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Abstract Using the recently developed B-Mesogenesis
scenario, we studied the semi-inclusive decays of B meson
into a dark anti-baryon i plus any possible states X
containing u/c and d/s quarks with unit baryon num-
ber. The two types of effective Lagrangians proposed by
the scenario are both considered in the study. The semi-
inclusive decay branching fractions of B — X1 are cal-
culated by the method of heavy quark expansion, where the
non-perturbative contributions from the matrix elements of
dimension-5 operators are included. We obtained the branch-
ing fractions as functions of the dark anti-baryon mass. Using
the experimental upper limits of the branching fractions, we
presented the constraints of the coupling constants in the B-
Mesogenesis scenario.

1 Introduction

The Standard Model of particle physics and the standard cos-
mological model are two highly successful frameworks for
describing the most microscopic and macroscopic physics
respectively. However, these two models are not consistent
with each other, which leaves many unanswered questions
including the existence of dark matter and the asymmetry
of matter and anti-matter. To answer these questions, many
mechanisms have been proposed since Sakharov firstly intro-
duced the conditions necessary for baryogenesis [1]. The
traditional mechanisms generally include high scales and
extremely massive particles which makes them difficult to
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be tested by experiments. Recently, a new B-Mesogenesis
scenario is proposed by Refs. [2—4], which can simultane-
ously explain the relic dark matter abundance and the baryon
asymmetry and in our Universe. The main advantage of this
scenario is that it is not only directly testable at hadron col-
liders and B-factories [3,5], but also indirectly testable at
Kaon and Hyperon factories [6,7]. Nowadays, the search for
B meson decays into baryon with missing energy through B-
Mesogenesis has been independently started by the Belle-II
collaboration [8] and the LHCb collaboration [9].

In the B-Mesogenesis scenario, a new mechanism for
Baryogenesis and DM production is proposed. The b, b
quarks are produced by decays of some heavy scalar field
® during a late era in the history of the early universe. The
produced b, b quarks hadronize to charged and neutral B-
mesons. The neutral ones B, BY quickly undergo CP vio-
lating oscillations, and then decay into a dark sector baryon
with baryon number —1 as well as visible hadron states with
baryon number +-1. As aresult, the asymmetry of baryon and
anti-baryon is produced in the B-Mesogenesis without vio-
lating the baryon number. The exclusive decay B — p in
the framework of B-Mesogenesis was firstly studied by Ref.
[10] using light-cone sum rules (LCSR). After that, with the
use of LCSR, a more complete study of B meson decays into
an octet baryon or charmed anti-triplet baryon and ¥ was
given by Ref. [11]. In addition, similar exclusive decays of
B meson into a baryon plus missing energy are studied by
Ref. [12] for probing the lightest neutralino.

Recently, there are no strict theoretical studies on inclu-
sive B meson decays in the B-Mesogenesis. Compared with
the exclusive decays, inclusive decay branching fractions are
more likely to be measured in the experiments. On the other
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hand, from the theoretical point of view, another advantage
of inclusive decays is that the summation over various of
hadronic final states eliminates bound-state effects of individ-
ual hadrons, which is due to the hypothesis of quark-hadron
duality [13]. In Ref. [3], using the data of bottom hadron
decays with missing energy from the ALEPH experiment
[14—16], the authors obtained the upper limits on the inclu-
sive decay branching fractions of B — X, /¢ q4/5s%, where
Xu/c,a/s denotes any possible hadron states containing u/c
and d/s quarks with unit baryon number. Therefore, com-
pared with the experimental upper limits, a strict theoretical
calculation on the B — X branching fraction enables us to
determine the upper limits on the coupling constants in the B-
Mesogenesis. Nowadays the heavy quark expansion (HQE)
[17-20] has been successfully applied for the studies of inclu-
sive decays as well as lifetime calculations of heavy hadron
decays [21-35]. In this work, we will use HQE to calculate
the inclusive decay branching fractions of B — Xy /c.a/sV,
where the bound-state effects related to the initial state can
be can systematically accounted for by introducing matrix
elements of high dimension operators.

This article is organized as follows: Sect. 2 is a brief intro-
duction to the B-Mesogenesis scenario proposed by Refs.
[2—4]. Section 3 present a detailed HQE calculation for the
B — Xy a5 ¥ decays. Section 4 gives the numerical results
for decay branching fractions and constraints on the coupling
constants in the B-Mesogenesis.

2 B-Mesogenesis scenario

The B-Mesogenesis scenario firstly proposed by Refs. [2—4]
aims to simultaneously explain the baryon asymmetry and the
existence of dark matter in our Universe. This B-Mesogenesis
model offers a mechanism where an anti-b quark can decays
intou/c, d/s quarks and a dark anti-baryon . Although the
baryon number is conserved, i is invisible so that only the
baryons composed of u, d/s quarks can be detected by the
experiments. In Refs. [2,3], such baryon number violating
decays are realized by exchanging a charged color triplet
scalar Y'. There two types of effective Lagrangians in the B-

Mesogenesis model with the charge of Y/ being Qy = —1/3:
Ll == yupeiju V7 ipb" — yepeiju ¥ epbig"

B ydeilpdlc?’i - ywyil/_fs;’i +h.c,
L=~ yudeijkY*iﬁ{edICe — yus€ij Vit ] sck

= Yed€ijk Y*iééd;’ - ycsEijkY*’c{Q ;k

— yypYi b +hec, 0

where all the quark fields are taken as right handed and the
superscript ¢ indicates charge conjugate. Y is assumed to be
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heavy with its mass denoted as My. The y s are unknown
coupling constants. In the Type-I model the b quark couples
with u, ¢ quarks, while in the Type-II model the b quark
couples with the dark anti-baryon . It should be mentioned
that in Ref. [3] there is a third type of effective Lagrangian
with Qy = 2/3, which reads as

— Vha€ijk Y bpd" — yps€iji Y bst
— Yy Yilcs +he. 2)

'Cett =
— Yyu Yi lzu%;l

In this work, for simplicity we will only consider the case of
Qy = —1/3, which is consistent with the exclusive decay
studies in Refs. [10, 11]. Integrating out the heavy boson Y in
Eq. (1), one arrives at the effective Hamiltonian for the two
types of models as:

_ Yuby
e ) @b
Y
1 AN :
== Gug)Oug V"

1, _ Yyb)Y _j ¢k
Hege ' = v s Lie ik (UG (kg

Lug
Heff -

y
(uq) (uq)w (&)

Here for simplicity, ¢ = s,d and u denotes u or c
quark 51multane0usly We have defined three-quark operators
@) = leljk(bRuR )qR and O(Iql) = lel/k(qR R])bk >
which transform an anti-b quark into two light quarks u, g.
In this work, we will calculate the semi-inclusive decay width
of B — X,,¥ induced by H'3*9 and H. "9 respectively,
with X,,, being the summation of any states containing u, g
quarks.

3 B — X,4¥ decay in heavy quark expansion
3.1 Differential decay width of B — X,
In the rest frame of B meson, denoting the momentum and

energy of the outgoing dark anti-baryon i as g and E, we
can express the differential decay width of B — X,V as

4
ir(bequ:/ 24

) @m)8(q> —m3)S(E — q°)

<D 3 —l X(px)v (g, sy)Heft O B(pp) > @m)*8* (pp—q— px),

X.sy
“

where the spin of ¥ and any possible X, states with momen-
tum pyx are summed. The integration of E is equivalent to
averaging over a range of final-state hadronic masses. Since
Y has no strong interaction with quarks, the matrix element
in Eq. (4) can be factoraized as
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(X (Px)¥ (g, sy) Mt (0)| B(pp))
= —Gug) (X (Px)|Otug) a O B(pp))ut§, (g, 59),  (5)

with a being a spinor index. For simplicity we have omitted
the superscripts /, I1 here. Now we introduce a rank-two
tensor W with two spinor indexes:

Wpa =Yy _27)’8*(ps — q — px)
X

! A
X S BRIO}) , O1X ()

X (X (px)1Oug).a(0)| B(pp)), (6)

which can be generally parameterized as

W =" [Al 1 +A2’”—B} PL. ™

mp mp

Note that the appearance of P, on the right hand side is due to
the identity O(,4) Pr = 0. Now the differential decay width
can be expressed in terms of W or Ay 3 as

2
d S [ a2 2 0
— T — =1 ) —m4)8(E —
JEL b~ ugy) )2 d’q8(q yIS(E—q")

x Tr [(q - mw)yOW]

G2
__®) [ 2
=g E my,
X [A](mw, E)mzvj + Ap(my, E)mBE].
(3)

It is difficult to calculate the W tensor directly due to the
infinite summation on the X, states. Actually, the W tensor
can be extracted from the imaginary part of a correlation
function:

1

Wha = ——ImTp, 9)
T

with

|
Tpy = — i/d“x Pl R —
2m3

x <B(p3> 7 {0,000 ] ‘B(p3)>. (10)

The correlation function defined in Eq. (10) can be calcu-
lated by HQE, where it is expanded according to the power
of 1/my. Each term in the expansion is factorized into per-
turbative part and non-perturbative part. The former one can
be calculated perturbatively, while the later one are parame-
terized by matrix elements of B meson. We will perform an
explicit calculation of Tp, by HQE in the next section.

3.2 Heavy quark expansion in the type-I model

We firstly consider the type-I model. The T, is calculated
by HQE with the expansion for the power of 1/my,. Using
the explicit form of O!

(uq)
Ofugy = —i€iji P ).
¢ SRR
O = —ieiliy by dl (11)

and free quark propagators, one can obtain

i
Tpa =
mp

d*xe 0x

d*ly  d*h
X —_——
(2m)* 2m)*

X |:)/0PR_l(lzl +m2q)PLj|
h —mg ba
=i llz ir

b (O)WPR]? (x)

—ill-xe—ilz-x

2 u

y <B(p3) B<p3)>. (12)

To extract the perturbative part of the matrix element above,
one can temporary replace the initial and final B meson with
free b quark, namely |B(pp)) — |pp) With pp = mpv + k
and k is of order A gcp. Accordingly we can do the replace-
ment

(ppIb! (0)]2 PR (X)| pp) — —€P2™ b (pp) ]2 Prb' (pp)
— &P (B(pp)|b(0)/2 Prb(0)| B(pp)). (13)

where b(pjp) denotes the b quark spinor. In the last step the
external states are transformed back to B meson. Now the dia-
gram of the correlation function 7 is shown by Fig. 1, where
the two crossed dots denote @&)(x) and @(q)(O) respec-
tively. The W, can be calculated by extracting the discon-
tinuity part of Tj, using cutting rules, namely all the inter-
nal quark lines in Fig.1 are set on-shell: 1/ (l% - ms) —
(=27i)8(F —m7), 1/(5—mp) — (=27i)8(If —m}). Then
we arrive at

Wha = — %Im Tpq =
27)3

=~ O Aol (@ + 022 210 + (0 + )
mp

1
———Disc Tp,
27

+Banal (Q + 0% m2, m21(Q + k)¢ )

< [1OvPL], (BOBIBOYPREOIBRR),  (14)

where Q = mpv — q. The Aspg, Bapg are the two scalar
functions of the rank-2 two-body phase space integration,
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myv + k myv + k
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Fig. 1 The diagram of Tp,. The initial and final B mesons are replaced
byt free b quarks with momentum p, = mjv 4 k. The two crossed dots

denote @Iq) (x) and @(Iu o (0) respectively

which is generally defined as:

d*ly dl 4 5 o .
2n)3 (2_7r)38 (P =1y — )8y —m)S(l5 —my)Ily
= Aopa[P?, m}, m31P* P¥ + Bopa[ P*, m?, m31P%gH".
(15)

The explicit expression of Ajpg and Bapg are given in the
Appendix A.

The 1/mj expansion is equivalent to the expansion in
terms of the small momentum k. At O(k%) all the k s in
Eq. (14) vanishes and the b quark field are replaced by the
effective one b,.. The axial-vector matrix element in Eq. (14)
vanishes due to the parity. The vector matrix element can be
calculated straightforwardly as

(B(pB)|by(0)yby(0)|B(pp)) = —2mpuy, (16)

since E(O)yvb(O) is the conserved b quark number current
and the b quark number of B meson is —1. In terms of the k
expansion, the lowest order of Wy, reads as

Wiy = @)* [ Aal 0% m2, m210"0 - ©

+Baal 0% m2 m21 0% [y oy a7

where v- Q = E and Q% = mi + m%// —2myp E. The explicit
expression of Aj > at O(k®) are given in the Appendix B.
The O(k') contribution to Wy, comes from the terms
linear in k in Eq. (14). The procedure to extract the
perturbative part by temporarily changing the external B
mesons to free b quark is almost the same as that at
O(k®). However, now the non-perturbative matrix element
becomes (B(pB)|l;y,,kaRb|B(pB)), which can be written
as (B(pB)|l5yv(iDp — mpv,) PRb|B(pp)) if transferred to
coordinate space. Note that the y5 term vanishes again due
to the reason of parity conservation. Changing the b quark

@ Springer

field into the heavy quark field in HQET, one arrives at

1 _
E(B(pBNva(iDp — mpvp)b|B(pp))
1 _
= §<B(pB)|vaviprv|B(PB)>

+ %/d4x<B(pB)|T{l;vyviprv(O)El(x)} |B(pB))

1 .
+§ B(pp) bv%?lepbv B(pp)
1 - i
+ S(B(pB) |bunwiDp——Dby| B(pp)), (13)
2 2myp
where
L= 50 by — 52 Gupo (19)
1 vzmb v U4mb ap v

is the O(1/myp) interaction term of the HQET Lagrangian.
The matrix element of the first term in Eq. (18) vanishes
because of the equation of motion, while the second term in
Eq. (18) can be parameterized as [17]:

<B(p3> ’5 / d*XT {byy,i Dby (0) L1 (x)} ’B(p3>>
- %mBA v, (20)
with
A 31
A =—(BW)|L1(0)|B)) = ——- — 222, 1)
m mp

where /mg|B(v)) = |B(pp)). The matrix element of the
last two terms in Eq. (18) can be parameterized as

1 _ D D
§<B(pB) bvmylepbv + bvylep%bv B(PB)>
Y—-Z7
=mp o (8vp — VwVp), (22)
where ¥ = (2/3)A1,Z = —4Xx, [17]. Using the non-

perturbative matrix elements defined in Eq. (20) and Eq. (22),
we obtain the (’)(kl) contribution to Wy, as

1
Wi, = — ) {Apal Q% m2, 01(Q" g™ + Q' g")
+ Apal Q% m7, 01V207 0" Q"
+ ByalQ%, m}, 0120° g
+ Bopal Q% m2, 01D207 0%gV)

[y,
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1 Y—-Z
X 1z Avyvy + ———(8up — V) ¢ - (23)
2 dmy,

Similarly, the O(k?) contribution to Wp, comes from:

external B mesons are also replaced by free b states. We
have set the incoming and outgoing b quark momentums as
p1 = mpv+k/2and pr = mpv —k/2 respectively. Here we
take the u quark emission as an example, the corresponding
Ty, tensor is:

. 0 P
T = ig Z € (k) —— /d411 [V2Vp L1ba i
am et )@= md[(e-n+8) - mi][(e -0 -4 - mi]
k K\ - . . .
x !(Q — I+ 5) <Q -1 - 5) b (p2)y®y"y? Prb! (p1) + mib' (Pz)V“PRb’(Pl)} . (26)
o B
(271)3 The emitted gluon has momentum k and note that now the

WE =

- {Azbd[QZ,mé, 01g"* g™
+ Ay [Q% m2, 01207 (Q"g™ + Q"g"")
+[ Po AN 102, m2, 0]
+207 07 AGy10% m2, 01| 0" 0"
+ Bona[ Q% m;. 01" g"”
+ B3\ [Q%, m2, 040" Q7 g™
+[ P9 BYs[Q% m2., 0]
+207 07 B 0% m2, 01] 0%¢"* |

< [¥0vuPL], (Bn)IbOYkoks PREOIB(P)).
24)

where ASY = 8" /(9 Q)" Apq and similar for BY). Each k
in the matrix element above is replaced by i D — mv when
transferred to coordinate space. Transforming the b into b,
and using the results given in Ref. [17], we have

(B(pB)|byvkoks PRD|B(pp))

1 _
= §<B(p3)|bvvv(gp<r - Upva)bv|B(pB)>

1
= EmBYUU(ng - U,ovcr)~ (25)

The explicit expressions of A1 > at O(k"y and O (k?) are given
in the Appendix B.

Up to now we have only considered the case of free quark
propagation when calculating the 73, as shown in Fig. 1.
When considering the interaction of the internal quarks
and the background gluon fields, one has to calculated the
one gluon emission diagrams as shown in Fig.2. Here the

O(k") term in the denominator vanishes. The O (k') contri-
bution to Tb"ag is

' 1
L. BTLP LS S .

ba amg i O 3o i g
1

3 —m2)(13 — M?)

x /d411d41284(Q Sy —

X (kahplz,s - k,gllplza)
x b (p2)y vy P PrOI (DY ¥o PLlbal 2o 3s 27D

where we have used the trick 1/(13 —m3)? — 3,,2{1/(15 —

M 2)}| M2=m3 The corresponding Wp,, can still be extracted
by cutting rules, and thus we obtain

3
ug k! 18(2m) N
ba T 4mp Z € (02

x [ Aznal 0% m2, M210° Qg™

—Banal 0%, m2, M21Q%e |

x (B(pp)Ib' (0)yka (1 + y5)b’ (0)| B(pp))

x [r*¥p PLlba- (28)
The combination of k and €%* (k) can be replaced by the gluon

tensor field when transferred to coordinate space. Explicitly,

we can do the replacement &, e“*t“ — (= 1/2)Ggmtl‘; and

b — bv,andalsonotethat(B(pB)|bi)(0)y,,gGa,Lb] O)|B(pp))
=0and

(B(pp)Ib,(0)yygGayuyshl (0)|B(pg)) = mpNequmev”,
(29)

then we obtain the W, for u and g emission as
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myv + é myv — é

myv + é myv — é

— —
—— — =

Fig. 2 One gluon emission diagrams of Tj,. The incoming and outgoing B mesons are replaced by free b states, with momentums being

p1 =mpv +k/2 and p» = mpv — k/2 respectively

k! 3
Wyt = = 2@ Noye {Annal 07 m?. M) (v - ©) 07
+ Bapal 0, mz, MZ]QZU'O}[VOV,OPL]ba

i (2m)?
qu,k _ _
ba

M2—>m§

N8M2{3B2bd[Q2, M2, m210%v”
— Anal Q% M2, m21(Q v 0 — 0%

X [¥°¥p PLba (30)

Mzﬁmé

The corresponding explicit expressions of their contribution
to Ap 2 are given in the Appendix B.

3.3 Heavy quark expansion in the type-II model

In this section we will consider the type-II model. Now the
HQE calculation of Tp, is almost the same as that in the type-I

model. Using the explicit form of @(Iulq)

) e (G SN ALl e
Olug) = ~i€ijk@puss W Olyg) = ~ieiju@'ap)y b,

(3D
and extracting the imaginary part of Tp, as shown in

Fig. 1, we can obtain the corresponding Wp,, through W =
—(1/7)ImT:

@n)*
Wba =
T

Copal(Q + K5, mg, my1(Q + k)*
mp

x (B(pp)|ly° PrD (0)15[6 (0) PL1al B(pp)),  (32)

where Copg = Aapg +4Bapg. Note that now the spinor struc-
ture of the matrix element above is different from that of
Eq. (14), and it seems not straightforward to read out the
A1 2 defined in Eq. (7). However, instead one can use the

@ Springer

following trick:

trly O W] = 24, :1_‘; + 2450, (33)
to extract A . At Ok, Ok'y and O(k?) we have
tr[yMyOWkO] = @)’ Capal 02, mé m210%v,,,
ity W = = T (Copgt 02, )

+CLul0% m2. m?1) 0

x |:Av - Quy, + u(Q,L —v- Qvu)] ,

2myp

el WE) = = @) Y, [3Caal Q% m3, 2]

+2C5 102, m2. m21(0%)?

+0* (131 Q% mj. m})

—2C5 0% my i)+ 0)%)

—4CS 10 m2 m21(v - Q)2] . (34)

On the other hand, it can be found that in the Type-II model
the O (k") contribution from the one gluon emission diagrams
as shown in Fig.2 vanishes. The explicit expression of Aj >
at O(k®), O(k') and O(k*) are given in the Appendix C,
which are proportional to m621 . Therefore, in the Type-II model
the decay width of B — X, 5/ X 4V vanishes in the chiral
limit m, 4 = 0, and the decay width of B — X,/ X sV is
suppressed compared with that in the type-I model.

4 Numerical results
In this section, we will present the numerical results on the

various of B — X, branching fractions as functions of
Y mass. The mass parameters are mp = 5.28 GeV, my = 87
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Table 1 The lower bounds of Q2 is set as the mass square of the lowest
baryon state in the summation of X, : 0% = mZBw. The contribution
of the spectator quark in B meson to X, is omitted since the energy of

Xyuq is mostly given by the heavy b quark

Decay b—udy b—usy b—cdy b— csy
Lowest X4 p/n A Ac Be
ma,, (GeV) [36] 1.0 1.115 2.286 2.468

MeV, m, = 1.0 GeV, mp = 4.47 £ 0.03 GeV [36], where
the quark masses are chosen at u = 3 GeV as that used in
Ref. [10]. The non-perturbative parameters A > are related
with the kinetic term /L% and the chromo-magnetic term ,uzG
of B meson as: A] = —u2 = —0.414 4+ 0.078 GeV? and
Ay = u%/3 = 0.117 £ 0.023 GeV? respectively [37,38].
The errors of mj; and A; > will be used for estimating the
uncertainty of the numerical results.

Before calculating the decay width by Eq. (8), one has to
determine the integration range of E. Obviously, the lower
bound of E must be my,. On the other hand, the upper bound
of E seems to be Eypper = [ml% + m12p — (mg + mu)z]/Zmb,
which is reached when the invariant momentum square Q>
flowing into the loop bubble as shown in Figs.1 and 2
becomes Q2 = (mg + my)?. However, it can be found that
the terms proportional to A1 2 in the results of A > contain

end point singularities at E = Eypper, Which can be seen

from the pole structures 1/[Q2 — (mg + my)21™ of A;”;)

and B’?, with n being 1/2 or 3/2. Note that although Aspg
and Bjpg also have such pole structures, they are actually
finite in the limit Q% — (mg + my)?. The reason why this
end point singularity emerges is due to the fact that HQE
breaks down at this region, where single states or resonances
dominate. Before the expansion of k, the W, contain the
terms like 1/[Q% — (mgy + m,)? 4+ 2Q - k + k*]™. When
Q2 —(my + my)? is large, the expansion of k is right. How-
ever, when Q2% ~ (mg + m,)?, this expansion is forbidden.

It should be noted that the final states X, observed in the
experiment are baryons, not the quarks. Practically, one has
to sum the inclusive states X, from the lowest baryon state
By For example, in terms of the By — X,V decay, By,
is a proton or neutron. Accordingly, the lower bounds of Q?
should be set as the mass square of the corresponding lowest

baryon state, namely Q% > m% or equivalently Eypper =
q

[m% + mzw — szu 1/2my, and thus the end point singularity
is avoided. Here qwe have omitted the contribution of the
spectator quark in B meson to X,, because the energy of
X4 is mostly given by the heavy b quark. The lower bounds
of Q2 corresponding to various of b — uq transitions are
listed in Table 1.

Now, integrating E in the region my < E < Eypper,
and using the lifetime of By: T, = 1.519 x 10~12 fs, we can

obtain the branching fractions of By — X4V as functions of
my . The branching fractions calculated in the type-I model
are shown in Fig. 3 in the unit of Ggq x 1010, The band
width shows the uncertainty coming from the uncertainties
of A12 and mp.! In fact, the results are insensitive to the
values of A 2, and most of the uncertainties come from the b
quark mass since in the type-I model A ; are proportional to
my. The maximum my is reached when my = Eypper. The
branching fractions calculated in the type-II model are shown
in Fig. 4 in the unit of G;,, x 10%. It should be mentioned
that in the type-II model, the A ; are proportional to i, and
thus vanishes in the case of By — X,qv and By — X qV.
In Fig. 4 only the branching fractions of By — X,s¥ and
By — X s are presented. The uncertainty mainly comes
from A 2, which is tiny and can be ignored. Since the masses
and lifetimes of BT and By are similar to those of By, in this
work we only present the branching fractions of By decays
and the decay branching fractions of B* and Bj are assumed
to be the same.

In addition, instead of the complicated analytical expres-
sion given in the Appendix B and C, for practice we can
parameterize the branching fraction curves shown in Figs. 3
and 4 by a simpler formula. Here we use the following poly-
nomial form to fit the curves:

mp

7 i
B(By — Xug¥) = Gpy x 10" x > " a <m—"’) .39
i=0

where n = 10, 8 for the case of type-I, II. a; have unit GeV*
and are listed in Table 2. It should be mentioned that the num-
ber of the polynomial terms given above is chosen arbitrarily,
which is enough for parameterizing the curves perfectly.

In the Ref. [3], 95% CL constraints on the inclusive B
meson decays into baryons and missing energy are estimated
according to the ALEPH analysis [ 14], which is shown by the
red curves in Figs. 5 and 6. The corresponding error bands
come from the 20% QCD corrections, which is a inferred
percentage ratio according to the estimation on the exclusive
decay branching fraction given in the Eq.(39) of Ref. [3]. On
the other hand, it can be found that the branching fractions
decrease with the increasing of m, as shownin Figs. 3 and 4.
Therefore, using the minimal possible value of 7y, one can
in principle obtain the upper limits of the coupling constants
Guq- The restriction on my, given by [2] reads as: 1.5GeV <
my < 4.2GeV. Setting my, atits minimum value: my = 1.5
GeV for the red bands in Fig. 5, we can obtain the upper limits

!'The error is estimated by the formula: &I’ =

p 2 . 2 . 2
\/(SM%> + ((SAQ%) + <5m;, a[irl;,,) , where A1 and dmy
are the errors of A1 » and my, respectively.

@ Springer
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B(By—Xuath) [G24x10'°]
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Fig. 3 The type-I model branching fractions of By — X,q¥, By — Xus¥, By — Xcq¥ and By — X as functions of my in the unit of
G% PR 10'9. The band width shows the uncertainty coming from the uncertainties of A > and m;. The maximum my, is reached when my, = Eypper

12

0 04
= %
x 038 X 03
50 1S 02
& 04 %
Q Q 0.1

02

0.0 0.0

0.0 05 10 15 20 25 30 0.0 0.5 10 1.5 20
my[GeV] my[GeV]

Fig. 4 The type-II model branching fractions of By — X, and
By — X5 as functions of my in the unit of Gﬁ x 108, The max-
imum my, is reached when my, = Eypper. The branching fractions of

and the corresponding errors for the branching fractions as:

B(B = X,q¥) < (3.73+0.75) x 1074,
B(B — Xus¥) < (7.4+1.5) x 1074,

B(B — Xea/Xes¥) < (3.72£0.74) x 1073, (36)

At the point my = 1.5 GeV, comparing the center values
of the branching fractions given in Figs. 3 and 4 with the
constraints given above we can obtain the upper limits of

@ Springer

By — Xuq¥ and By — X 4y vanish due to m,, = my = 0. The
uncertainty mainly comes from A1 >, which is tiny and can be ignored

Guq as

Typel : G2, < (1.8 4£0.35) x 107 14GeV 4,
G2, < (3.75+£0.74) x 107 14GeV,
G2, < (1.06 £ 0.21) x 10712GeV~*,
G2, < (1.634+0.33) x 10712GeV ™,

Typell : G2, < (1.07 £0.21) x 107 '1GeV~*,

G?, < (3.6240.72) x 10710Gev . (37)
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Table 2 The coefficients ¢; defined in the Eq. (35) (in unit GeV*). Due to the tiny error bar of the type-II branching fraction, here we ignore the

errors of g; in the type-II case

Type-1 ap aj a az as ag ar
b—udy 524401 0.07+00 —68.76+0.9 61.5+0.53 313.58+2.57 —756.23+3.66 641.08 4+ 1.24 —198.06 £0.14
b— usy 5.08+009 0.07+00 —67.88+0.88 60.14+0.54 318.89 +£2.44 —771.56+3.4 659.65+0.89 —206.37 £0.35
b—cdy 195+0.04 0.04+00 —42.35+0.73 49.82+0.97 245.86+0.95 —606.4 + 12.73 324.72 +35.48 132.82 4+ 30.68
b—csy 1.68+004 0.04+0.0 —40.54+0.69 54.05+1.16 194.55+3.08 —348.1 +£23.81 —332.342+63.63 777.545 + 58.34
Type-11 ap ap ar a3 as ag ay
b— usy 1.08 0.02 —6.02 5.98 —22.19 79.45 —106.76 53.08
b— csy 039 0.02 5.7 19.64 —154.29 732.86 —1611.17 1403.16

5 5

3 s

el S

T T

= <

K Q

12N

= = 08}

s S

> 3

T T

< <

Q Q 04

0
1 12 14 1.6 1.8 2 1 12 14 1.6 1.8 2

my[GeV]

Fig. 5 Thered curves are 95% CL constraints on the inclusive B meson
decays into baryons and missing energy are estimated according to the
ALEPH analysis given in the Ref. [3]. The corresponding error bands
come from the 20% QCD corrections, which is a inferred percentage
ratio according to the estimation on the exclusive decay branching frac-

Using the maximum value of G2 g given above, we also
present the branching fraction curves in Figs. 5 and 6. It can
be found that with this setting of G, the branching fraction
curves are safely below the upper limit curves in the region
my, > 1.5 GeV. Since the upper limit curves (red band) have
much larger error than those of the branching fraction curves
(blue band). To obtain the error for the constraints of G4 in
Eq. (37), we just compare the center value of the branching

my[GeV]

tion given in Eq. (39) of Ref. [3]. The blue curves are the branching
fractions calculated in the type-I model, where the G, are taken as
their upper limit values given in Eq. (37): Gﬁd = 1.8 x 107 14GeV—4,
G2, =3.75 x 1074GeV ™4, G2, = 1.06 x 10712GeV~ and G2, =
1.63 x 10712Gev—*

fraction with the upper and lower bounds of the red band at
my = 1.5 GeV.

Note that the branching fractions of By — X,4v¢ and
By — Xcq¥ vanish in the type-II model due to the chiral
limit, thus they cannot be used to constrain Gﬁ 4 and Gz oL
The branching fractions of By — X,s¢¥ and By — X ¢
are suppressed by m?, so they produce larger upper limits for
Gay

@ Springer



744 Page 10 of 13

Eur. Phys. J. C (2023) 83:744

124
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Tc> L 04}
_ Qq
g 04 5
0 . . ' . 0
1 15 2 25 3 1 12 14 1.6 1.8 2
my[GeV] my[GeV]

Fig. 6 The red curves are the same as those in Fig. 5. The blue curves are the branching fractions calculated in the type-II model, where the G4
are taken as their upper limit values given in Eq. (37): G2, = 1.07 x 10~'1GeV~ and G%S =3.62 x 107 10Gev—*

us

5 Conclusion

In this work, using the recently developed B-Mesogenesis
scenario, we have studied the semi-inclusive decays of B
meson into a dark anti-baryon i plus any possible states
X containing u/c and d/s quarks with unit baryon num-
ber. The two types of effective Lagrangians proposed by
the scenario are both considered in this work. The semi-
inclusive decay branching fractions of B — X are cal-
culated by the method of heavy quark expansion, where the
non-perturbative contributions from the matrix elements of
dimension-5 operators are included. We obtained the branch-
ing fractions as functions of the dark anti-baryon mass. Using
the experimental upper limits of the branching fractions,
we provided the upper limits on the coupling constants in
the B-Mesogenesis scenario. In the Type-I model, the upper
limits on G2, and G2, are around 10~ '#GeV~*, while the
upper limits on G2, and G2 are around 10~'2GeV~*. The
upper limits on G2 and G2 in the Type-II model are around
101 GeV~ and 10~ 19°GeV~* respectively.
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Appendix A: Two-body phase space integration

In this work, the rank-0 two-body phase space integration is
defined as

d*ly  d*l
/ ﬁﬁ&‘(}) -1 - 12)5(1% _ m%)S(Z% _ m%)

/(P2 — (my + m2)?) (P2 — (my — m2)?)
B 2(27)0 P2 '

(AD)

the rank-2 two-body phase space integration is defined as

d*l d*l
2m)3 (27)3
= Aopa[ P2, m3, m31P* P’ + Bopa[ P2, m3, m3]1 P2 g",

$HP =1y — )8} —mDHs (3 — mHINLY

(A2)
with
o = TV (P2 — (g £ m)) (P2 — (my — m2)?)
4= 6(27)6(P?)3
x [m‘l‘ +m3(P? —2md) + (P? — 2m§)2] ,
7 [(P% = (m1 +m2)?) (P2 — (m1 —m2)D)]?
Bopg = — .

24(2m)0(P2)3
(A3)
Appendix B: Expressions of A1, in the type-I model

For convenience we define the following dimensionless
variables to simplify the expressions: € = E/myp, s =
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m({/mb’ u= mu/mb, Qs = Qz/mi and A = q32 _2%'(5 +
u) + (s — u)®. The expressions of A1 2 in the type-I model
read as

ko_mme\/K _ 2 _ _ 2
A =TS e (@ H et - w6 -w0?). B
2
0 ma/ A
A = b 1 2de —2(s +u+2
A Trmoned LR )
+qs (s(4e—2u—4)+u(—86+u+8)+52)
4 =D —w? +47 | (B2)
1 mp 3 2
AR = — B Al2g3u (3¢ —6e —s+3u+3
! 96712q§1\/x [qs ( )

2 (—su (662 — 12 + Tu + 6)

+2u? (962 — 18¢ +2u + 9) +53+ 2&,)
+qs(s — u)? (2s (362 — 6 —u+ 3)

u (18€? = 36€ + u + 18) + s2)

—6(c — D2(s —w* + 47 — gt + 4u)]
mp

B e ——
3847 2mpgd VA
X [—1262qs3u - 1262(1‘35‘14 + 3662qS2u2 - 1262qss3

Y -2

—1262qss2u + 6062qssu2 — 3662qsu3

+12625% — 48e%53u + 726%5%u% — 48¢%su’ Alfz
+12e2u* + 2466]314 + 2466]3514

—726(]3142 + 2445qu3 + 246q552u - 120€qssu2

+72€q; ud — 2des* + 96es3u

—144e52u? + 96esu® — 24eu* + 7qS5 - 7q;‘s

—19q;‘u + 3q§’s2 - 2q§’su + ISqS?’u2

—12q3u - qszs3 + qszszu + q?suz

712q52su - qS2u3 + 36(13142 - 2q$-s4 + qus3u

—12qss3 — 12qs52u2 — 12qss2u + 8qssu3

+60qssu2 - 2qsu4 - 36qsu3

1254 — 4853u + 72522 — 485> + 12u4] , (B3)

P —'
2 T 1927244 A

+3(e — )52 — 2(e — 3)su)

[43 (3u (<46 + e(5u +8) — 9u — 4)

+q2 (su (—1262 T 19€u + 24¢ — 33u — 12)

+u? (36€% — €(13u +72) + 21u + 36) AL
FO—Te)s3 + (e + 3)s2u)

F2gs (s — u)? (—2s (362 26 —3) — 3u+ 3)

+u (—1862 +2e(u+ 18) — 3(u + 6)) + (e — 3)s2>

+(€ —3)g) + qH (15 = Te)u — (e — 3)s)

+12(e — D2(s — u)4] + 7)

384n2g¢ VA v
X [1262q§’u + 1262qs2su
—3662%2142 + 1262qss3 + 1262qss2u
—60621155142 + 3662115143—
12625* + 48¢253u — 722 5%u?
+48¢%su’ — 12¢2ut
—eqss + eq;‘s + 7eq;‘u - 3eqs3s2 + 2eqs35u
—156q3u2 - 24eqs3u + 76q353 - eqszszu
—19eqS2su2 - 24eqszsu + 13eq3u3
+726qS2u2 — 4eqss4 + 16eqxs3u — 24Eqss3
—24eqss2u2 - 24eq5s2u + 166qssu3
+120€qssu2 —4deqs ut — T2eqs u’ + 2des*
—96es>u + 144es%u® — 96esu’
+24eu — 6q55 + 6q;‘s + 12q;‘u + 12qs3u - 6qs2s3
+18q325u2 + 12q35u - 12q3u3
—36qs2u2 + 6qss4 — 24qxs3u + 12qss3 + 36qs32u2
+12qss2u — 24qssu3 - 6Oqssu2
+6q5u4 + 36qsu3 —125% + 4853 — 72522
148su® — 12u4] ; (B4)
S —
32n2mth5A3/2
x [q?u (462 —8—5s—u —|—4>

(I—e)

—3g¢ (202 (4€? = 8e +u+4) +5° — 35%)
+43 (% (82 — 166 — 11u +3)

—3su? (862 — 16€ + Tu + 8)

—H4u3 (462 — 8¢ +u—+ 4) + 9s* + 9s2u2)
—q2(s — u)? (s2 <24€2 —48¢ — Tu+ 24)
Fsu (3262 — 64e — 13u + 32)

+u? (6462 —128¢ + 1 + 64) + 9s3)
135 (s — ) (2s (462 —8e—u+ 4)

+u <12€2 — e +u+ 12) + s2>

—8(e — D2(s —u)® + qsﬁu] : (B5)
128722 A3/2

X [4qs6 (u (262 —3e+u+ 1) + s2>
—12(e — Dy (s — w)*
(—2s (462 Te(u—8)—2u+ 4)
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4 (—1262 Fe(u+24) —2u+ 6)) t(e— 2)s2>

—243 <s2 (262 —de —3u+ 2)
+su (462 +2e —3(u+ 2))

u (—863 + €2(22u + 24)

—6€(Tu +4) + 3u® + 20u + 8) n 3s3)

—{—3q§1 (4s3 (262 —5¢ —u+ 3>
—dsu? (262 —Te +u+ 5)

2 (—3263 +322(u +3)

—24e(Bu + 4) + 3u> + 40u + 32) 354 + 2s2u2>

-3 (3s4 (1662 —4de —Tu + 28)
2522 (1262 — 42 +Tu + 30)

~ 253 (1663 +16€2(u — 3)

—6€(9u — 8) — Tu® + 38u — 16)
—3su? (—3263 + 4862 (u +2)
—de(3lu +24) + Tu? + T6u + 32)

W3 (—22453 +8¢2(13u + 84)

“24e(11u +28) + Tu® + 160u + 224) + 7s5)

+2q2(s — u)? (s3 (2062 — 58¢ — du + 38)

—242 (2453 4662 - 12)

+e(72 — 19u) — 3u® + 13u — 24)
—2su (3263 +6€2(3u — 16)
+€(96 — 49u) + 2u* + 31u — 32)

u? (—12863 + 4¢2(Tu + 96)

—6e(13u + 64) + 1% + 50u + 128) ts

3m
ug B
=———— N —€)(gs +5 — 1)
! 6471 mbqs VA s
x [a? = gs(s +20 + s —w?],
3

ALS = N(gs +5 —u)

2 T T s6n2g3VA "

)

—32e = 13(s — w)® + 8 — 3¢ s + u)] ;

(B6)

(B7)

X [4eqs —deqgs — 8eqgu + des? — Besu + deu® + %3

2 2 2
_2Qs S = zqs u— 4qs
+qss? — 2qsu + 4qys + qeu’
+8qsu — 452 + 8su — 4u2] ;
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(B8)

A = B N = e)(gs — s W)

327 2mpgi v/ A

x [q?—qs<2s+u>+<s—u>2], (B9)
Al = N s+u
2 12872 3\/— (gs — )

X [4eqs — 8eqys — deqgu + des? — Besu + deu® + qg’
—2qszs + 2q52u - 4qs2 + qss2

—2qgssu + 8qss + gs u? + 4gsu — 45% 4 8su — 4u2]
(B10)

Here the superscript ug and gg denote the cases of gluon
emission from the u and g quarks respectively.

Appendix C: Expressions of A1, in the type-II model

For convenience we define the following dimensionless
variables to simplify the expressions: € = E/myp, s =
mg/mp, u = my/mp, g5 = Qz/m% and A = qSZ —2g5(s +
u) + (s — u)?. The expressions of A1 2 in the type-II model
read as

AR — o, (C1)
20 JA
0 mys
Ak = —b 5 (C2)
167w ~gs
kl _ mp _ 2
A = Gz =D s+ =6 —w?], (€3
Akl = _ [2(e — DmpA +e(Z — V)]
> 3n2g3VA
x [as6 +w) — 5~ w?]; (C4)
AR o, (C5)
K> _ 8 2.3 2.3 222
Az —WYI:—4G qss—46 qg‘u+12€ q S
2 2 2

1262(]553 + 1262q552u
—12¢2 qsu 3 4 ae%st —16€257u + 24€25%u?

+12¢7¢q

—16€%su> + 4€2u* + 86qs s+ 86qx u— 24eqs

- 24eqs2u2 + 24:5%-53 - 24eqsszu - 24eqssu2
—}—246(1Su3 — 8es? + 32es3u — 48es2u?
+32esu® — 8eu* + q?s + q?u - 3(]352 + 6q§’su - 4%35
—3q3 2 _ 4q3u + 3q2 3
—3q s2u + 12q 52— 35]A su® +3q ud + 12q32u2 —qss4
+4qsv u— 12qsv — 6q5 s2u®
+12qss u+ 4qssu + 12qssu - qxu4 - 12q5u3 + 454
—1653u + 2452u? — 165u® + 4u4] : (C6)

and ALllg2 = Aqg = 0 in the chiral limit.
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