,| = k*Cpp of each operator from the lack of obser-
vation of dinucleon decay, accounting for the appropriate
suppression factors. In general we find that only operators
which require two or more weak interactions to contribute
to dinucleon decay can give baryon oscillations at a rate
which is large enough to be relevant for either experimental
searches or baryogenesis. The last column of the table gives
the limit on the size of the operator that can be produced in
our specific model when collider constraints on new
particles are considered, which will be discussed in Sec. V.

IV. CP VIOLATION IN HEAVY
BARYON OSCILLATIONS

The evolution of the (B, B) system in vacuum, assuming
CPT conservation, can be described [11] by a 2x2
Hamiltonian,

MB_%FB

Mlz—%rlz) (16)
Mi, =351,

H:M—LF:< :
2 My — il

M and I' are both Hermitian matrices that describe the
dispersive and absorptive parts of the B,B— B,B

antimesons. Because of the off-diagonal terms in H, the
mass eigenstates |Bp ) with masses mypy are linear
combinations of the flavor eigenstates |B) and |B),

BLu) = pIB) £ qlB). (17)

The mass difference is Am = my — my, > 0 and the width
difference between the states is AI' = 'y — I'|, and can be
of either sign. The flavor admixtures can be determined by

p My = (i/2)l1,
A state that begins at = 0 as a |B) or |B) is at time ¢

W@Fwdﬂ@—%m@@%

@@FW#M@‘%%@W> (19)

with
gi(t) _ % (e—imHt—%l"Ht + e—imLt—%l"Lt)‘ (20)

A particularly useful quantity that measures the level of CP
and baryon-number violation is the quantity

7PB—>B_PB—>B+PB—>B_PB—>B (21)

A = ,
PB—>B+PB—>B+PI_3—>B+PB—>B
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where, e.g., Pg_ 3 is the time integrated probability for an
initial 3 state to oscillate into a B3 and the other terms are
defined analogously. In terms of the elements of H, this can
be concisely expressed:

5= zim(MuFlz; (22)
Iy +4|Mp,|

This expresses the familiar fact that CP violation requires a

phase difference between the absorptive and dispersive

parts of the transition amplitudes.

The dispersive part of the transition amplitude, M,, is
dominantly given by off-shell y; exchange in our model, as
seen in Fig. 1. We have already written down what we need
to estimate this in Egs. (4) and (5), resulting in

* 2
Mos ~ K2§ : My i JuaYid
12 m%i—m,> \ m? '
Mg T My ¢

Here, u, d, and d’ refer to the flavors that comprise 55 and
we have assumed, if d # d', that g ,v;y > g’ ,via- If we
concentrate on the contribution due to a particular y; and
express it in terms of its mass difference from the baryon,

Ampg; = mg —m,,, we have

(23)

K'2
ZAmB,-

GnaYia + GpgVia|*
mg
500 MeV
Amyp; >
( 600 GeV
M/ \/|GuaYia + Gy Vidl

|M12|iN

=8 x 10716 GeV<

)4. (24)

The absorptive part of the transition amplitude requires
an on-shell state into which both B and B can decay. This
requires at least y; to be light enough for either baryon or
antibaryon to decay into it. CP violation will be largest
when the mass splitting between y; and B is not too large.
In this case the most important states for 'y, are decays
of B to y, plus a meson. The contribution from y,z°, for
instance, can be estimated using the effective Lagrangian,

Lo D —yign’Biy’y; + Hec., (25)
where
ATK Guaid
yip ~ ——= (26)
mpg m{/)

The factor of 4z in this expression accounts for the
nonperturbative nature of the interaction, which is similar
to the pion-nucleon vertex. This interaction gives a con-
tribution to I'j, of
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lB }(z

NZ 327

—ro)ll/z( ro)

7/}/5;-[

(27)

where r, , o/my and A(a.b,c) = a* + b* + c*—

2ab —2ac — 2bc The magnitude of the contribution to I'|,
from a particular y; is roughly

o—m

2
yi 276% | ghgyiar|?
|F12|iN_8lBAmBiN — | 2 Amg;
T B mq,,
Amp;
=1x10710 GeV|-——-5_
© <500MeV

600 GeV

G ) i)

We now see the reason we need at least two Majorana
fermions. If there were only a single Majorana fermion, y,
that contributed to M, and I'},, they would have the same
phase and Az in Eq. (22) would vanish. Thus, we use
contributions from y; and y, exchange to obtain a physical,
CP-violating phase difference between M, and I'y5.

The ratio of the single meson contribution to I'}, from y;
to its contribution to M, is

~4”<Amgl>2

1 mpg

~Ol AmBl 5 GeV 2
500 MeV mg '

The CP-violating quantity A in Eq. (22) linearly depends
on |I'j,|. Without finely tuning the contributions due to
and y, against each other, this value of the ratio due to y;
alone is roughly as large as the total ratio |I'j, /M, | can get.

(29)

V. COLLIDER CONSTRAINTS

To obtain a large amount of CP violation in heavy
baryon oscillation, it will be clear that the lightest two
Majorana fermions must have masses on the order of a few
GeV along with couplings to quarks that are not too small.
In this discussion, we consider the two lightest Majorana
fermions. The third, y3, must be weakly coupled in the
minimal version of the model, due to cosmological con-
siderations, as we will see in Sec. VIIL.

The constraints that we will discuss in this section require
that ¢ have a mass of at least a few hundred GeV. In this case,
i decays can be analyzed by integrating out the scalar in
Eq. (1), resulting in four-fermion interactions,

g“"yz"’ FiiigdSdS + Hee.

My

(30)
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(For d # d', we have again assumed that g,;v,7 > GuaVia-)
Both the interactions responsible for the decay of the
Majorana fermions and those that source CP-violating
baryon oscillations are of the same form. The quarks
involved in the decay operator must be lighter than those
responsible for baryon oscillations and the couplings respon-
sible for decay must be relatively smaller, to avoid stronger
dinucleon decay limits from AB = 2 quarks involving light
quarks.

The interaction in Eq. (30) allows for the decay
i — udd', where u, d, and d' are up- and down-type
quarks light enough for this to be kinematically allowed. It is
reasonable to assume that one mode dominates their allowed
branchings and in this case, their lifetimes are

287)%| my |*
700 5 .
my, | GuaYid
5 GeV)> ¢ udid 4
:10—6s< ¢ > (m’/vg"y"> )
m,, 20 TeV

For m, =5 GeV, with couplings g,4y,s < (m4/20 TeV)?
the AB = 2 transition amplitude in the udd’ system is less
than 10722 GeV, avoiding conflict with constraints from
dinucleon decay (see Table I). Furthermore, if m,, = 5 GeV,
as long as g,qyis 2 (my/350 TeV)?, 7, < 0.1 s which is a
short enough lifetime to avoid spoiling successful Big Bang
nucleosynthesis (BBN) (see, e.g., [23]).

We might ask whether instead of ensuring that y, , decay
fast enough to avoid spoiling BBN, the lightest fermion y,
could instead be long enough lived to serve as dark matter.
First we note that the range allowed for the kinematic
stability of both the proton and y, is extremely fine-tuned,
with the y; mass between m, —m, and m, + m,. If we
assume all the y’s participate in a viable heavy-flavor
baryogenesis mechanism, we will see that we must require
the y;, masses to be around 3-5 GeV, and we also need
sufficiently large four-fermion interactions involving y;,
and heavy-flavor quarks, suppressed by a scale
Aneavy = my/+/gy ~ 600 GeV. Here g and y label cou-
plings with the relevant flavor structure. Based on our
discussion in Sec. III, at the one loop level we must
generate four-fermion operators involving light quarks
(into which y;, can decay), which are generated with a
scale Ajght 2 10*Apeayy ~ 10° GeV. This provides a lower
bound on the strength of the light quark four-fermion
operator which gives an upper bound on the y , lifetime of
7,12 < 1000 s in the absence of fine-tuning against some
other source of this operator. There is also an unavoidable
decay channel that comes from the mixing of y; , with the
heavy-flavor baryon, B, whose oscillations are responsible
for the BAU, with a mixing angle 6 ~ |M,|/ Am where Am
is the mass splitting between the Majorana fermions and B.
This mixing leads to the decay of y;, into B’s decay
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channels with a partial width proportional to #’I";3, which is
much shorter than the lifetime of the Universe.

We see that the Majorana fermions are generically
unstable but long lived on the scale of collider experiments
and appear as missing energy. Decay lengths on the order of
10? to 107 m are expected, potentially relevant for the
recently proposed MATHUSLA detector [24] which is
optimized to search for long-lived particles. In what
follows, to analyze collider constraints on the new scalar
¢ we will assume that any y; produced at a collider is
invisible and defer discussion of the displaced decay
signatures at, e.g., MATHUSLA.

Now that we know that the y;’s are invisible at colliders,
we can understand how the scalars appear when produced
in hadron collisions. Because ¢ is a color fundamental, if it
is kinematically accessible, ¢¢p* pairs are easily produced
in proton-(anti)proton collisions, and the signatures are
essentially those of squarks in RPV SUSY. In addition to
QCD production, (single) scalars can be resonantly pro-
duced in the presence of some nonzero g,,;. Once produced,
the scalar decays through one of the interactions in Eq. (1),
either to quark pairs with a rate

|gu,-dj|2
Fomid = D gy 0 (32)
i.j

or to y; plus a quark,

|via,|*
F(,’)—>;(d = Z 16;7.' mgy, (33)
)

where we have assumed that m, is much larger than the
mass of any decay product. Therefore, these scalars can
appear in searches for dijet resonances (either singly or pair
produced) and (mono)jets and missing energy. Which
search is most sensitive depends on m,, and the branching
fractions for ¢p — itd and ¢ — yd.

Taken together, LHC searches for pair produced dijet
resonances, both with [25] and without [26] heavy flavor in
the final states, as well as standard SUSY searches for
(b-tagged [27,28] or not [28,29]) jets plus missing energy
rule out ¢ masses below about 400 GeV. Above this mass,
limits from pair produced dijet resonances are no longer
constraining while resonant production of a single ¢ with a
rate proportional to |g,,|*> for some u, d is important [30].
We use the limits from resonant dijet production from [30]
and recast searches for jets and missing energy [27-29] as
well as monojets [31] to find limits on the couplings g,
and y;, as functions of m,. We find this limit for every
flavor u, d, and d', assuming that only g¢,; and y,; are
relevant. Given these limits, the maximum value of the
product of couplings g,,y;s at each m; can be found. This
can be turned into an upper limit on the transition amplitude
Suaa = M5 in the udd’ system, once a value of the mass
splitting between y; and the udd baryon has been
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FIG. 4. Upper limits on M, as functions of m, that result
from collider searches for dijet resonances and jets plus
missing energy, assuming the dominance of the product of
couplings ¢,,;s indicated, where u and d") label generic up-
and down-type quarks, respectively. We have taken Amg = mg—
m, = 200 MeV. Top: The limits when y;; or y;; are dominant.
Bottom: The limits when y;, is dominant. Solid curves show the
limits in the case where the charge 2/3 quark involved is « while
dashed lines show the limit in the case of the ¢ quark.

speciﬁed.4 We show the upper limit on M, as a function of
my, for each pattern of flavors u, d, and d’, assuming the
dominance of one particular pair of couplings g,,4, v, and a
mass splitting between m, and the udd baryon of
200 MeV in Fig. 4. We also show the largest value of
M, allowed from collider searches in each neutral baryon
system in Table I.

Lastly, we note that the six-quark AB =2 operators
themselves can lead to interesting signatures at the LHC.
These were studied in Ref. [32].

VI. HADRON PHENOMENOLOGY
A. Hadron decays

After integrating out the heavy colored scalars, four-
fermion interactions between the Majorana fermions and

“Note that we perform this scan for a single Majorana fermion.
Including a second, as we must to obtain CP violation, does not
change the allowed values by more than an O(1) factor which,
given our level of precision, is unimportant. The third, y3, must be
more weakly coupled than y;, and can be even more safely
neglected here.
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quarks are generated as in Eq. (30). These can lead to new
decays of hadrons to final states that differ in baryon
number by one unit along with any kinematically acces-
sible y;, e.g.,

meson — baryon + y;[+meson(s)],

baryon — meson(s) + y;. (34)

As we showed in Sec. V, on the scale of particle physics
experiments, y; appear as missing energy.

For definiteness, let us focus now on four-fermion
interactions that involve the b quark and the lightest
Majorana fermion. This is potentially relevant to the case
where baryons containing b quarks undergo CP-violating
oscillations in the early Universe, producing the BAU;
operators involving heavy quarks are less constrained by
dinucleon decay and are therefore more promising candi-
dates, cf. Table I. Similar considerations apply for operators
involving lighter quarks.

Consider, as a definite example, b decays through the
operator

_gub);d)(] ugdgbp, (35)
My

where u and d here are the actual up and down quarks. (We
have omitted the contribution to this operator from g,,y1;
which is more constrained by collider searches.) The rate
for the b quark to decay through such an interaction is

mbAm4 GunY1d \ > Am?
I e~ ——— O —
ponid 60<2n>3< m? ) i (mi

4 4
~2x 10715 GeV( Am ) < 1.2 Tev ) .
2 GeV mqﬁ/\/gubyld
(36)

In this expression Am is the mass splitting between y; and
the bottom quark (we have ignored masses in the final state
besides m,, ). We have chosen to normalize this expression
on values of the mass splitting and m,//g,, Y1, that result
in a transition amplitude of [M,| ~ 10717 GeV in the A) =
(udb) baryon system, which is the rough collider limit.
Given this mass splitting, this can lead to decays of B*
mesons to a nucleon and y; with a branching ratio of

o Am \*
BrBi_)NZI_,'_X ~6x 10 3<2Ge\/>

1.2 TeV \*
X | ———, 37
<m¢/ \/gubyld> (37)

where X represents possible additional pions. This is not a
small branching fraction, although final states of this form
have not yet been searched for in B meson decays.
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However, the requirement that the final state hadrons carry
baryon number means that this decay is kinematically
forbidden if m, > mp: —m, =4.34 GeV. Decays of
bottom baryons would be allowed to proceed for splittings
down to m,, and one could expect branching ratios on the
order of 1073 for the parameters in Eq. (37).°

We also expect “wrong sign” decays of heavy baryons in
this model, following a B — B oscillation, with a branching
fraction that is roughly

1M
——. 38
e (38)
Consider, e.g., the Q0. Given the constraints that appear in
Table 1, this branching could potentially be as large as 1077,
The Belle II experiment hopes to collect ~50 ab~! of e*e™
data at /s = 10.56 GeV, collecting about 50 x 10° B
meson pairs. If Q¥ baryons are produced in 2% of B
meson decays (comparable to the measured production of
A, baryons), then there would be a sample of about 10°
Qs and Q0’s. Thus, there could be a few hundred wrong
sign decays in the data sample. While this would be a
challenging measurement, it is interesting that it is in
principle observable at the next generation B-factory given
current experimental limits.

We mention here that baryon-number-violating decays
of baryons along these lines have been searched for by the
CLAS Collaboration [33]. The branching fraction for A —
Kg +inv is limited to less than 2 x 107> while that for
A — pr' must be less than 9 x 1077, These decay modes
are sensitive to the operator (uds)?. While interesting, these
limit 8,452 = |M 5] to less than about 10~'* GeV, which is
less strong than the limit on this operator from null searches
for dinucleon decay. In light of the less stringent limits from
dinucleon decay on operators involving heavy flavor, it
would be highly desirable for searches for AB = 2 decays
of baryons with heavy quarks to be performed.

B. Meson oscillations

In addition to the decays described above, the new
interactions could lead to flavor-changing oscillations of
neutral mesons. The limits from these processes on this
model were considered in Ref. [12]; we refer the reader to
[12] and references therein for further details.

Avoiding these constraints requires a suppression of
particular combinations of flavor-violating couplings.
For example, considering kaon oscillations, given my2
400 GeV, y,; and y,, could be O(1) provided y i, ypnS
1072, Similar considerations apply for flavor-violating
combinations of the couplings g,, and g,;. The constraints

>The calculation of the baryon decay rate to y; and a single
meson is essentially the same as that of 'y, in Sec. IV, modulo a
factor of my,/m, ~ O(1).
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on charm and bottom couplings from D and B oscillations
are less severe.

From the model building point of view, flavor-changing
meson oscillations can be naturally avoided, e.g. charging
the scalar under a symmetry so that F'; — F, is conserved,
where F, label flavor quantum numbers.

VII. COSMOLOGICAL PRODUCTION
OF THE BARYON ASYMMETRY

We now answer in detail the question of how the baryon
asymmetry of the Universe is produced in this model. In
addition to the CP and baryon-number violation described
above, a nonzero asymmetry requires a departure from
thermal equilibrium. The simplest possibility for this is to
assume that y5 is very weakly coupled. It is therefore long
lived and decays out of equilibrium, producing the baryons
that undergo CP- and B-violating oscillations.

At temperatures below m,,,, the equations that determine
the radiation and y; energy densities are

dpra

7(1 +4Hp g = F){3p)(3 ) (39)
dp

d)z‘(3 +3Hpy, = TPy (40)

H is the Hubble parameter which is related to the total
energy density,

8 87 Pra
H= _”Lz - _”pditpﬂfs’ (41)
3 Mg, 3 Mg

where Mp = 1.22 x 10" GeV is the Planck mass. In the
absence of y3 decays, pyq and p,, simply redshift like
radiation and matter energy densities, respectively. The
right-hand sides of these equations describe how y5; decays
cause the energy density in matter to decrease while
dumping energy into the plasma.

In addition to depositing energy in the plasma, some of
the y; decays produce baryons and antibaryons, B and B,
that can oscillate and decay, violating CP and B. For this to
occur, the temperature of the Universe needs to be below
the QCD confinement temperature, Tocp = 200 MeV. On
the time scale of the expansion of the Universe, H~!, the
(anti)baryons produced this way rapidly oscillate and
decay, producing a net B asymmetry. However, because
of the presence of the plasma, with which they can interact,
as well as their large annihilation cross section, B <> 13 can
decohere in this environment, suppressing the asymmetry
that is generated. Properly accounting for this requires a
density matrix treatment, which has been used in a
cosmological context for neutrino oscillations and
oscillating asymmetric dark matter [34,35]. Following
Ref. [35] (see [36] for a similar analysis in the context
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of baryogenesis-related oscillations), we can write the
Boltzmann equations that govern the evolution of the
number density of the B-B system,

dn r,

o +3Hn = —i(Hn — nH") > [0, [0, n]]

1 _
(o). (3 (0210} - 2,
1T,.p
+ E%Brh%m, (42)
23

where the last term describes 3 and BB production through
x3 decay. Br,, _ is the branching ratio for y3 to decay to B

or B. In this equation n and 7 are density matrices,

n ngp ngg  Ngp
n:( BB BB>’ ﬁ:< BB st)’ (43)
gz "Bj g BB
and neq is the equilibrium density of baryons plus anti-
baryons. H is the Hamiltonian seen in Eq. (16). (cv), and

I", are thermally averaged annihilation cross sections and
scattering rates on the plasma, respectively. O is a matrix

0.~y 1) (44)

dt

23

1
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The subscripts of (6v), and I'., i.e. whether they appear
with O, or O_ in Eq. (42), are determined by the behavior
of the effective Lagrangian that gives rise to these inter-
actions under charge conjugation of only the heavy
baryons, B <> B, Ly <> +Le. Interactions that do not
change sign are said to be flavor blind while those that do
are flavor sensitive. For example, B and B can scatter on
light charged particles in the plasma through their magnetic
moment, u, which corresponds to a term in the effective
Lagrangian of

iU -
ZMB[J/”,W]BFW (45)

Under B < B this term changes sign, so the rate for
scattering via the magnetic moment appears with O_ in the
Boltzmann equation.

It is useful to work in terms of the quantities

I\g

A= npp —NgR,

=npgp + nga,

[1]
1]

npp — Ngp,

In this basis the Boltzmann equations are

d r
<_ + 3H>Z — ;3—10)(3]31.)(3—»3 — FEZ — (ReFlz)H + l(Il’IlFlz)E

2 [(on)s + (o)) (52 = A2 = 4n2y) + ((ov).. = {o0)_) (P — E2)]

2

dt

d
—+3H |E
(@)

dt

Coherent oscillations from a flavor-symmetric state to an
asymmetric state proceed through £ — Z, IT — A. Flavor-
sensitive scattering and flavor-blind annihilation suppress 2
and II and therefore lead to decoherence.

When they decay, B and B create states that carry baryon
number. The flavor-asymmetric configuration contributes
to the difference between the baryon and antibaryon
number densities,

(% + 3H> (np —npg) =T'pA. (48)

d
(— n 3H> A = —TgA + 2i(ReM,,)E + 2(ImM ,)IL,
—(FB + ZF_ + <U’U>+Z)E + 2l(ReM12)A - l(ImFlz)Z,

<i + 3H> T = —(Tz + 2I"_ + (o0) , Z)IT - 2(ImM ) A — (Rel})<. (47)

The dominant interaction of 3 and B with the plasma is
scattering on charged particles (mostly electrons at
T < 100 MeV) via the magnetic moment term in Eq. (45).
The cross section for this at temperatures well below my is

-2
doy _ 2o <1 + sin 9/2) (49)

dQ sin® /2

which diverges at small scattering angle, & — 0. This
divergence is cut off at finite temperature by the inverse
photon screening length, m,. Using this, the total cross
section can be estimated as

075009-11



AITKEN, MCKEEN, NEDER, and NELSON
4E?
Oy ~ 4ma’y® log< ) (50)
m;

where E is the electron energy. Taking E~ T, m, ~ eT/3
[37] and p ~ 1/(2mp), this gives

(51)

The (flavor-sensitive) scattering rate is therefore

r_= Fsc ~ Gsc<ne’ + ne*)

2
o g(i) 363 1o
mB 104 T
5 GeV\? T 3
~1071 GeV L (52
07 Ge ( m ) (10 MeV) (52)

Attemperatures above a few MeV, as is needed for BBN, this
rate is larger than a typical heavy baryon width and therefore
strongly affects the B-B oscillations.

When solving the Boltzmann equations, we take an
annihilation cross section that is similar to that for pp
annihilation at low energies,

(ov), + (ov)_ =400 mb. (53)

We will find that only the total annihilation cross section
and not whether it is flavor blind or flavor sensitive is
important, since X > A, E, I1. Furthermore the annihilation
rate is always much smaller than the scattering rate at
temperatures we are interested in, so its effect on the final
asymmetry is subdominant and can generally be ignored.

A. Sudden decay approximation

Having removed the heavy baryons from the problem
due to the short time scales in their system, the evolution
equations are Egs. (39), (40), and (59). These involve only
the radiation energy density, y3 density, and the baryon
asymmetry. They can be simply studied using a sudden
decay approximation to gain a rough estimate of the baryon
asymmetry. We outline this estimate below.

At some high temperature above m,,,, we assume that y3
was in thermal equilibrium with the plasma, fixing its

number density for T < m,, to roughly
3¢ (3)
My =42 (54)

As the Universe cools, the energy density in y; and
radiation are equal. This occurs at the temperature

45¢(3)

= _m, . 55
= 2, (1) ™ o
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g, 1s the effective number of relativistic degrees of freedom
and here it is evaluated at Ty 2 m,,. This corresponds to
the time

B 45 My,
1\ 167°g.(Te) T2,
1 T g*(To) MPl

/379, (Toy) 135¢(3

After this the Universe is matter dominated and the energy
density in radiation and y; redshift as

1 8/3 1 teq 2
Prad = ) A Peq t s Py 2 A Peq .

We then assume that all of the y;’s decay at the time

le

(56)

(57)

tsec = 1/T,,. The ratio of the energy densities just before
decay is
_ /’;(3( gec) 2/3
§="20 00 = (tegly,)
prad( dec) o

slew) )

o (M P (1072 GeV\ 2
10 GeV r ‘

23

(58)

We use ;.. here to indicate the time infinitesimally before
decay.

The dominance of the scattering rate over other scales in
the problem allows us to make some simplifications of the
evolution equations that are useful here. In this limit we can
ignore the Hubble rate as well as annihilation and the
equations governing 3 and BB in (47) can be integrated. This
results in the evolution equation for the difference between
baryon and antibaryon densities, Eq. (48), becoming

d r
(— + 3H> (ng —ng) = e ala]

dt m,,

ZIm(Mlzrlz)Br“_}B
FB(FB +20) +4{M

r,p, T
3Py 1 B
=234~ e 59
m, 2r_° (59)
which is valid for the cases we consider with

M ;| < T'g < T_. We have defined

2Im(M>1kzF12)
F2 BrZs—’B
B

€ = AgBr, 5, (60)

with Az from Eq. (22).
Using €, we can then relate the baryon asymmetry to the
x3 number density at decay,
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ng—ng Iy, (tgec) |:T(t5ec):| 3 &

T () stz [T(ig)] 2r©
_ 3T(taec) T(tgec) 3 FB
"4 m, 5[T(z§m) a© (61)

Here, 7. is the time just after decay. The ratio of the
temperatures just before and after decay is determined by

T(fgec) _ “1/4  £-1/4
T(t‘ercc) - (1 + 5) _é 5 (62)
and
/4 (-
np = Eg T(tdec) &6. (63)

4 m

20

The temperature just before decay can be arrived at by
evolving the radiation energy density, resulting in

/4 /MpI'
3\ﬁ{ 5 } VMely, T (64)
|2ng,

- Iz
T (Tdec ) m ar

X3
Using the expression for the scattering rate in Eq. (52)
evaluated at T'(r],.).

77"3 ﬂg*(Tdec) FBG

3¢(3) 10  o,.m, T, My

X237 X3

~ 11 g*(Tdec> 1/2 mpg 2 FB
910 { 50 ] 5Gev) \10°5 GeV

10722 GeV
o (8 GeV)( 07°° Ge )( €_5>' (65)
m,, r, 10

Therefore we see that a baryon asymmetry of the required
size is possible for a heavy baryon system with e ~ 107,
which requires |M,|/T'g ~ 1072 with |M,|/|T";,| not small.

np =

B. Full solution of the Boltzmann equations

To get a more precise estimate of the baryon asymmetry,
we numerically solve the system in Egs. (39), (40), and
(47). As mentioned above, we need |M,|/T'z to not be
much smaller than around 1072, Looking at Table I, one
potential candidate is the Q(c’b where the dominant coupling
involves the operator (dch)®. In Fig. 5 we show the
value of 5y as a function of temperature in the case of
the asymmetry being sourced by the Q0, — QP system,
taking mg =7 GeV, I'y =3 x 10712 GeV [38], |M,|=
3x1075GeV, [Tp/Mp| =03, arg(M;,T') = 7/2,
m,, =175GeV, I',, =3x107% GeV, and Br,,_5 = 0.35.
We have used an annihilation cross section of 400 mb (the
results do not depend on whether it is flavor blind or flavor
sensitive) and the scattering rate given in Eq. (52).
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FIG. 5. 1ng = (ng—ng)/s (solid, black) as a function of the

temperature or time from a numerical solution of Egs. (39), (40),
and (47) for parameters relevant to the ng - Q?b system:
mpg=7GeV, Tp=3x10"12GeV, |M;] =3x10"" GeV,
|T1a/M 5| = 0.3, arg(M7i,I' ;) = 7/2, m,, =175 GeV,
I',, =3x 107 GeV, and Br,,_5 = 0.35. We have taken the
rate for heavy baryon scattering on the plasma from Eq. (52) and
the annihilation cross section to be 400 mb. This can be compared
against the value of 55 (solid, gray) from a solution of Eqgs. (39),
(40), and (59) as well as using the sudden decay approximation
(dashed, gray) in Eq. (65). Also shown are the ratio of the number
density of y; to the entropy density (multiplied by 1074, solid,
orange) and the ratio of the /3 plus B number densities to the entropy
density (solid, purple). The dashed purple line shows the equilib-
rium B and B density (in units of the entropy density). The
measured value of 7; = 8.8 x 10~!! is given by the solid red line.

In addition, the temperature dependence of the scattering
and annihilation rates is compared to the expansion rate of
the Universe as well as to the rates governing the baryon-
antibaryon system in Fig. 6. As mentioned before, the
(decohering) scattering is the dominant process above
temperatures of about 1 MeV and, in particular, is always
much larger than the annihilation rate.

At high temperatures, the heavy baryon density tracks its
equilibrium value and it begins to deviate from its equilib-
rium value when y3’s begin to decay. Although not directly
evident from the plots (except through the change in the
temperature vs time), the out-of-equilibrium y; particles
actually come to dominate the energy density of the Universe
prior to their decay. After the y; decays, which we assume
happens in less than ~O0.1s, the Universe undergoes a
transition from being matter dominated to radiation domi-
nated, reheating to a temperature above a few MeV.

We have numerically confirmed the rough accuracy of
the sudden decay approximation prediction for nz over
much of the parameter space. Maximal CP violation, and
thus more baryon asymmetry per oscillation, occurs for
arg (M;,I',) = n/2 and larger values of |M,| and [I'},|. A
larger branching ratio, Br,_, 3, would produce more oscil-
lating baryons per Majorana decay. The value of 55 that is
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FIG. 6. The temperature dependence of the rates involved in the
numerical solution of Egs. (39), (40), and (47). The parameters
are the same as in Fig. 5. In orange, from top to bottom are the
scattering, annihilation, and Hubble rates. The purple lines
indicate the rates relevant to the B-B system itself, [z, |M,|,
and |T'j,], from top to bottom, respectively.

generated is maximized if y3 decays when the Universe’s
temperature is about 10 MeV, i.e. 7,, = 1/T",, ~ 1072s. If it
decays earlier than this, heavy baryon scattering on the
plasma leads to decoherence, suppressing the asymmetry. If
if decays later, the Universe does not have a sufficient
baryon asymmetry at the time the neutrinos begin to
decouple, when the Universe is around 3 MeV.

Given the constraints on the transition amplitudes in
Table I, the most promising baryon that could allow for a
large enough transition amplitude to source the BAU is the
as-yet-unobserved Q7; . A relatively large value for |[M ;| is
needed in this case, not far from the collider limit, unless
Br,, v were rather large. It should be noted that the

collider limits discussed in Sec. V which appear in Table I
depend on the specific model that we considered. It is
conceivable that the model could be extended in a way that
makes the standard collider searches that we considered
less constraining. For example, one could imagine making
the ¢ decay to a large number of relatively soft jets by
coupling to a heavy vectorlike quark and a singlet which
decay to a large number of colored objects. Relaxing these
limits could allow for other heavy-flavor baryons to source
the BAU, potentially even observed baryons like the QU,
A, and E). On the other hand, since they involve low-
energy effective operators, the dinucleon decay constraints
are less model dependent. Weakening them would require
significant tuning of tree-level operators against those
induced by weak interactions.

VIII. SUMMARY AND OUTLOOK

We have presented a model for producing the observed
baryon asymmetry of the Universe which avoids high

PHYSICAL REVIEW D 96, 075009 (2017)

reheat temperatures. The asymmetry is generated through
CP- and B-violating oscillations of baryons occurring late
in the hadronization era. Our model minimally introduces
three neutral Majorana fermions and a single colored scalar,
and could potentially be embedded into RPV SUSY.

The Q,, ~ (scb) baryon emerges as our most promising
candidate when constraints due to collider data and
dinucleon decay are taken into account. Note that the
constraints from colliders are more model dependent than
those from the absence of dinucleon decay. Considering
only the constraints from dinucleon decay, additional
baryons, e.g., Q2 ~ (ssc), A) ~ (udb), and E) ~ (usb),
become viable candidates for baryogenesis via their oscil-
lation. An interesting avenue for future work would be
constructing models that are less constrained by collider
experiments while preserving a large baryon oscillation rate.

Interesting signatures of this scenario could be present in
the large data set of the upcoming Belle II experiment. If
the lightest Majorana fermion is sufficiently light, one
possible signature would be decays of heavy-flavor hadrons
that violate baryon number and involve missing energy.
Additionally there could be heavy-flavor baryons that
oscillate into their antiparticles at potentially measurable
rates. Exploring the experimental prospects of this model at
high luminosity, lower energy colliders in more detail will
be left for future work.

Constraints from the LHC and the lack of dinucleon decay
observation are quite important, suggesting the possibility of
the detection of a signal in one or both areas. Dinucleon decays
are a more model independent consequence of this scenario,
and because of the requirement of baryon-number violation
involving heavy flavors, it is likely that dinucleon decays to
kaons would be dominant. In the case of the LHC, a particular
combination of signals in dijet resonances (singly and pair
produced) along with an excess in jets plus missing energy
should be expected. We should mention in this case that a
long-lived neutral particle, y4, that decays hadronically is a
generic prediction of this model. The typical y, decay lengthis
in the range of 10”7 m, which could be well probed by the
MATHUSLA detector that was recently proposed. The signal
of a long-lived but unstable particle at this experiment could
help disentangle this scenario from others that lead to excesses
in jets plus missing energy.
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