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Baryogenesis from B meson oscillations
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We show how CP violating B meson oscillations in conjunction with baryon number violating decays
can generate the cosmological asymmetry between matter and antimatter, and explore the parameter space
of a simple, self-contained model, which can be tested via exotic B meson decays, and via the charge
asymmetry in semileptonic decays of neutral B mesons.
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I. INTRODUCTION

Baryogenesis—generating the cosmological asymme-
try between matter and antimatter—requires physics
beyond the Standard Model (SM). The pioneering work
of Sakharov [1] found three necessary conditions: baryon
number violation, C and CP violation, and departure
from thermal equilibrium. Baryon number violation
occurs nonperturbatively in the Standard Model [2].
CP violation also occurs, however the standard model
CP violation appears to be too small to explain the
observed baryon asymmetry. Finally, the minimal
Standard Model contains no mechanism for departure
from thermal equilibrium.

Recent work [3,4] has shown the possibility for low
energy baryogenesis via the oscillations of neutral
hadrons, in conjunction with new sources of CP and
baryon number violation. In Ref. [4], the oscillating
hadrons were mesinos—bound states of a quark and an
antisquark. In that work a relatively long-lived squark
decayed into antiquarks via baryon number violating
R-parity violating decays. A minimal model to capture
this physics was studied in detail-that model contained
three neutral Majorana fermions (“neutralinos”) and a
color triplet scalar (“squark™). The same model, in a
different parameter region with lighter neutralinos, was
shown to lead to baryogenesis via potentially observ-
able baryon and CP violating neutral heavy flavor
baryon oscillations [3,5]. A similar model, in which
baryon number is conserved but also carried by dark
matter, was shown to be capable of producing both the
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visible matter-anti-matter asymmetry and asymmetric
dark matter [6] via B-meson decays. In the present
work, we reexamine the simpler model of Ref. [4], and
show that for a different parameter range that was not
considered in the previous work, baryon number vio-
lating decays of B” mesons are allowed by experiment,
potentially observable, and could be the explanation for
baryogenesis.

The baryogenesis scenario described here begins in the
prenucleosynthesis early universe with the decays of
a long lived scalar into b-quarks and antiquarks. These
decays are assumed to take place late enough and at
low enough temperature to allow hadronization, but
before nucleosynthesis. Most of the b-quarks form B
mesons. The neutral B mesons then oscillate and decay,
sometimes to baryons or antibaryons, resulting in the
observed asymmetry.

Our model is similar to the one used in Ref. [5] to
produce the baryon asymmetry through oscillations of
baryons [3,4], although even simpler. It is worth noting
that even though we use a similar model, the parameter
space is different and we are less constrained from
dinucleon decay. The mechanism we describe is similar
to the one found in a slightly more elaborate model [6],
which could generate a dark matter relic along with baryon
number. In the current work we have no dark matter
sector. We assume that whatever the dark matter is, it is
very weakly coupled and has no effect on baryogenesis.
It would be a straightforward matter to include, for
instance, axion dark matter. Note that the presence of a
late decaying heavy particle can have an effect on the
allowed axion parameter range and substructure [7].

This paper is organized as following: In Sec. II we give
an overview of B meson physics and how it could be related
to baryogenesis. A more detailed description of the model
and phenomenology is given in Sec. III. In Sec. IV we show
that the baryon asymmetry may be produced with para-
meters which are allowed by experiment. In Sec. V we
conclude and sketch ideas for future work.
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II. CHARGE ASYMMETRY IN OSCILLATING
B-MESONS AND SIGN OF THE
MATTER-ANTI-MATTER
ASYMMETRY

We briefly review the physics of neutral B-meson
oscillations and describe how new physics in the decays
and mixing can lead to baryogenesis. The oscillations are
described by an effective 2 state Hamiltonian:

i M M,\ i/T Ty
H=M--T= - Y
2 M, M) 2\r, T

Here M and I" are respectively the dispersive part and the
absorptive part of the transition amplitude. The CP violat-
ing phase arg(I";,/M,) is reparameterization invariant and
observable in the semi-leptonic charge asymmetry of
neutral meson decays. This phase is crucial for our baryo-
genesis mechanism, as it determines whether there are more
b quarks or b anti-quarks at the time of decay. With an
asymmetry between b quarks and antiquarks, the baryon
number violating decays of the b quark into two lighter
antiquarks and a Majorana fermion, or the b anti-quark into
two quarks and a Majorana fermion can produce the
observed matter antimatter asymmetry. In order for baryon
number violating decays to produce more matter than anti-
matter, there must be more b-antiquarks at the time of
decay. Because the semi-leptonic decays of b-antiquarks
produce positively charged leptons, this baryogenesis
mechanism requires a positive charge asymmetry in either
BY or B; meson oscillations, or both. The charge asym-
metry depends on the phase of the absorptive term (I'},)
relative to the dispersive term (M,) in B meson mixing.
The magnitude of I'j, and M, are measured and are in
agreement with the Standard Model in both neutral meson
systems. In the Standard Model, the phase arg(I'1,/M,) is
predicted to be very small for both the B® and the B; due to
the unitarity of the CKM matrix and the relatively small
mass of the charm quark, leading to a very small prediction
for the charge asymmetry. Experimentally, the charge
asymmetry has not yet been distinguished from zero in
either system. The prediction in the standard model is that
the charge asymmetry is negative for the B and positive
but very small for the B,. Our detailed analysis will show
that because more b quarks fragment into B° mesons than
B, mesons, and because of the small size of the standard
model asymmetry in B; mesons, new physics in the mixing
amplitude may be needed for baryogenesis from B mesons.
New physics which makes a small contribution to M, and
is consistent with experimental constraints can have a
significant effect on the phase arg(I';,/M,) in either
system. When experimental constraints on such new
contributions are taken into account, the most promising
case for a positive charge asymmetry which is large enough

for baryogenesis is a new contribution to mixing in the B,
system.

III. NEW PHENOMENOLOGY FROM
OUR MODEL

A minimal renormalizable model for this baryogenesis
mechanism contains three new particles: One Majorana
fermion, y, in the mass range 2-3 GeV, one new charge
—1/3 color triplet scalar ¢, with mass in the range 500 GeV
to 1.9 TeV, and a very weakly coupled particle, ®, which
decays out of equilibrium into b-quarks and antiquarks.
The upper bound on the ¢ mass is from the need for a large
enough branching ratio for exotic B meson decay, as we
explain later. ® might be the inflaton or a string modulus.
As @ is very weakly coupled it is not experimentally
accessible. Detailed computation shows that we need the
mass of @ to be between 11 GeV and about a hundred GeV.
We note that it is to be expected that a scalar in this mass
range would mainly decay into b-quarks. A simple way to
achieve this goal is coupling @ to the Higgs boson with a
very small coupling constant ¢:AL = g®HH. The
vacuum expectation value (VEV) of the Higgs boson
would naturally give rise to gv®h, which results in a tiny
amount of ®-H mixing and a decay channel to b-quarks.
The neutral Majorana fermion y and color triplet ¢ will
interact with SU(2) singlet quarks through the following
terms:

Lin D _gijﬁb*ﬁ;?d;j - )’j@_{d;ej +H.c. (2)

where i and j are flavor indices which run over the three
generations of up- and down-type quarks.

The Majorana fermion y is neutral and its mass should be
greater than the mass difference between proton and electron,
m, —m, = 937.75 MeV, otherwise this model will give
rise to proton decay [3]. The mass of y will be taken to be
2-3 GeV in this paper. Mediated by ¢, the Majorana fermion
y could decay to three quarks. The lifetime must be less than
0.1s to avoid spoiling successful BBN [8]. This requires that
gijyy 2 (5 GeV/m,)*(m,;/350 TeV)? [5], with i = u or ¢
and j,j/ =dors.

The colored scalar ¢ will either decay to antiquark pairs
or into y plus a quark, and could appear in searches for dijet
resonances and jets and missing energy. The mass of ¢
should be at least about 500 GeV to pass collider
constraints [9]. There will also be many constraints from
nucleon oscillations and dinucleon decays [5], which give
us upper bounds on various flavor combinations of the
gij and y; couplings. The strongest bounds, which are on
combinations of couplings that allow dinucleon decays [5],
requires that g;;y; < (m,/34 TeV)? for m, =2 GeV,
which are consistent with a cosmologically acceptable y
lifetime if the mass of y is greater than 2 GeV. The upper
bound on the y mass comes from branching ratio of exotic
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B meson decay, which will be discussed in the following
subsection III A. The properties of new particles we
introduce are summarized in Table 1.

Long-lived but unstable particles like @ and y are
extremely hard to detect because the coupling constant
is too small, which appears as missing energy in colliders.
But the y particle is produced in b-quark decays and will
eventually decay to SM particles, which gives an oppor-
tunity for detection in long lived particle searches [10,11].

This model allows B mesons to decay into a baryon (plus
mesons) plus an unstable Majorana fermion. As the latter
will equally likely decay into a baryon or an anti baryon
plus mesons, when combined with a CP violating charge
asymmetry, such decays will result in a net baryon number.
The box diagrams involving the new particles and the y,
couplings can also modify the phase arg(I';,/M,), pro-
ducing a nonstandard charge asymmetry in B oscillations.

A. Exotic B meson decays

There are potentially observable consequences for B
meson physics. First, there will be a new decay channel for
B mesons, which violates baryon number, and involves a
relatively long lived exotic Majorana fermion. The
Feynman diagram for this decay process is shown in Fig. 1.

The Majorana fermion will be present as missing energy
in most collider searches. Searches for long lived particles,

FIG. 1. These are the Feynman diagrams for a new b decay
channel, which violate baryon number.

TABLE I. This table briefly summarizes the properties of the
new particles we introduced. The masses and lifetimes are mainly
constrained by colliders and cosmological obeservations, which
will be discussed in more detail. The colored scalar ¢ will decay
rapidly to anti-quark pairs or y plus a quark through tree-level
couplings.

New Particles in Our Model

Spin  Mass z(GeV)  Lifetime SUB) SUQR) (0]
o 0 11-100 0.2-20 ms Singlet Singlet 0
¢ 0 500-1900 Triplet Singlet —1/3
x 1/2 2-3 <0.l's Singlet Singlet 0

e.g., using a MATHUSLA-like detector, have a chance to
find it [10].

In estimating the branching fraction for the exotic decay
of B mesons, we assume that the y mass is low enough that
the momenta in the decay are all larger than the QCD scale
so that we may treat QCD perturbatively. Then decay may
be approximated by the rate for a heavy b quark to decay
into 3 lighter fermions, while the light quark in the B meson
acts as a spectator.

The effective interaction term is

AL = %l}uw. (3)
My

In this limit, neglecting the masses of the light quarks, the
decay rate is approximately [5]:

AT~ DIl s (4)
602z my "
where Am is the mass splitting between the y and the
bottom quark. The B®,B*, and B, could all possibly decay
to a baryon plus mesons plus the y fermion, with the y
appearing either as missing transverse momentum or as a
long lived particle. As y can decay into either 3 quarks or 3
antiquarks, it will appear as either a baryon plus mesons or
an antibaryon plus mesons. Note that y, is not strongly
constrained by colliders or by the oscillations of baryons,
therefore this branching fraction can be relatively large.
To produce the required baryon number, we will find in
Sec. IV that the branching ratio Brg_, 5 must be in the range
of Brg_p~1073-10"". From the decay rate we have
estimated, the branching ratio is

Am \*/1TeV \/YsGub \*
Bry_z~ 107 e
tp-5 (2 GeV> ( m, 053 )

The branching ratio has to be greater than 1073 to generate
sufficient baryon number, which imposes an upper bound
my < 1.9 TeV if we take Am ~2 GeV, y,g,, ~ 1. This is

compatible with collider constraints on a colored scalar,
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including the constraints on resonant single ¢ production
[12—14]. The signature of exotic B decays is a baryon with
missing energy [15].

B. New contributions to B® — B® mixing

In our model, baryogenesis can result from baryon
number violation in B meson decay. The baryon number
will depend on CP violating phases determining the charge
asymmetry in B; and B, meson mixing. In the SM the
CP violating phase in B® — B® mixing is determined by the
CKM matrix. Our new model could also contributes to
BY — B°. As |M,,| is measured with high precision and
agrees well with SM predictions, the new contribution
should be much smaller than the standard box diagram.
It generically will have a different phase. Because the
CP violating phase is small, the width difference AT,
and Am, may be used to estimate the magnitude of
FlZ’ M12, with AFq = 2|F12| and Amq = 2|M12|, where
the subscript g represents arbitrary quarks. Am, is well
measured [16-18]:

Amy = 0.5064 = 0.0019 ps~!,
Am, = 17.757 £0.021 ps~! (6)

The decay width difference AI', is given by [19]:
ATy = 0.085 4+ 0.015 ps~'. (7)

AT is not well measured because AI';/T"; is too small and
the uncertainties are relatively very large. However, in the
approximation of negligible CP violation in mixing, the
ratio AI',/Am, is equal to the small quantity [I"j,/M,|,
which is independent of CKM matrix elements and could
be used to determine AI',:

AT'; = 0.0026 ps~! (8)
The CP asymmetry in semileptonic B decays is defined as:

4o TIB°() = 1'X] ~ T[B°(1) > I°X]
LU TBY (1) — 1T X] 4+ T[BY(1) — X

©)

where X stands for any other particles produced in this
inclusive process. This asymmetry would be determined by
the relative phase between the absorptive and dispersive
parts of the transition amplitude (For calculations of
transition amplitude in Standard Model, see [20-22]),
Ag, =1ImIl",/M,. Assuming only M, receives a new
contribution from new physics, the experimental searches
for Ag; gives a range of [19,23-25]:

A € (=59 %1073, -4 x 107,
A € (-1.11 x 1073,8.8 x 107%). (10)

The SM predictions for Ag of both BY and B, are very
small [19,26]:

)
b - <~ d
d—’——_j;'_ b
b T T d
I I
o 4 Yo
d 1 1 b
b : : b
o A Ao
I I
d ' ' d

FIG. 2. These are the Feynman diagram for a nonstandard to B
meson oscillations.

Al = (-4.74£0.6) x 107
Ay = (2.22+£0.27) x 1075. (11)

As mentioned, Ag; has to be positive to give rise to
baryogenesis, which means that we will need a positive
asymmetry in the B, system. We will find that new physics
in the mixing is favored to make this sufficiently positive.
There is still room for new physics which could make an
order of magnitude change in Ag in either system.

The second term of the Lagrangian, will directly result in
an extra contribution to B® — B transition amplitude,
which can be seen from the box Feynman diagram 2:

The dispersive part will be given by the exchange of off-
shell particles, while the absorptive part of transition
amplitude will be given by the exchange of on-shell
particles. Since ¢ is heavy, there will not be any absorptive
contribution from the new diagrams as long as the mass
of y is greater than half of B meson mass, and even if y
is lighter than this any such contribution would be tiny.
For our purpose, we only need to affect the small phase
arg(T"},/M,), which does not require any new contribution
to I'1,. Any contribution to M, from new physics which
has a phase different from the CKM phase could achieve
this. The extra transition amplitude would be given by (see
Appendix for detailed calculation):

f%}mBBB

AM,, = 0.66—=2——"
12 16ﬂ2mi

(ysya)? (12)

where f is the decay constant of B mesons, mp is B meson
mass and Bp is a bag parameter, which is order one. The
subscript in y still represents the down type quark.
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It is worth noting that the y', are the only coupling
constants from the new model that affect transition ampli-
tude. However, the constraints for the parameters from
dinucleon decay and heavy flavor baryon oscillations only

set a upper bound for combinations of g/,y%. From another
point of view, the magnitude of transition amplitude is
measured with high precision, which agrees with SM
predictions roughly and that imposes constraints on com-
binations of y,:

m 2
G2 <1.02x 1070 (L
|ybyd| ~ X (1 TeV ’

2
iR <733 x 1077 ()", (13)
IbIsl 1 TeV

There are other constraints from AF =1 and AF =2
observables [15]. Those constraints will not affect this
model because we only need y,g,, to be large enough.
Noting that (y,y?)? is generally a complex number, if it has
large phase difference with transition amplitude from SM
predictions, this term could give rise to positive value of
semileptonic asymmetry. The B meson transition amplitude
gives the strongest constraint on the combinations (ybyc*i)2
and (y,y?)?, therefore we may fit these parameters to the
baryon asymmetry.

IV. COSMOLOGICAL PRODUCTION OF
THE BARYON ASYMMETRY

The massive particles, ®, which mainly decay out of
equilibrium to b-b quarks, provide the necessary departure
from thermal equilibrium to produce the baryon asymme-
try. The b-b quarks will quickly hadronize then decay into
other lighter particles. Since the time scale for b-b quark
decay is much shorter than the age of the universe, in
considering the thermal evolution of the universe it is valid
to neglect the brief existence of B mesons or baryons and
consider the ®@ decay products to be radiation. The radiation
produced by @ decays will thermalize on a timescale that is
very short compared with the lifetime of the ®. Therefore,
the evolution of the energy density of radiation and @ can
be described by the following equations:

dpe
Do | 3Hpy = —T
ar +3Hpe oPo
dp,
;t +4Hp, = Topo (14)

where pg is the energy density of @, p, is the energy
density of radiation, and I'g is the decay rate of ®. The
energy density of p, could directly determine the temper-
ature of the radiation through:

77;2

where g, (T) is the effective number of degrees of freedom.
The Hubble parameter is given by:

87p, + po
H—”— 16

where M;; = 1.22 x 10" GeV is the Planck mass. Solving
these equations numerically we can obtain the thermal
history of the early universe during the early matter
dominated era.

When the temperature is below a scale of order
Aqcep ~ 200 MeV, the quarks will hadronize. The b quarks
produced by ® decay will mainly form B,, B* and B,
mesons. The fragmentation ratio of b-quarks to BY, B* and
BY is taken to be 4:4:1, which is roughly consistent with
observation in Z decays and p-p collisions [27] (Note that
the ratio is production-mode dependent with a slightly
higher ratio of B, mesons produced in p-p). The charged B
mesons play no role in baryogenesis, while the neutral B
mesons, as described in Sec. III, will undergo CP and
flavor changing oscillations, and also sometimes decay into
baryons and anti-baryons, as shown in Fig. 1.

Since BY and BY oscillate coherently while also poten-
tially undergoing decoherence from scattering, a density
matrix treatment is useful for treatment of these states in the
corresponding Boltzmann equations. Accounting for the
interaction with plasma and the annihilation between Bg
and B?,, the Boltzmann equations are [28-30]:

% +3Hn = —i(Hn — nH') - % [0+, [0, 1]

_ (ov), @ {n,0.70,} - an)

1T
4o PP
Mme

Br(D—»B O+ (17)

where the last term describes BY and BY production during
the decay of ®.

Here Brg_p is the branching ratio for ® — B + X,
which is assumed to be one because ® mainly decays to
b quarks and b quarks mainly hadronize to light B mesons
BY and BY. This is actually the very reason that we need B
meson oscillations to explain baryogenesis from the theo-
retical point of view. In this equation n and 7 are density
matrices,

n— (”BB nBB>’ ﬁ:<nBB ”BB) (18)
ngp TNpp ngp BB

and ng is the equilibrium density of B mesons plus anti B

mesons. H is the Hamiltonian for B-B mixing, see in

Eq. (1).{ov), are thermally-averaged annihilation cross

section for B meson and anti B mesons, and I, are the

scattering rates between B mesons and charged particles in

the plasma. It turns out the annihilation is negligible for B
mesons, while the scattering would be important because
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there is a charge radius for B mesons which is different for
mesons and antimesons and interacts with the e* particles
in the plasma. O is a matrix

o.=(1 2) w

The subscript £ is determined by the behavior of effective
Lagrangian that gives rise to the interaction under charge
conjugation of B mesons, B < B, L. < £L.
Interactions that do not change sign are called flavor-blind
interactions while those that change are flavor-sensitive
interactions. For the concern of this work, the only
interaction that is important to us is the charge radius
which gives the neutral B mesons a photon coupling and
allows for scattering off of e* particles.

z

A= Nnpp — Ngppg,
M = ngp + ngp. (20)

Npp + UN: L

[1]
[If

npp — Npp>

After hadronization, b quarks form BY, B? and other B
mesons, with fragmentation ratio Br(b — BY) = 0.4 and
Br(b — BY) = 0.1 [27]. Considering the flavor-sensitive
interaction only, we can write the Boltzmann equations as:

d r
( + 3H> T =P TS — (Rel},)I
d[ me

+ i(ImI"}»)E,

d

(i + 3H>E = —(Ip + 2l )E + 2i(ReMp)A
— i(ImI'p),
<i + 3H>H = —(p + 2 )T - 2(ImM ,)A
— (Rel'p)Z, (21)

where [ is the decay rate of B mesons, M,, ['|, are the
off-diagonal terms of Hamiltonian described in Eq. (1), and
I'g is the decay rate of ®@, which can define the reheating
temperature:

Lo = 3H(T,4), (22)

where the universe is assumed to be dominated by radiation
with temperature 7,

From these equations we can see coherent oscillations
will cause transition IT — A, which will produce B meson
asymmetry and thus baryon asymmetry as long as B
mesons will decay to baryons. Flavor-sensitive scattering
will suppress this process.

The scattering rate could be estimated as [6]:

5
I, ~1071 ( ) GeV (23)

0.02 GeV
When T is below 0.01 GeV, the scattering rate is small
and the decoherence caused by scattering is no longer
significant. The production of the baryon asymmetry
mainly takes place below this temperature.
The baryon asymmetry is directly determined by B
meson asymmetry:

d
(E + 3H> S5 = Brp_pglsA, (24)

where J5 is the number density of baryon asymmetry and
Brp_ 5 is the branching ratio for B - B + X.

It is worth noting that the lifetime and oscillation period
of B mesons are much shorter than the Hubble time, so the
Hubble term and the time derivative term could be ignored.
Under this approximation, we can compute the ratio A/pg,
which is a function of transition amplitudes and scattering
rate:

A .
o 2|M 1, ||T, | sin(¢pr — pp)Top(Tp + 2T )
D

X {—4|M12|2|F12|2005(¢r —dum)
+ ([F 4 2050 ) (4|M 1o |* — |Tpo)?)
+T5(Tp + 20 )}, (25)

where ¢r, ¢, is the phase of I'j; and M{,. Under the
approximation of cos(¢r — ¢y) & 1, A/pg is proportional
to Ay. Given reheating temperature of the late decaying
particle @, the number density of net baryons could be
calculated by:

i A t R(1)?
nB:/lBrB_)B—(t)pd)()FB (1) dr, (26)
to Po me

where R(7) is the scale factor of the universe. A/pg is a
function of transition amplitudes and scattering rate, and
only scattering rate depends on temperature, which is a
function of time. Therefore A/pg itself is also a function of
time. Here ¢ is the time when hadronization begins and ¢,
is some time when the universe is dominated by radiation
again. The baryon asymmetry would be given by:

ng
QR — (27)
%Q*S(tl)T(f1)3

where g, is the effective degree of freedom at present. The
baryon asymmetry can be represented as:

= (Fs) (0 YA g, 28
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FIG. 3. This figure shows the ability of BY and BY to produce
baryon number at a given reheating temperature. The scattering
rate is greater at higher temperature, which leads to more
significant decoherence and suppression of the baryon asymme-
try. However, |M,,| and |I'},| are very different for BY and BY,
which leads to a lower characteristic temperature when
decoherence is significant for the B, than the B;. Thus typically
the baryon asymmetry is mostly produced in B, oscillations.

where a,(T) and a,(T) are coefficients as a function of
reheating temperature 7, whose exact values request
numerical study.

The baryon asymmetry, with measurement from cosmic
microwave background (CMB) [31,32] and big bang
nucleosynthesis (BBN) [27,33], is given by:

Y = (8.718 +0.004) x 10~ (29)

From Fig. 3 we can conclude that SM predictions of Ag; is
too small to produce the expected baryon number. Besides,
the SM CP violation predicts that the B, makes a negative
contribution to baryon number. The fact that the By,
contribution is suppressed down to lower temperature
means one might hope to produce the correct sign from
B, oscillations, however detailed computation shows that
the net effect from the SM CP violation is to give the wrong
sign for the baryon asymmetry.

We require Ag; to be greater than the SM prediction
and positive for the B, and not too negative for the By,
which is a testable feature of our mechanism. However, the
exact constraints sensitively depend on the reheating
temperature, as shown in Fig. 3. When reheating temper-
ature is at 5 MeV, the Ag; should satisfy:

Bry_. 100 GeV

When reheating temperature is higher, the contribution
from B, would be suppressed. For reheating temperature at
25 MeV, the Ag should satisfy:

B 100 GeV
( fgj)( 0(’)726 >(O.O3A§L+1.02A§L)z10‘3. (31)

Given that Ag is always negative for the By, a high
reheating temperature around 25 MeV is needed in order to
suppress the CP violation in the B, oscillations. Combining
with the range of allowed Ag; in Eq. (10), we find that a
branching ratio Brg_ 5 larger than about 1073 is required
for baryon violating b quark decays. Also, to produce the
expected baryon number, we expect Ag; to be positive and
greater than the SM predictions.

V. DISCUSSION

In this work, we have shown that B meson oscillations
could solve the puzzle of baryogenesis within a simple
renormalizable model containing three new particles. This
model predicts an exotic baryon number violating B meson
decay mode. We also predict new contributions to the
semileptonic asymmetry in B meson oscillations.
Specifically, we link the sign of the matter asymmetry to
anew positive contribution to the semileptonic symmetry in
B, meson decays. Another prediction is that immediately
prior to nucleosynthesis in the early universe, the energy
density is dominated by a massive late decaying particle.
This may have implications for forming small clumps of
dark matter in the early universe.

The baryon asymmetry is proportional to the branching
fraction for exotic B meson decays into a baryon and
missing energy. These features could be searched at LHCb
and Belle-II, as discussed in [6]. The missing energy is
carried by a long-lived Majorana fermion y, which will
decay into a baryon or antibaryon, and could be found in
dedicated searches for long-lived particles [10,11].

The cosmological constraints for the corresponding
reheating temperature is Try > 4.7 MeV [34]. The thermal
history of early universe before BBN is hard to probe. A late
decaying ¢ particle does have some implications for axion
miniclusters [7] and substructure formation [35]. It happens
that the reheating temperature that is favored by axion
minicluster also tends to generate baryon number efficiently
with our mechanism. Looking for axion miniclusters may
also provide evidence for early matter domination.

Embedding this model into a R-parity violating super-
symmetric model would provide more motivation and
phenomenological implications.
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APPENDIX: NEW CONTRIBUTIONS TO
NEUTRAL B MESON OSCILLATIONS

In this appendix we will give explicit formulas for the
extra contributions to M, from new physics, whose
Feynman diagrams are already shown in Fig. 2. They
are very similar diagrams with those from Standard Model
except the gamma matrices. Therefore we are doing similar
computations as in Refs. [20-22].

The first box diagram will give us the following effective
Hamiltonian:

) 7 a7 1
HY =b,(1-7)r"d,d, (1= 1)/ bupa(p —q),l'y +H.c.
(A1)

where p is the momentum of b quark and ¢ is the loop
momentum. The integral 1,4 is given as:

4

m_1. . o[ dq !

I = — - - A AN
a = 7 ) / 2n) 4o(P = ) @+ )

1 1
=0 +m2] (@ +m)(p—aP +m?
(A2)

where m denotes the mass of Majorana fermion. We have
ignored the momentum distributed to u,s quarks because
they can be approximated as massless particles. The second
Feynman diagram will give us similar results. However,
the contribution from the third diagram is negligible. After
manipulating those gamma matrices, we will find that it is
proportional to m?, which is very small compared to mé.
The effective Hamiltonian from the second diagram could
be written as:

HE =bo(1 =1)rd, b, (1 =7 )7 d, (p = q)ag1'5) +Hee.
(A3)

M

Switching indices on 1o @),

will give us Loy
2 1
1) =1). (A4)

There is a trick on calculating this Feynman integral, which
utilize the symmetry of the Feynman diagrams.

4
(1) 1 d q
I fry —_—
af qa(p Q)/)'( é_ 2)

(27)*
« { !
(q* +m)[(p—q)* +m?]
1
@) (p - ) + 3]
|
(@ +m)lp—q)?+m
- : } (A5)
(@ +m*)[(p—q) +mjl)

Applying Feynman’s formula:
1
(¢ +m})[(p—q)* +m3]
1
= [ arlla=xp) -4 x(1 =2 xm (1 =2}
0

(A6)

Since the momentum is given by on-shell relation: p? =
—m3, it is convenient to denote:

Dy = —x(1 = x)mj + mj

= —x(1 —x)m3 + m?
= —x(1 = x)mj 4 xm* + (1 = x)m;
Dy = —x(1 = x)mj + xmg + (1 — x)m* (A7)
The Hamiltonian could be represented as:
Hetr = Adyy" (14 1) bodgy, (1 +7°) by
+ Bd,(1 —y°)b,ds(1 —y°)ds + He.  (AB)
Coefficients A, B can be written as:
m/ deD ln
m2
W/ dxz InD;, (A9)

where > 1 /=2 =>4 .. Since D; are always pos-
itive for the whole range of x, there is no contribution to
I'j,. The contribution to M, is

AM | = (B°[H|B%). (A10)

The matrix elements are corresponding to the nonpertur-
bative effects, which could be estimated as:

- - - 8
(B, (14 7)budyr, (1 + 1)yl BY) = ¢ fimsB}

_ - - 5
<Bolda(1 - ys)badﬁ(l - ys)d/)'|BO> = _gf%}mBB%}v

(Al1)

where f5 is the decay constant of B mesons, mp is B meson
mass and By is a bag parameter, which is order one. For
m = 2 GeV, which is the parameter space we are interested
in, the result is
f2 BZ

AM,, = 0.66’2753 (vpyi)>. (A12)
Lattice study can numerically give us the value of decay
constant and bag parameter, By = 0.87, Bp = 0.9, fp =
0.192 GeV, fp, = 0.228 GeV. [36,37].

075002-8



BARYOGENESIS FROM B MESON OSCILLATIONS

PHYS. REV. D 100, 075002 (2019)

The ratio to the experimental value of M, is

AM,, )2
(pyi)?,
My, ¢

AM,,. 1 TeV\2
—1 = 161( < ) (vpyi)2
gy

1 TeV
ny,

= 3689(

(A13)
125

Therefore y,,, y,4, v, must be much smaller than 1 to agree
with experimental results. This will not cause a problem
because AM,, is the only observable that is only deter-
mined by y,. It is worth noting that the calculations we
present here are very much the same with box diagram
calculations in a supersymmetric theory [38], but with very
different parameters.

[1] A.D. Sakharov, Sov. Phys. Uspekhi 34, 392 (1991) [Usp.
Fiz. Nauk 161, 61 (1991)].
[2] G. 't Hooft, Phys. Rev. Lett. 37, 8 (1976).
[3] D. McKeen and A.E. Nelson, Phys. Rev. D 94, 076002
(2016).
[4] A. Ghalsasi, D. McKeen, and A. E. Nelson, Phys. Rev. D
92, 076014 (2015).
[5] K. Aitken, D. McKeen, T. Neder, and A. E. Nelson, Phys.
Rev. D 96, 075009 (2017).
[6] G. Elor, M. Escudero, and A. Nelson, Phys. Rev. D 99,
035031 (2019).
[7]1 A.E. Nelson and H. Xiao, Phys. Rev. D 98, 063516 (2018).
[8] K. Jedamzik, Phys. Rev. D 74, 103509 (2006).
[9] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C
78, 250 (2018).
[10] D. Curtin et al., arXiv:1806.07396.
[11] L. Lee, C. Ohm, A. Soffer, and T.-T. Yu, Prog. Part. Nucl.
Phys. 106, 210 (2019).
[12] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C
76, 547 (2016).
[13] A. Monteux, J. High Energy Phys. 03 (2016) 216.
[14] V. Khachatryan et al. (CMS Collaboration), Eur. Phys. J. C
75, 235 (2015).
[15] G. Alonso-Alvarez, G. Elor, A.E. Nelson, and H. Xiao,
arXiv:1907.10612.
[16] E. Barberio et al. (Heavy Flavor Averaging Group), arXiv:
0808.1297.
[17] V.M. Abazov et al. (DO Collaboration), Phys. Rev. Lett. 97,
021802 (2006).
[18] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett.
97, 062003 (2006).
[19] M. Artuso, G. Borissov, and A. Lenz, Rev. Mod. Phys. 88,
045002 (2016).
[20] J. S. Hagelin, Nucl. Phys. B193, 123 (1981).

[21] A.J. Buras, W. Slominski, and H. Steger, Nucl. Phys. B245,
369 (1984).

[22] H.-Y. Cheng, Phys. Rev. D 26, 143 (1982).

[23] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 114,
041601 (2015).

[24] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 117,
061803 (2016); 118, 129903(A) (2017).

[25] S. Klaver (LHCb Collaboration), Proc. Sci., ICHEP2016
(2016) 568 [arXiv:1611.08250].

[26] S. Laplace, Z. Ligeti, Y. Nir, and G. Perez, Phys. Rev. D 65,
094040 (2002).

[27] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[28] S. Tulin, H.-B. Yu, and K. M. Zurek, J. Cosmol. Astropart.
Phys. 05 (2012) 013.

[29] M. Cirelli, P. Panci, G. Servant, and G. Zaharijas, J. Cosmol.
Astropart. Phys. 03 (2012) 015.

[30] S. Ipek and J. March-Russell, Phys. Rev. D 93, 123528
(2016).

[31] P.A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

[32] N. Aghanim et al. (Planck Collaboration), arXiv:1807
.06209.

[33] R. H. Cyburt, B. D. Fields, K. A. Olive, and T.-H. Yeh, Rev.
Mod. Phys. 88, 015004 (2016).

[34] P.F. de Salas, M. Lattanzi, G. Mangano, G. Miele, S. Pastor,
and O. Pisanti, Phys. Rev. D 92, 123534 (2015).

[35] A.L. Erickcek and K. Sigurdson, Phys. Rev. D 84, 083503
(2011).

[36] N. Carrasco et al., Proc. Sci., ICHEP2012 (2013) 428,
[arXiv:1212.0301].

[37] W. Lucha, D. Melikhov, and S. Simula, Proc. Sci., EPS-
HEP2013 (2013) 021, [arXiv:1308.3157].

[38] M. Ciuchini et al., J. High Energy Phys. 10 (1998) 008.

075002-9


https://doi.org/10.1070/pu1991v034n05abeh002497
https://doi.org/10.3367/UFNr.0161.199105h.0061
https://doi.org/10.3367/UFNr.0161.199105h.0061
https://doi.org/10.1103/PhysRevLett.37.8
https://doi.org/10.1103/PhysRevD.94.076002
https://doi.org/10.1103/PhysRevD.94.076002
https://doi.org/10.1103/PhysRevD.92.076014
https://doi.org/10.1103/PhysRevD.92.076014
https://doi.org/10.1103/PhysRevD.96.075009
https://doi.org/10.1103/PhysRevD.96.075009
https://doi.org/10.1103/PhysRevD.99.035031
https://doi.org/10.1103/PhysRevD.99.035031
https://doi.org/10.1103/PhysRevD.98.063516
https://doi.org/10.1103/PhysRevD.74.103509
https://doi.org/10.1140/epjc/s10052-018-5693-4
https://doi.org/10.1140/epjc/s10052-018-5693-4
http://arXiv.org/abs/1806.07396
https://doi.org/10.1016/j.ppnp.2019.02.006
https://doi.org/10.1016/j.ppnp.2019.02.006
https://doi.org/10.1140/epjc/s10052-016-4382-4
https://doi.org/10.1140/epjc/s10052-016-4382-4
https://doi.org/10.1007/JHEP03(2016)216
https://doi.org/10.1140/epjc/s10052-015-3451-4
https://doi.org/10.1140/epjc/s10052-015-3451-4
http://arXiv.org/abs/1907.10612
http://arXiv.org/abs/0808.1297
http://arXiv.org/abs/0808.1297
https://doi.org/10.1103/PhysRevLett.97.021802
https://doi.org/10.1103/PhysRevLett.97.021802
https://doi.org/10.1103/PhysRevLett.97.062003
https://doi.org/10.1103/PhysRevLett.97.062003
https://doi.org/10.1103/RevModPhys.88.045002
https://doi.org/10.1103/RevModPhys.88.045002
https://doi.org/10.1016/0550-3213(81)90521-6
https://doi.org/10.1016/0550-3213(84)90437-1
https://doi.org/10.1016/0550-3213(84)90437-1
https://doi.org/10.1103/PhysRevD.26.143
https://doi.org/10.1103/PhysRevLett.114.041601
https://doi.org/10.1103/PhysRevLett.114.041601
https://doi.org/10.1103/PhysRevLett.117.061803
https://doi.org/10.1103/PhysRevLett.117.061803
https://doi.org/10.1103/PhysRevLett.118.129903
http://arXiv.org/abs/1611.08250
https://doi.org/10.1103/PhysRevD.65.094040
https://doi.org/10.1103/PhysRevD.65.094040
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1088/1475-7516/2012/05/013
https://doi.org/10.1088/1475-7516/2012/05/013
https://doi.org/10.1088/1475-7516/2012/03/015
https://doi.org/10.1088/1475-7516/2012/03/015
https://doi.org/10.1103/PhysRevD.93.123528
https://doi.org/10.1103/PhysRevD.93.123528
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
http://arXiv.org/abs/1807.06209
http://arXiv.org/abs/1807.06209
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/RevModPhys.88.015004
https://doi.org/10.1103/PhysRevD.92.123534
https://doi.org/10.1103/PhysRevD.84.083503
https://doi.org/10.1103/PhysRevD.84.083503
http://arXiv.org/abs/1212.0301
http://arXiv.org/abs/1308.3157
https://doi.org/10.1088/1126-6708/1998/10/008

