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Abstract: The similar densities of dark matter and baryons in the universe imply that they may arise from the same
ultraviolet model. B-Mesogenesis, which assumes dark matter is charged under the baryon number, attempts to sim-
ultaneously explain the origin of baryon asymmetry and dark matter in the universe. In particular, B-Mesogenesis
may induce bottom-baryon decays into invisible or semi-invisible final states, which provide a distinctive signal for
probing this scenario. In this work, we systematically study the invisible decays of bottom baryons into dark matter
and the semi-invisible decays of bottom baryons into a meson or a photon together with a dark matter particle. In
particular, the fully invisible decay can reveal the stable particles in B-Mesogenesis. Some QCD-based frameworks
are used to calculate the hadronic matrix elements under the B-Mesogenesis model. We estimate the constraints on
the Wilson coefficients or the product of some new physics couplings with the Wilson coefficients according to the
semi-invisible and invisible decays of bottom baryons detectable at future colliders.
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I. INTRODUCTION

Cosmological observations, such as the velocity dis-
persions of galaxies [1], Big Bang nucleosynthesis (BBN)
[2, 3] and cosmic microwave background (CMB) [4],
provide strong evidence for the existence of dark matter
(DM) and baryon asymmetry in the universe. Cosmolo-
gical measurements [5] indicate that the relic densities of
dark matter (Qpy) and baryons (Qjp) are of the same or-
der, i.e., Qpy =(5.36+£0.06) Qp, which implies that the
dark matter and baryon asymmetry may stem from the
same ultraviolet (UV) model [6].

Recently, a model of B-Mesogenesis was proposed to
simultaneously explain the origins of DM and baryon
asymmetry by assuming that dark matter is charged un-
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der baryon number [7]. The Sakharov conditions are sat-
isfied in the following ways. A long-lived particle pro-
duces bottom mesons and their anti-mesons out of the
thermal equilibrium in the early universe. Then the neut-
ral bottom mesons undergo B°— B’ and B(S)—E(S) oscilla-
tions, which naturally provide CP violation. Finally, the
bottom mesons decay into an ordinary baryon with the
baryon number B=+1 and a dark fermion y that is
charged under baryon number with B = —1; thus, the vis-
ible baryon number is violated but the total baryon num-
ber is conserved. To preserve the DM and baryon asym-
metry, the dark fermion y should decay into a dark Ma-
jorana fermion ¢ and a dark scalar baryon ¢. In this way,
both the DM relic abundance and baryon asymmetry in
the universe can be simultaneously explained by this
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model. Additionally, most of the new particles in this
scenario exist at the GeV scale, which can be precisely
examined at the current B-factories and hadron colliders
or by experiments in the near future.

This model has garnered significant interest from both
theorists and experimentalists during the past a few years
[8-22]. To explore the B-Mesogenesis scenario, most the-
oretical studies concentrate on the semi-invisible decays
of B mesons. The BABAR and Belle experiments have
measured the decay of bottom mesons into a baryon and a
dark sector anti-baryon w, such as B’ — A% and
B* — py [19-21]. However, it is also possible for the
bottom baryons to decay into a meson and a dark baryon,
such as A,(E,) — Py, with P denoting a light pseudo-
scalar m, K meson, which was mentioned in the B-Meso-
genesis proposal [7] and precisely estimated in a recent
study [18]. However, for bottom baryons, there are two
processes that have not ever been studied in the context
of B-Mesogenesis, which are the fully invisible decay
(A) - £4) and semi-invisible radiative decay (A) — y)
of AY baryons. In particular, the fully invisible decay of
AY yields a distinctive signal with which the stable dark
particles in B-Mesogenesis can be explored. All these
processes can be explored at future colliders with high ac-
curacy. For instance, the upgrade of Belle-II [23]is ex-
pected to produce the bottom baryons pair at the
threshold, while the LHCb can measure the signals with
its vertices detector [24]. In addition, as the Circular Elec-
tron Positron Collider (CEPC) [25] and Future Circular
Collider (FCC-ee) [26] will produce substantial bottom
baryons, these rare decays of bottom baryons are expec-
ted to be explored at future lepton colliders. Therefore, to
precisely probe B-Mesogenesis, systematic analyses of
the invisible and semi-invisible decays of bottom bary-
ons are crucial and may shed light on the study of dark
matter and baryon asymmetry in the universe.

Except for A) — £@, the fully invisible decays are also
very interesting for neutron and hyperon decays, which
share the same type of interaction as u,d,d.y, where
a,b,c represent the flavors of up- and down-type quarks.
To explain the neutron lifetime puzzle (i.e., the discrep-
ancy between the bottle method and the beam method),
the idea of allowing neutrons to decay into dark matter
was proposed [27]. The invisible decays of A° hyperons
were also allowed for in the new physics models in a
fashion similar to the B-Mesogenesis model and the ones
for the neutron lifetime anomaly [12]. The BESIII collab-
oration has measured it as BR(A? — invisible) < 7.4x
10~° [28]. The invisible decays of bottom baryons rely on
the interaction with a bottom quark, which is beneficial
for exploring B-Mesogenesis.

When searching for new physics in the decays of had-
rons, hadronic matrix elements are crucial for determin-
ing the observables, except for the interaction of UV
models. Therefore, it is necessary to calculate the corres-

ponding matrix elements to examine the new physics or
constrain the parameters of a specific model of hadron
decays. Because the matrix elements relate to the strong
interaction, we need to utilize a perturbative or non-per-
turbative method to determine the hadronic matrix ele-
ments. In practice, the decays of A,(E,) — P¥ involve
bottom baryon to light-meson transition form factors,
which have been investigated recently in the light-cone
sum rules (LCSR) method [18]. Because the baryon-to-
meson form factors are a new kind of physical quantity,
they require more detailed discussions in theoretical stud-
ies. Under the heavy quark limit, these matrix elements
can also be estimated within the QCD factorization ap-
proach [29-32]. For example, this kind of form factor
also emerges in the baryon and lepton number violation
decays of A, — P¢ from a Leptoquark model, and have
been studied recently within the QCD factorization [33].
Although the higher dimensional operators of the B-
Mesogenesis model are different to those of the
Leptoquark model, the bottom baryon to light meson
transition form factors can be similarly determined with-
in the QCD factorization. Our results suggest that the
transition form factors can be factorized into a convolu-
tion of the perturbatively calculable hard-scattering ker-
nel and the non-perturbative distribution amplitudes
without endpoint divergence [33, 34]. The matrix ele-
ments involved in A) — y can also be calculated within
the same QCD factorization method, while those of
A) — &¢ can be estimated by directly relying on the mat-
rix elements in the SM. With these matrix elements, we
can calculate the branching ratios of invisible and semi-
invisible decays of bottom baryons and predict the poten-
tial of exploring B-Mesogenesis using future measure-
ments.

This manuscript is organized as follows. In Sec. I,
we briefly introduce the B-Mesogenesis scenario. In Sec.
III, the hadronic matrix elements in the invisible and
semi-invisible decays of A, and E, baryons are calcu-
lated within the QCD factorization approach. In Sec. IV,
the sensitivities of the parameters of B-Mesogenesis are
discussed for the invisible and semi-invisible decays of
bottom baryons at future colliders. Finally, we conclude
the study in Sec. V.

II. BRIEF INTRODUCTION TO B-MESOGENESIS

As the relic densities of DM and net baryons are sim-
ilar, they may arise from the same UV completion. In
practice, B-Mesogenesis [7, 10—12], which assumes dark
matter is charged under the baryon number, attempts to
simultaneously explain the existence of DM and baryon
asymmetry in the Universe. In particular, this scenario in-
duces the decays of bottom baryons into dark baryons,
which significantly violate the baryon number conserva-
tion in the visible regime. The corresponding Lagrangian
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is given by:

* k,C L «=j k.C
Line D yu dbEleY ”Rad Rb _yuad;,eijkYi iy, drp),

— Vya, Yabdie = ya§é +h.c.. (1)
The u (d) represents the up-type (down-type) quarks, the
indices a,b,c (i, j,k) denote the quark flavors (colors), L
(R) represents the left-handed (right-handed) component
of quarks, C represents a charge conjugation, Y is a color-
triplet scalar with electric charge Qy=-1/3 (which
couples to ordinary quarks in the first two terms and to a
right-handed quark and a dark fermion in the third term;
it is a TeV-scale particle which will be integrated out in
the bottom hadron decays), and y is a dark fermion with
the baryon number B, = —1, which is a singlet under the
standard model gauge group that can only couple to the
right-handed down-type quarks under that color conser-
vation. The total baryon number is conserved in the inter-
action of Y,-l}d}f, while the visible baryon number is viol-
ated. This is illustrated in Fig. 1, in which y completely
decays into stable dark matter, a dark scalar ¢ with
By = -1, and a dark Majorana fermion ¢. Their quantum

numbers are summarized in Table 1.

If the mass of color-triplet scalar My is much heavier
than that of bottom baryons, we can integrate out such
particles and obtain an effective Lagrangian related to the
(semi-)invisible decay, which is given by

LR* AL.R
uadpde ~ uadp,dc>

L.R
LEFT O adp.d; +C

2)

udb

=y yia. /M3 are the Wilson coefficients
and the effectlve operators Oy . and O,% . are given
by

where C/% 4.

Ok iya. = € (HS ), ) (0°dh,)
O = i (Fha i) (D),
o = € (WS ) (B°dh,),
O . = i (Tradly ) (RS (3)

For convenience, we factorize out the external field w
from the effective operators and rewrite the Lagrangian

(a) (b)
T 1/; T ?/7) g
! B
B ) \
(d) (e) ()

(8)
Fig. 1.

genesis. (a) and (b) are the diagrams for the semi-invisible hadronic decay of A) — 2%, (c) for A) —» K%, (d) for E
E; - Ky, (f,g,h) for the semi-invisible radiative decay of A) — ¥, and (i) for the fully invisible decay of A) — &g. The dark sector

b

(h)

(color online) The diagrammatic representations for the invisible and semi-invisible decays of bottom baryons in the B-Meso-

particles of ¢ and ¢ are charged under the baryon number of Bj ;

CeSsSes.

(i)

, =y, (e) for

=+1, so that the total baryon number are conserved in these pro-
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Table 1.
genesis, including particle spin S, electric charge Q, and bary-

Quantum numbers for the new particles in B-Meso-

on number B.

Field S 0 B
Y 0 _1 2
3 3
1 . o
Y 2
1
- 1 0 .
- 2
¢ 0 0 -1
as
_ (LR 7C A'LR
LEFT - Cu,,a’;,,dt. lzl’ Ouad;,,dt- + h.C., (4)

LR
where the operators O, 4. are expressed as

L K (=iC i ‘R _ k (7iC i
O, cdyd, = €ijk dre (uLa dLb) + Oudya, = €ijt e (uRa de) - (5)

III. INVISIBLE AND SEMI-INVISIBLE DECAYS
OF BOTTOM BARYONS

With the effective Lagrangian for B-Mesogenesis
shown in Eq. (4), we can systematically study the invis-
ible and semi-invisible decays of bottom baryons. To ex-
plore B-Mesogenesis, we primarily focus on the exclus-
ive decay modes of

A= P, Zr = P, A) >y, A)— &g (6)

The diagrammatic representation of these processes are
shown in Fig. 1. In the heavy quark limit, we calculate
the relevant diagrams and apply the QCD factorization
method for these heavy baryon to meson transition form
factors at the leading order of a,. The non-perturbative
inputs are the heavy baryon and light meson distribution
amplitudes, and we restrict our calculation to the leading

¥(q)

(a)

Fig. 2.
cross denotes the currents in the OF operators.

twist (twist-2) distribution amplitudes. Finally, the trans-
ition matrix elements defined by the effective operators
0;5’,2% can be represented as a convolution of the perturb-
ative part with the leading twist heavy baryon and light
meson distribution amplitudes.

A. Hadronic semi-invisible decays of A,/=, — Py

In this subsection, we construct the factorization for-
mula and explicitly calculate the hadronic matrix ele-
ments of AY/Z; — P’ decays in the heavy quark limit.
The relevant diagrams are shown in Fig. 2. Using the ef-
fective Lagrangian given in Eq. (4), one can express the
decay amplitude for the operator Oﬁz,dc as

iM=Clla, (vi<q><P<p>|0;€;$f,,dc|B(p’>>), (7)

where v, is the spinor of dark baryon ¢ with momentum
g=p -p, and B represents A or Z, with momentum
p’ = mgv. The hadronic matrix elements can be paramet-

erized in terms of two form factors:
(P(P)OLE 1 1B(p") = Pr (5?*“’%2)

4

+7
mg

&G usp). ()

We will calculate the form factors working in the rest
frame of the heavy baryon and choose two light-cone
vectors along the fast-moving final state particles with the
conventions of

n,=(1,0,0,1), 7,=(1,0,0,-1), =(1,0,0,0). (9)

Then the four-momentum of the final state particles
can be written as

L

(b)

(color online) The Feynman diagrams of the AJ/Z, — Py decays, where the bold line represents the b quark and the circle
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q= (Eq+|671, E,~14l, 0), p= (Ep—lﬁl, E,+|pl, 0),

2 L2 2 2 22
_ mg+my, —mp _ mg—my+mp

E
4 2m2g ’ ’ 27’)13 ’
\/(m% —(my + mp)z) (m% —(my — mp)2)
gl =1p1 = > ,
mg
(10)
with

M H
P=ep) S+ Gy 4P e paiepopa). (1D

When computing the Feynman diagrams in the heavy
quark limit, we list the momenta involved as
p = (mgA*,mg,0),

p/ = (mﬂ,m370), q= (mB’ mB/lza 0)7

k = (Aqcp, Ageps Agep)s
(12)

where k corresponds to the momentum of the light spec-

tator quark in the baryon. The parameter 4~ % ~
mp AQCD ’
o
When considering only the leading twist distribution
amplitudes and the tree-level QCD calculations, the con-
tribution of operator Of, , in Eq. (4) to the transition
matrix element always vanishes because there is an odd

number of Dirac matrices between the two chiral projec-

, which vanishes in the heavy quark limit.

. . Ttys .. ,
tion matrices Pr = TS within the operator O, , . For

example, in the heavy quark limit, the Dirac structure of
the AY — 7% transition amplitude shown in Fig. 2 (a) is
given by

iMeo V£CPR (}’575)7’;1 (#ysC) ('}’”)Tx ]éTPL,RuA,,, (13)

where (pys) and (fiysC) are the light-cone projectors cor-
responding to the leading twist distribution amplitudes of
AY and n°, respectively [31, 35]. The subscripts of
P, georrespond to the insertion of operators O ,, or
O% .- Because there is an odd number of Dirac matrices
between Py and P; x, the contribution of right-handed op-
erators OF , , will vanish. The contributions of the right-
handed operators in other semi-invisible decays of bot-
tom baryons will vanish in the same way.

In heavy quark limit, the transition amplitude in Eq.
(7) also vanishes for operators O%,, and O , owing to

the parity conservation. Taking AY — 7% as an example,

the partonic amplitude” can be factorized as a product of
two transition matrix elements in the spin space,
iMoc (P(IgChrIb(myv)) (G(xp)g(Zp)lag dplulk )d(ky)). We
will find that there is a trace in the second matrix ele-
ment in our calculation, which is always zero because
there is an odd number of y matrices. We find that ys in
the operator #d; cannot contribute to the trace because
there are only two independent Lorentz vectors in this
process to contract with the 4-dimensional antisymmetric
tensor €,,,. Actually, the J* quantum number of quark
pair (ud) in the A) baryon is 0" in the leading twist ap-
proximation, and (g(xp)g(xp)|i$d; lu(k,)d(k,)) describes a
scalar decay into a pseudoscalar induced by a scalar oper-
ator, which violates parity conservation. The hadronic ef-
fects will not affect this conclusion cause the perturbat-
ive results in the final factorization formula are independ-
ent of the external state [37].

In the following calculation, we only consider the
contribution of the operators Of, and O} . Strange
number conversed or violated processes are induced by
the corresponding operators, which is summarized as

A) > 7" and E, > Ky, inducedbyOy;,,

A) > K% and E, >y, inducedbyO .. (14)

In the framework of the QCD factorization approach,
the longitudinal momentum of the quarks in the energetic
final state meson is at the scale of m, and the exchanged
gluons have virtuality of order m,Aqcp, wWhich can be
treated perturbatively. Next, we calculate the hard-scat-
tering contributions, such as the ones shown in Fig. 2.
The decay amplitudes are expressed as

M= Clo O (K@PE ust)). (15)

where the sign factor n,, =—1 for strange flavor con-
served processes A) — 7’ and =, — K~, while 7, = +1
for strange flavor violated processes Al — K° and
&, — n~. The convention for the sign factor arises from
the inconsistency between the quark flavor order in the
operator O and the definition of the light-cone distribu-
tion amplitudes.

The factorization formula of the form factor /2~ is
given by

0 1 1
et :fpfg)/ dww/ du/ dxg5="
0 0 0

X (X, t, W, WP p (X)W (U, w), (16)

1) The partonic amplitude defined as replacing [AY(P")) and (P(p)| by |u(ky)d(ka)b(myv)) and (G(xp)g(Ep)| [36].
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where fpg is the decay constant of particle P(8B),
TP (x,u,w,u) is the corresponding hard-scattering ker-
nel, and ¢p(x) and y,(u,w) are the leading twist light-
cone distribution amplitudes of the P meson and B bary-
on [30, 38-40], respectively,

(P()I[G(t)1a [17,01[g(0)1510)
i V

1
4 277 paJo

with the momentum fraction x of anti-quark g in the P
meson, and

O [u(11 )14 [0,:72] [d (127 5 [0, 1271] [Di(0) ] | AR(P))

_ 1 6‘,'.,']c

ioer] [T
=t L Rl | Byser| [ oo
6 4 WML T

1
X/ du e—iw(t1u+t2ﬁ) 11/2(’/[:0))’

0

(Ol [di(t17)]4 [0,1,71) [s j(t270)] 5 [0, 2272] [Bi(O) ] | E, ()

_ L& o / ji T ©
=g 1 S5 Wiz (Ple | 5¥5C A dow
1
X/ dM e—iw(lluﬂzﬁ) wz(u,w)’
0

(18)

where w; = (n-k;) represent the momentum components
of the spectator quark. We use the convention w; = uw,
wy = iw With w = w; +w,, where u and & represent the
momentum fraction of the spectator quark in the light
quark pair. In the heavy-quark limit, the coupling con-
stants fz for AY and Z; are respectively defined by [39]

€01l (0)dL(0)bE (D) A)(P))
1

= 5 1A sl + 13 D5 CT o} ua, (0],
€:0ld (0)s3(0)BE(O)IE, (p))

1
= 1 {fé,l,)[)’scT]ﬁa +f—(2>[f7’5CT]ﬁa} [ME,,(P/)L- (19)

=b

The gauge links in Eq. (18) are used to preserve the
gauge invariance,

[t71,0] = Pexp {ig/ dxfz-A(xﬁ)} , (20)
0

which does not affect our calculations at the leading or-
der of QCD. The leading-twist LCDAs of pseudoscalar
mesons can be expanded using Gegenbauer polynomials
[41],

¢p(x,/.t)=6x(1—x){1+Zaf(,u)Cf,3/2)(2x—1) . @)

n=1

and the leading-twist wave function for the A} baryon is
given by [38, 39, 42],

Uo(u,w) = u(l —u) w? wig e W/, (22)

In the limit of the SU(3) flavor symmetry, the wave
function of Z; is the same as that of Aj). Table 2 summar-
izes the numerical input parameters.

The corresponding hard-scattering functions are cal-
culated as

1
V2
0, K0 2 K~
TN K xu,0,p0) = T2 7K (e u, w, 1) = Ta(x,u, 0, p0),
T= 7" (xu,w,p1) = Tu(x,u,0, 1),

jAg‘WO(-x’u’w’/l) = (ju(x’uswaﬂ)+jﬁ(-x’uaw’#)),

(23)
with
! 1
Tl a.p) = 6”%2}1)’ Jalx,u,0,p) = f"_asg”),
UW*X 9 uw’x
(24)

where the 1/V2 is the isospin factor from |7°) =

1 -
7(|Mﬁ> —1|dd)). The asymptotic behaviors of the leading

twist light-cone distribution amplitudes in the endpoint
region are

¢p(x) ~ x(1-x), Yo(u,w) ~ u(l —ww®,  (25)
which will cancel the divergent behavior in the hard-scat-
tering functions 7,(x,u,w,u) and J;(x,u,w,u). Then the
convolution integral in Eq. (16) converges, as noted
already in [33, 34]. Next, we assign the QCD coupling
constants a value of « (2 GeV) ~ 0.3 and use the other in-
puts displayed in Table 2. The numerical results for the
form factors are

A= = (1.437049) x 1072 [Ge V7],
MK = (1231949 1072 [Ge V7],
57K = (1235099 x 1077 [Ge V2,
{577 = (1.01253) x 107 [Ge V). (26)

The mass dimension of the form factors is [¢] = 2, as the
dimension of the baryon coupling constant is [fz] = 3.
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Table 2. Input parameters with renormalization scale po = 1GeV.
mp, =5.6196GeV [43] a, = 1.471ps [43]
mz, =5.7970GeV [43] 7z, = 1.572ps [43]
wo =0.280 10047 GeV [42] f/(\i)(yo) =0.030+0.005GeV? [42]
fr =0.1304 +£0.0002 GeV [40] fx =0.1562 £0.0007 GeV [40]
@ () =0 [40] (ko) = 0.29£0.08 [40]
a¥(uo) = —0.07+0.04 [40] a¥(uo) = 0.24£0.08 [40]

The form factors in Eq. (26) are related to the form
factors ¢; and ¢ resulting from the match between Eq.
(15) and Egs. (7) and (8):

nASé/B_)P =4 =0, 27

We use the heavy quark limit during the calculation of
the heavy baryon to light meson transition form factors,
and the reliability of our results is best when the mo-
mentum transfer ¢ =0. In most of the calculations of
heavy to light decays, (e.g., B — nt¥, [36] or A, — ALl
[42]), the relevant form factors can be determined only at
one or two values of ¢* using an assumed ¢*-dependence
to obtain the numerical results at an arbitrary ¢?. The
parameterization and extrapolation of the transition form
factors have been extensively studied; thus, we introduce
the simplest single-pole model to extrapolate the form
factors £1,(¢* = 0) toward £,,(¢* = mj) [18, 44-46]:

1
Wfl,z(QZ =0). (28)
pole

51,2(612) =

Here, £1,(¢* =0) are obtained through the values in Eq.
(26) and the relationship between ¢%~ and ¢, in Eq.
(27). The denominator is introduced to describe the
threshold behaviour below the onset of the continuum.
The form factor has a pole at the mass of the lowest state
that relates to the operators in Eq. (14). For instance, ny.
is the mass of A)(3") for the A)—n°/Z; — K~ trans-
ition, as A (3") is the lowest state of operator 0% ,, while
Mpoie 1s the mass of 52({) for the A) - K°/5; >~
transition.

Starting from Eqs. (7) and (8), the branching frac-
tions of B — Py are expressed as

|Gy
167Ts

m2\ m2—m3
+(§%<q2>+§§(q2> f) v
mg mg

m2
Chal |G ek

2
4z, <q2>§2<q2)%} , 29)
3

where (u.d,,d.) represents (ub,d) or (ub,s) for effective

operators OF, , or O%, , |G, is the momentum of dark ba-
ryon ¢,

Gyl = V/(mig = (my +mp)?)(mig — (my, —mp)?)
qul = g

. (0

and ['g (mg) 1s the decay width (mass) of baryon 8.

B. Radiative semi-invisible decay of A) — yi

For the radiative decay processes A) — yi showed in
Fig. 3, the decay amplitudes can be expressed as,

iM=Cria, (v5<q><y<p)|0§5zﬁf,,d(,|A2(p')>). (31)

The transition amplitudes associated with the right-
handed operators O,5 , and Of, always vanish for the
same reason as in the hadronic semi-invisible decays,
which we have mentioned previously. The hadronic mat-
rix elements in Eq. (31) can be parameterized in terms of
two form factors:

ﬁ/

2
mAb

YPIOL, o INNP)) = Pr (QAM(QZ) Toand
Ap—y 2 i v ’ k7
+0"7(g) 10" Jun, (p)E P,
my,
(32)

In the heavy quark limit, the transition amplitude for
operator 0%, vanishes in our calculation. We can also ar-
rive at this conclusion by considering the amplitude at the
partonic level, which can be factorized as a product of
two transition matrix elements in the spin space, iM
W (@I b [b(mpv)) (y(p)lafdy u(k)d(ky)).  The  second
matrix element describes the transition of a quark pair in-
to a photon, with an initial momentum £, transfer mo-
mentum r, and final state momentum p. Its amplitude is
proportional to the polarization vector €, of the photon.
Considering momentum conservation (k+r = p) and the
on-shell condition (p?=0), there are two independent
Lorentz-invariant amplitudes proportional to p-e and
r- €, respectively. In the heavy quark limit, we neglect the
momentum k ~ Aqcp of the spectator quarks. Therefore,
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(p)
Fig. 3.  (color online) The Feynman diagram for A9 — yy
with the bold line representing the b quark.

the second transition matrix element must be proportion-
al to p-e=r-e, which is zero after implementing the
Ward Identity: p-e=0.

The non-vanishing amplitude A) — yJ defined by
0% , is given by

Ny i
22

AL )ump'),

(33)

iM=C, dVg(CI)PR (é'u

The form factors can be factorized as

A—)'y

<2> / dww / T wwgnw).  (34)

where the index u (d) denotes the contributions of
photons emitted from a u (d) quark. The photon radiation
from a b quark is suppresseod by m, in a heavy quark
"(u,w,p) is the hard-scat-
tering kernel for the A, — vy transition,

Ab—>
propagator. Furthermore, J,.4

e (2)
T o =~ (L), 69)

where the electric charges of the light quarks u and d are

2 1
Qu(w) = 3e() and Qu(w) = =3 (), respectively. Combin-
ing Egs. (31)—(33), we have

A9 ~>y A0 -y A0y

gl gd ' ’ 42 ’

A0 -y A0 -y

=4+ (36)

The numerical results for the form factors of the spectat-
or processes A) — yi are

A0

L= —(5.497 18 %1077 [GeV?],

A0

& = (274700 x 107 [Ge V2, (37)

the input of which is shown in Table 2, with «,,, (2GeV) =
1/133 [47]. The single-pole model is also used to de-
scribe the ¢?-dependence of form factor ¢;,(¢?),

Lia(q) = —i2(q" = 0), (33)

— @/ m,

where m,, is the mass of AY(1"). Then, the branching ra-
tio for A) — yy with operator O} , is estimated as

|6]w|
AO
BRU =)= g T S;IMI
|Gy
= gar,_ |Gl [G@)+ (@) + G
2 2
X5 +2§1(q )6 (q ) o }
A
” (39)
with ¢ = my,.
C. Fully invisible decay for A)
Under the B-Mesogenesis scenario, the A)— &

channel is governed by both effective operators 0;% and
Oﬁ;ﬁ. The Feynman diagram is shown in Fig. 4. The de-
cay amplitudes can be respectively expressed as

lMudb ydcudb(u (4)§2 2 <0|Oud AP )>)

P+

s = vl (0 20 00kN ). o0

where u,(q) is the spinor for ¢ with four-momentum g. To
estimate the branching ratios of the invisible baryon de-
cay, we first calculate the corresponding hadronic matrix
elements in Eq. (40), which can be parameterized in
terms of the coupling constants defined by

Q10,5 IAYP)) = Ay Pritn, (P):
OGN P = iy Prita, (). (41)
We found that the couplings A%, and A%, could be

related to the coupling f,(\i’z) defined in Eq. (19) by mul-
tiplying the corresponding matrix element. For instance,
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&(q)

Fig. 4.

0I0, G5 (D))
= 60| [u”" CPLrd’] BRIAY (p))
= Y (CPLR PRy { €Ol diBEIAN ) }

P

- {f( "Tr{CPLrysCT 1+ fOTHCPLg VysC 1} Prua, (p).

(42)

The last line is the result of using Eq. (19). After the
trace, we can obtain the relations,

! A (43)

1
/lL - __ (1)
ud,b 2

R
2 Ap /ludb_+

The same operation can be used for %", which results in

o= Lo
ub,d — 4 Ap 2

Ay =+ f(” (44)
For the numerical value of the couplings, we quote the
result of the NLO QCD sum rules analysis in Ref. [48]:

£2 ~ £ = 0.030+0.005 [GeV?], (43)

Then, we can estimate the branching ratios of the invis-
ible baryon decay. Assuming the new physics individu-
ally exists in either the left-handed or right-handed com-
ponent, the branching ratios of A, — &¢ are given by

N
|qs‘ | e |
BRO = 69100 = gy \ D (Gt 255,
b b
o E; (mib +m$) +2mp, mymy
2 22 ’
(m/\z; - ml//)

(46)

where (u,d,.d.) represents (ud,b) or (ub,d) for different
effective operators O4, and Oy, according to the con-
vention in Eq. (3), respectively; m;(i = A),i,$,€) is the
mass of particle i; FA,, is the total width of heavy baryons;
my, +mg —mg

om are the momentum and
A,

and g, and E¢=

(color online) The Feynman diagram for A) — £¢ process, with the bold line denoting the b quark.

kinetic energy of ¢ in the heavy baryon Aj rest frame, re-
spectively.

IV. PROBING B-MESOGENESIS WITH INVIS-
IBLE AND SEMI-INVISIBLE DECAYS OF
BOTTOM BARYONS

Using the hadronic matrix elements obtained in the
section above, we can explore B-Mesogenesis via the in-
visible and semi-invisible decays of bottom baryons de-
tectable at future lepton colliders. The reconstructions of
the invisible and semi-invisible decays of bottom bary-
ons are always difficult in experiments. However, these
difficulties can be overcome by the double tag method
[49]. In the e*e” collisions, the initial energy is well
known in each event. Assuming the detectors have a suf-
ficient resolution, we reconstruct all the recoiling
particles except for AY/=Z)" in the colliding event, which
helps to determine the invariant mass of the bottom-bary-
on candidate using energy-momentum conservation. The
production of a bottom baryon will be identified if the in-
variant mass is consistent with the mass of A)/Z)~ and if
the conservation laws for the electric charge, baryon
number, bottom number, and strange number are satis-
fied. Then we are able to measure the invisible and semi-
invisible decays of bottom baryons. The double tag meth-
od has been widely used by BESIII, BABAR and Belle.
For example, BESIII measured the absolute branching
fraction of A¥ — A%*v, at the AfA_ threshold, which de-
termines A by reconstructing the charmed anti-baryon
via its hadronic decays, such as A, — pK*n~ [50]. It is
also possible to use the double tag method at energies
much higher than the baryon-antibaryon threshold. The
Belle collaboration measured the absolute branching frac-
tions of A} decays by reconstructing the recoiling
DY~ prt system in the event of e*e” — D™~ pr* Al at the
colliding energy of approximately 10 GeV [51]. There-
fore, the invisible and semi-invisible decays of AY/Z; can
be measured using the double tag method at e*e™ col-
liders, such as Bellell at the bottom baryon-antibaryon
threshold, or CEPC and FCC-ee at a higher energy as
well.

In practice, to estimate the sensitivity of the paramet-
ers of B-Mesogenesis, we define the significance s of the
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signal at the 95% C.L. as

=%= Viis = /NgxBr(B—> X)=2,  (47)
S B

where ng and np denote the numbers of signal and back-
ground events at future lepton colliders, respectively. The
background events are negligible using the double tag
method because the three kinds of processes studied in
this work are all forbidden in the Standard Model by the
visible baryon number violation. The branching fractions
Br(8 — X) with X = m, K, y,é¢ are given in Egs. (29),
(39), and (46), whereNg represents the production num-
ber of bottom baryons detected by the double tag method,
which is different from the total production of bottom ba-
ryons in the collisions. We assume an efficiency of recon-
struction of 100% for pions, kaons, and photons in the
semi-invisible decays. We also assume that the produc-
tion number of bottom baryons in the double tag method
is Ng = Ny, =z, = 10® as a benchmark for future lepton col-
liders. The corresponding constraints can directly scale
up to the results for the actual production number of bot-
tom baryons at future lepton colliders, which are still in-
distinct in the current theoretical study.

There are some constraints on the masses of dark
particles under the B-Mesogenesis scenario. To prevent
the decay of protons into dark particles, the masses of
dark matter particles must satisfy

myg >m,—m,—m, ~937.8 MeV,
(48)
mg +mg > m, —m,—m,, ~937.8 MeV,

where the former prohibits p — ye*v, decay and the lat-
ter prevents p — ¢ée*v, decay through an off-shell ¢
propagation. In addition, the stability of dark matter re-
quires that the mass difference between the dark scalar ¢
and dark Majorana fermion & must obey [10]

|mg —mg| <m, +m,+m,, ~938.8 MeV. (49)

Otherwise, the dark particles could decay into each other
by emitting a proton, an electron, and a neutrino, which
will diminish the baryon asymmetry generated in the Uni-
verse.

A. Probing B-Mesogenesis in the semi-invisible decays
of bottom baryons

First, we estimate the sensitivity required for B-Meso-
genesis by searching for the semi-invisible decay of bot-
tom baryons at future lepton colliders. Their branching
ratios are only sensitive to the mass m, and Wilson coef-
ficients |CL, ,| or |CL, | of the scenario. The constraints on

the Wilson coefficients |CJ, ;| and |CL, | versus m, at the
95% C.L. are illustrated in Fig. 5, for which the produc-
tion number of bottom baryons in the double tag method
is assumed to be N,,z, = 10%. The constraints on the
right-handed operators OF, , are omitted because they
could not project out the leading-twist wave function of
theA, and E, baryons.

For the A,(E,) — Py processes, we found that the
semi-invisible decay A) — 7% is most sensitive to oper-
ator OF, ,, while the A, — K% process is most sensitive
to operator O, .. When assuming the production number
of bottom baryons in the double tag method is Ny, s, =
108, the constraints on the Wilson coefficients can reach
O(107®) GeV~2. The decline in the Wilson coefficients at
the tail result from the suppression of phase space. The
form factors and hadron mass in the semi-invisible decay
are similar, and the constraints on the Wilson coeffi-
cients are similar in these processes.

For the A)—yy channel, the constraints on the
Wilson coefficients can reach at least O(10~7) GeV>. This
constraint is looser than that in the hadronic semi-invis-
ible decay in the small-mass region owing to the fact that
the form factors of photon radiation are smaller than
those of meson final states. However, in the large-mass
region, the constraints will be tighter because of the evol-
ution of the form factors. Moreover, when the dark fermi-
on mass m, is similar to the mass of initial baryons m,,,
the divergence in the evolution of the form factors inval-
idates the estimation of the branching ratio. Therefore, we
omit the constraints in the A)— yJ channel when
my > 5 GeV.

Finally, because the final state hadrons in the Z;
semi-invisible decay are all electrically charged, these de-
cay modes should be probed at future high-energy lepton
colliders (i.e., CEPC or FCC-ee) using a displaced vertex
method. Therefore, we expect a thorough exploration of
these semi-invisible decays of bottom baryons to be con-
ducted at future lepton colliders.

B. Probing B-Mesogenesis in the invisible decay of
bottom baryons

As shown in Refs. [7, 13, 15-18], previous studies
primarily focused on searching for the dark fermion y in
the semi-invisible decay of bottom baryons or mesons. To
keep the dark matter stable, B-Mesogenesis must involve
a dark Majorana fermion ¢ and a dark scalar baryon ¢,
and requires all the dark fermions y to completely decay
into these two invisible particles, with BR(Y — ¢¢) =
100%. Therefore, the coupling of y, and the interaction of
Jeé are very challenging to explore in the semi-invisible
decays in which y is always on-shell. The width of y (de-
pending on y,) cannot be measured in experiments be-
cause the final states ¢ and ¢ are not measurable. On the
contrary, i is off-shell in the fully invisible decay of
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Semi—invisible decay for O%, ;

Semi—invisible decay for OF,

10~

Ap > 7("1;

|CLy 4l [GeV™2] (95% C.L.)

Nj,= Nz,= 108
10-8L 1 1 1 1

1CLy | [GeV™2] (95% C.L.)

Na,= Ng,= 108

10-3LL 1 1 1 1

1 2 3 4 5
my [GeV]

(a)
Fig. 5.

1 2 3 4 5 6
my [GeV]

(b)

(color online) The constraints on the Wilson coefficients at 95% C.L. versus my in the semi-invisible decays of bottom bary-
ons. The left panel illustrates the constraints on |C%, |, while the right panel display the constraints on |CL

|. The declines of the con-

ub,s

straints at the tail result from the suppression of phase space. When dark fermion mass m, close to the mass of A) baryon, the soft

photon radiation in A9 — ¥ channel will induce a serious infrared divergence, which invalid the leading order estimation in this region.
Hence, we omit the constraints in A) — y process when my, > 5 GeV (blue dot dashed line).

AY — &¢, as seen in Fig. 1 (i) or Fig. 4. Then the stable
dark matter particle & or ¢ can be explored, and the inter-
action of y @& can be measured, as shown in the branch-
ing fraction of A — &g in Eq. (46). Therefore, we argue
that the fully invisible decay of A)— &¢ is crucial for
probing B-Mesogeneisis, as it provides a distinctive sig-
nal that can be used to examine the stable dark particles
in this scenario.

Assuming the production number of A) baryons us-
ing the double-tag method is N4, = 10®, the constraints on
the parameters [vaCijp4,| can be taken straight from Eq.
(46), depending on the different masses of ¢, ¢, and &
The constraints at the 95% C.L. are displayed in Fig. 6
and Fig. 7 for the variations of m, and m,+m,, respect-
ively.

In Fig. 6, the constraints of the parameters depending
on m, are given for |y,CL\| in the left panel, and for
lya Cii¥)| in the right panel. We estimate the constraints in
six different mass distributions of dark matter particles.
Three cases of the masses of & and ¢ are shown as the
blue, green, and red curves, with (i) mg =my =0.49m,,
(i) mg = 0.90my,, my = 0.08my,, and (iii) m; = 0.08 my,, m, =
0.90m,,, respectively. Because the stable dark particles ¢
and ¢ carry most of the mass of i, the decay of protons
into £¢ through off-shell  particles is forbidden for
my =1 GeV. In addition, to directly illustrate the depend-
ence of the constraints on the mass distribution of dark
particles, three other cases of m, and m, are shown as the
orange, cyan, and magenta curves, with (i) m;=m, =
0.25my, (ii) mg = 0.4my, my = 0.1my,, and (iii) mg = 0.1my,
my, = 0.4my, respectively. For these cases, a truncation at
the small-mass region was imposed to prevent the decay
of protons into £¢. Because the DM stability in Eq. (49)
prohibits a large mass difference between dark fermions ¢

and dark scalar baryons ¢, it also imposes a truncation at
the large-mass region with a specific mass distribution.
We found that the constraints on the parameters of B-
Mesogenesis can reach O(1077) GeV. Because the val-
ues of the form factors from the left- and right-handed
operators are the same except for their signs, the con-
straints on the operators with different chirality are equal
to each other. For the operators with different flavor
structures, a factor of 2 in the constraint on [y, Cy;| arises
from the half suppression of the decay constants A%, in
the comparison between Egs. (43) and (44). In the al-
lowed mass region, we found that the differences between
the constraints for various mass distributions are very
small, indicating that the fully invisible decay of A, bary-
ons is insensitive to the mass distribution of dark
particles. The drop in the constraints at m, values close to
my, arises from a nearly on-shell transition of A) — i,
which significantly enlarges the invisible decay rate.
Similarly, the constraints on the parameters of the
mass of mgs =m;+my are shown in Fig. 7; the left and
right panels correspond to |y, Cpv| and [y, Cpill, respect-
ively. The three cases of (1) my=m,, (i1) me=my+
0.9 GeV, and (iii) mg =m,+0.9 GeV are displayed as the
blue, green, and red curves, respectively, with the mass of
w fixed at 4.0 GeV. The curves are roughly flat in the re-
gion of m, between 1 GeV and 5 GeV. Furthermore, the
differences between the three curves in each panel are
also very small. These phenomena indicate that the con-
straints on the parameters are insensitive to the mass dis-
tribution of m, and m,. This is beneficial to the search for
the stable particles in B-Mesogenesis. If there is a devi-
ation in the semi-invisible decays of bottom baryons or
mesons, the fully invisible decay of A) can further indic-
ate the stable components that are inherent in B-Meso-
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Invisible decay: Ay - £ for OLF,

Invisible decay: A - £p for 0%,

114CLE 1 (95% C.L)

— mg= my= 049 my
— mg= 0.90 my, my=0.08 my

— mg= 0.08 my, my= 0.90 my,

014 L

174C5R | (95% C.L.)

— mg= my=0.49 my

— mg= 0.90 my, my=0.08 my

— mg= 0.08 my, my= 0.90 my, — = me= 010 my, my=0.40 my

0.1—L 1 1 1 1

1 2
my [GeV]

(a)

(color online) The constraints on the parameters [y, C=%

ud,b

Fig. 6.

1 2 3 4 5
my [GeV]

(b)

R

| and |y, le;],dl versus my from the invisible decay of A‘b) with 95% C.L.

We estimate the constraints in six different mass distribution of dark matters. The left and right panels illustrate the constraints related
to operators 0% and 04X, respectively. The dark matter (DM) stability in Eq. (49) prohibits a large mass difference between dark fer-
mion ¢ and dark scalar ¢, which imposes a truncation at large mass region if m, # m,. For the three cases where m, +my = 0.5m,, (dashed
line), there is another truncation at small m, region to forbid the decay of proton into ¢4 through an off-shell ¢ particle.

Invisible decay: A = g-‘(}s for Oﬁ;f,,
107

Invisible decay: A = g-‘q_} for Oﬁi,’fd
107

2.0 T T T T 3.0 T T T T
— Mmy=mg [ — mg=mg
2.5F 1
15F — mg=mgy + 0.9 GeV s — mg=mg + 0.9 GeV i
2.0F :

— mg=mg + 0.9 GeV

aChif| (95% C.L.)

my= 4.0 GeV Na,= 108
1 1

— mg=mg + 0.9 GeV
1.5F

aChifyl (95% C.L.)

1.0F 3

0.5F

my=4.0 GeV Na,= 108
1 1

0.14

0.14
1 2 3 4 5

Mgy = mg + mgy [GeV]

(a)

1 2 3 4 5 6
Mgy = mg + mgy [GeV]

(b)

Fig. 7. (color online) The constraints on the parameters [y, C5| and |y, C5¥ | versus total mass mgy = mg +my with 95% C.L.. As the

DM stability prohibits a large mass splitting of dark fermion and dark baryons, we estimate the constraints in three different mass dis-

tribution of dark matters.

genesis. The declines in the constraints within the large-
mass region result from the suppression of phase space.

V. CONCLUSION

The similar densities of baryons and dark matter in
the universe imply that they may arise from the same UV
complete model. B-Mesogensis, which assumes dark mat-
ter can be charged under the baryon number, attempts to
simultaneously explain the origins of dark matter and ba-
ryon asymmetry. Since this model was proposed, most
studies have primarily concentrated on exploring the
semi-invisible decays of B mesons. However, both invis-
ible and semi-invisible decays of bottom baryons are cru-
cial for exploring B-Mesogenesis at the GeV scale. In
particular, as B-Mesogenesis must involve a dark Major-
ana fermion and a dark scalar baryon to keep the DM and
baryon asymmetry stable, the fully invisible decay of Ay

yields a distinctive signal that can be used to directly
probe the stable particles of this scenario. In addition,
when exploring B-Mesogenesis in terms of the decays of
bottom baryons, the hadronic matrix elements are vital
for determining the physical observables. Accordingly,
we systematically examined the hadronic semi-invisible
decays of AY — 7°(K°) and =, — n~(K")¢, the radiative
semi-invisible decay of A) — yy¢, and the fully invisible
decay of AY)— &¢. The relevant hadronic matrix ele-
ments were calculated using the QCD factorization meth-
od in the heavy quark limit. Furthermore, we analyzed the
sensitivities of the parameters of B-Mesogenesis by
searching for the invisible and semi-invisible decays of
bottom baryons at future lepton colliders. Assuming the
production of bottom baryons in the double-tag method
was Ny, =z, = 108, we found that the constraints on the
Wilson coefficients |C%, ,| and |CL, | in the semi-invisible

ub,s
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decay of bottom baryons can reach O(10-%) GeV~?, while
the constraints on |y, CL| and |y, CL* | can reach O(1077)
GeV™ from the fully invisible decay of AY. Although the
invisible decay of AY baryons was sensitive to new phys-
ics parameters, this decay mode provides a distinctive
signal with which the stable dark particles of B-Mesogen-

esis can be directly explored.
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