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Abstract In this paper, we study the FCNC decay pro-
cesses of B and B, meson, in which one invisible particle
is emitted. Both the spin-0 and spin-1 cases are considered.
The model-independent effective Lagrangian is introduced
to describe the coupling between the light invisible boson
and quarks. The constraints of the coupling coefficients are
extracted by experimental upper limits of the missing energy
in B meson decays. The bounds are used to predict the upper
limits of branching fractions of corresponding B, decays,
which are of the order of 10~ or 10~ when final meson is
pseudoscalar or vector, respectively. The maximum branch
ratios are achieved when m, ~ 3.5—4 GeV, where m is the
mass of the invisible particle.

1 Introduction

Dark matter (DM) played an important role in the evolution
of the universe. The freeze-out mechanism [1,2] considered
dark matter candidates as thermal relic from the local thermo-
dynamic equilibrium of early universe [3]. Their annihilation
cross sections are bounded by the observed dark matter relic
abundance 2,42 = 0.113140.0034 [4,5]. Interestingly, this
limitation of interaction intensity happens to be on the same
order of magnitude as that of weak interaction, which makes
the weakly-interacting massive particle (WIMP) to be one
of the most promising dark matter candidates. Currently, the
direct and indirect DM detections [6—8] get null results and
set much stricter constraints on the parameter space for the
WIMP with mass larger than several GeV. It provides a moti-
vation for the study of light dark matter candidates through
high-energy colliders, for example, CODEX-b at the LHCb
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experiment aimed to probe for GeV-scale long-lived parti-
cles [9]. Lee and Weinberg [10] limit which sets the lower
bound of the WIMP mass to a few GeV is a model-dependent
result. This constraint can be relaxed with different models
or proper parameters selection. It makes lower mass WIMP
be possible, for example, the MeV-scale light dark matter
(LDM) is proposed [11,12] to explain the unexpected emis-
sion of 511 keV photons from the galaxy center. The feebly
interacting massive particle (FIMP) is another DM candidate
which comes from an alternative scenario of the freeze-in
mechanism [13-15]. Within the freeze-in scenario, the DM
is never in thermal equilibrium with the SM and is gradually
produced from scattering or decay of the Standard Model
(SM) particles. It allows much weaker interaction between
the SM particles and DM.

High-energy collider searches might be able to detect dark
matter particles produced in collisions through their invisible
(“missing”) energy and momentum, which do not match SM
neutrino prediction. This motivates us to study whether DM
interactions could help to explain the anomalies. So far, these
experiments provide mostly just upper limits on the interac-
tion strength between DM and the SM. The BaBar and Belle
[16-20] known as B-factories produce large numbers of B
mesons, allowing to study their various decay channels pre-
cisely, which has revealed tentative anomalies with respect
to SM predictions. New models involved invisible particles
have been extensively studied in the flavor-changing neutral
current (FCNC) processes [21-27]. While previous studies
most focus on B meson instead of B, meson. The B, meson
has been massively produced and measured by the CDF [28],
ATLAS [29], CMS [30], and LHCb [31] experiments. The
production rate of B, meson on the LHCb collaboration is
close to 3.7 per mille of that of the B mesons [31]. The B,
events are of the order of 10'0 per year. As the luminosity of
the LHC increases significantly, much more B, events will be
generated in the near future, which provides a new possibility
to discover dark matter candidates.
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Except for photons, the SM bosons cannot exist stably
for a long time. In models, the invisible boson can either be
the stable relics in previous Universe or a mediator between
the SM and dark sector. Vector dark matter (VDM) [32-34]
candidates are usually introduced through Abelian or non-
Abelian extended gauge group. In order to make VDM itself
a candidate for dark matter, additional symmetries are often
requested to maintain its stability [35,36]. A well-know invis-
ible vector model is the dark photon [37]. A very light massive
dark photon could be a dark matter candidate, while in other
cases, dark photon appears as a mediator. One of spin-0 hid-
den boson candidates is the axion-like pseudoscalar particle.
Axion was introduced in order to explain the strong-CP prob-
lem [38-40]. Axion-like dark matter (ALDM) models [41-
43] usually introduce a general dimension-five Lagrangian
which consists of scalar and vector current to describe the
coupling between SM fermions and ALDMs. Scalar dark
matter candidates can be achieved in minimal extensions of
the SM [44,45], in which the hidden scalar can mix with the
Higgs boson [46—49]. If the scalar further decays into double
leptons I/, it is possible to observe this signal in the experi-
ments. If it decays into two invisible fermions x yx, the scalar
is a mediator between the SM and the dark sector.

In this paper, we focus on the light invisible bosonic parti-
cle (both scalar and vector) which is emitted in FCNC decays
of B and B, meson. We introduce a general dimension-
5 effective Lagrangian which includes coupling strength
of quarks and an invisible boson. The Wilson coefficients
are extracted from the experimental results of the B meson
decays with missing energy, which are used to predict the
upper limits of the branching fractions of the similar decay
processes of B, meson.

The paper is organized as follows: in Sect. 2, we study the
decay processes of B and B, mesons with single invisible
scalar (x = S) production. In Sect. 3, we study the single
invisible vector (x = V) generated case. Finally, we draw
the conclusion in Sec. 4.

2 Light invisible scalar

The experimental upper limits of B meson FCNC decays with
missing energy from Belle Collaboration and SM predictions
are listed in Table 1.

It can be seen that the theoretical prediction is smaller than
the experimental value, which leaves room for contributions
from new physics [19]. We assume that a hidden boson yx
produced in these processes carries away part of energy. The
Feynman diagram is presented as in Fig. 1,

where ¢, g £ and g’ represent the quark and antiquark,
M and M are the masses of the initial and final mesons,
respectively. When x = §, we introduce a dimension-5
model-independent effective Lagrangian to describe the ver-
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tex which represents the coupling between SM fermions and
the hidden scalar,
Licatar = M85, (G,9)S

+mg, (G, v 9)S

+ 853(q,;vuq)(i0"5)

+ 85, (@, Yuy " S),

ey

where g s are phenomenological coupling constants. The
operators (g,4)S and ((jfy5q)S break SU(2); symme-
try, as (pseudo)scalar currents are necessarily involving
quarks with opposite chirality. If one starts from an effective
Lagrangian which respects the SM gauge symmetry, these
operators could be suppressed severely. For example, Ref.
[26] included operators like (HTc}fq)S and (HTéfySq)S
by considering the electroweak symmetry breaking. These
coefficients are suppressed by an additional factor v/ A with
v being the vacuum expectation value of Higgs field and
A being the new physics scale (usually considered to be in
TeV). In this research we are interested that to what extent
the experimental data will constrain these coefficients. The
operators are just introduced phenomenologically instead of
starting from gauge symmetry.

Similar processes were discussed in some previous papers,
for example, Refs. [46—49] considered the hidden scalar can
mix with Higgs boson and introduced a coupling Lagrangian
with mixing angle 6. The experimental limits of B and K
meson decays are used to set bounds for 9. Reference [32]
discussed about constraints of keV-scale bosonic DM candi-
dates. In this work, we study the bosonic DM candidate with
mass of several GeV, and set upper limits for the branching
ratios of B, meson decays with the emission of the hidden
boson.

2.1 07 — 0™ meson decay processes

According to the Feynman diagram and the effective
Lagrangian, the amplitude of 0~ — 0~ meson decay can
be written as

(Mg S|Lscatar|M) = ms8s (M 1(q,q)|M™)
+ 8 (M7 1@ yu)IMT)PL ()
=8aT1 + 85713,
where 7;s are amplitudes other than the effective coupling
coefficients. Py is the momenta of the invisible scalar. As the

Lagrangian is sum of several operators, the partial width can
be written as

r Z/dPSQ(ng_//]})T(ZgS,-Ti) Zng_/gSfFijv
J i ij
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Table 1 The branching ratios (in units of 10°) of B meson decays involving missing energy

Experimental bound [18-20]

SM prediction [50-53]

Invisible particles bound

BR(B* —> K*F) < 14
BR(B* — 7% F) < 14
BR(B* - K**F) < 61
BR(B* — p*E) <30

BR(B*T - K*vi) =5.1+0.8
BR(B* — 7¥vi) =9.7+2.1
BR(B*T — K**vp) =84+ 1.4
BR(B* — p*vi) = 0.4910%

BR(B* — K*x) <9.7
BR(B* - 7%y) < 6.4
BR(B* — K**x) < 54
BR(BT — p¥y) <30

Fig. 1 Feynman diagram of decay channels involving invisible parti-
cles,

Here we have defined F1(3) = fdPS3|T1(3)|2, which are
independent of the coefficients. When the final meson is a
pseudoscalar, by finishing the two-body phase space integral,
we get the decay width.

T'(M — M¢S) =

120002 g2 2
16”M3)‘ (M ’Mf’mS)

m g5 (M7 1@, )M ™Y (M;1(3,q)IM™)

+ 85, (M7 1@, )M ™) (M7 1@, vuq)|M ™) P P!

+ 85185, (M7 1@ ) M) AMEI@ IR+ hc}
“4)

where the KRllen function A(x, y, z) = x>+ y>+z> —2xy —
2xz — 2yz is used. The hadronic transition matrix elements
can be expressed as

s . (P=pPpr _
(M1 IM ™) = L (M (G, vug) M)
q q;
M? — M7
= ——— fo(s),
mg —mq,
X M 1(q,yuq)IM™) (%)
= (P + P f+(s)
M2 _M2
+(P = Pp)y !
x [fols) = f+(®)].
where s = (P — Pf)2 = mg; fo and fi are form

factors; mg and mg, are the masses of initial and final
quarks, respectively. It is worth to mention that one of
the form factors in Eq. (5) is divergent when mg =

0, however, the final results are smooth and convergent
when mg — 0. The hadronic matrix element with pseu-
doscalar current (M |(g,y°q)|M ™) and axial vector cur-
rent (M;|(éj.yuy5q)|M_) are zero for the 0~ — 0~ pro-
cesses. When we calculate the hadronic matrix elements of
B meson decays, the LCSR method are adopted to write the
form factors [54]. One can see more details of the selection of
parameters in our previous work [55,56]. The instantaneous
Bethe-Salpeter (BS) method [57,58] which is more suitable
for heavy to heavy meson decays is used in B, meson decay
processes. In Mandelstam formalism, the hadronic transition
matrix element is written as

(h™ 1T b|B.) =

L9 [ Lot apriept ©6)
2r) |:M Py ar)l>ep (Q)],

where I' = 1, 95, y*, y*y3 oro"’; ¢ and goif;r are the
wave functions of the initial and final mesons, respectively;
P and Py are the momenta of the initial and final mesons,
respectively; q and q, are the relative momenta of the quark
and antiquark in the initial and final meson, respectively.

The results of T} ;s are shown in Fig. 2. The solid
and dashed lines represent noninterference and interference
terms, respectively.

One can see that although we use different parametric
methods in B and B, meson decays, the trends of Fi js are
similar. This is because the mesons have same quantum num-
bers. T j increases when m increases from zero. It grows
faster in B — My modes than that in B. — My modes
when mg is about smaller than 4 GeV. This is due to the
difference in the form factor caused by the masses of final
state mesons, since K and 7 mesons are light while Dzks) are
heavy. F33 and F13 are zero when m — 0, because they are
proportional to m? and m g, respectively. When m is about
larger than 4 GeV, Fi j decreases. Whenmg = (M — My),
T s are zero for there is no phase space.

The upper limits in Table 1 give the allowed parameter
space for the effective coupling constants g;s. Here we use
two different ways to make the calculation. First, we assume
that only one of the g; is not zero and make others zero.
In this case, the upper limits of g s as functions of m are
shown in Fig. 3, where the point of m ¢ = 0 is excluded.

One can see that the upper limit of |g; |2 is infinite when
mg = M — My. This is because Fij = 0 at this point.

@ Springer



564 Page 4 of 9

Eur. Phys. J. C (2021) 81:564

Fig. 2 1:,-.,-5 in B and B, meson 04
0~ — 07 decays with invisible
scalar

my (GeV)

(a)B~ — K8

Fig. 3 Upper limits of g;s 10-12 10712
frgm .B meson 0~ — 07 decays 10-13 10-13
with invisible scalar = .
S —14 N —14
% 10 ‘% 10
S 107" Q107"
Z10710 Zlote
1077 107"
—18 N -18
10775 i 3 3 ) 5 10 i ST
m,, (GeV) m, (GeV)
(a)B- > K~ S (b)B™ = a~ S

The smallest valve of |gg; |2 is of the order of 1077 GeV—2.
The solid blue line which represents |g,, 12 is infinite when
mg, — 0, since the blue solid line in Fig. 2a and b which
represents Iy is zero at this point. The red dashed line which
represents |g,|> changes slowly whenm, < M — M s due to
'3 changes slowly in Fig. 2a and b. Second, we assume that
all operators make contribution and run a program to select
the maximum value of the branching ratio of B, meson. The
results are plotted as dashed (ij = 11, 33) and solid (total)
lines in Fig. 4, respectively.

One can see that the upper limits of BR are of the order of
107, The results of two methods show subtle differences.

It should be noticed that these results are the upper limits
of the branching ratios. The area under the curves in Fig. 4
represents the possible values of the branching ratios. The
peak is located near mg ~ 4 GeV, which may imply the
greatest probability of detecting the invisible particles in this
area. Taking the LHC as an example, although the generation
of B, meson cases can reach the order of 10'? per year, the

@ Springer

actual effective detection is still several orders of magnitude
lesser. If more cases can be detected and the distribution
spectrum of the missing energy can be obtained, then it is
possible to observe the signal experimentally.

2.2 07 — 1~ meson decay processes

In 0~ — 17 meson decays, the decay width has the form

T'(M — M}S) =

120102 ag%2 2
l6nM3A (M=, M}~ my)

mlel (M1, v )| M) (M51@, v )| M™)

+ 85, (M3T1@G vy DIM Y (M1, vy )| M) Py P

+mggo gt (M5 1@G, vy ) IM ™) (MG, y5q)|M*>P;},
(7



Eur. Phys. J. C (2021) 81:564

Page 50f9 564

20

Fig. 4 Branching ratios of B,
meson 0~ — 0~ decays with
invisible scalar

Br (1079

—— Total

Br (107%)

(a)B; — D; S

where M}“- represents the mass of 1~ final meson. The
hadronic transition matrix elements can be expressed as the
functions of form factors

(MG M) =~ —ww*‘ué Yy @IM™)
f ! - my + mqf f frn
ZM;E
=—i———€.(P—Pp)Ao(s)
mq +mq‘,
(M@ ryu@)IM™) = epupoe” PP(P — Pp)" —————V(s),
I G e M+ M3
(M1 vy DIMT) = t{e,mM + M)A (5)
€-(P—Py)
—(P + Pf)ﬂrﬁ/[}thz(s)
~(P = Ppule- (P = Pp)]
2M;§
o -aell®

where the parameters are cited from LCSR method [59] in B
meson decays. The BS method [57,58] is applied to calculate
the hadronic transition matrix element of B, meson decays.
The results of T'; ;s are shown in Fig. 5.

It can be seen that there is an obvious difference between
B and B meson. As m increases, f‘44 in B meson decay
increases first until m ~ 3.5 GeV, then decreases to zero.
While T'44 in B, meson decay keep deceasing until there is no
phase space. This is the result of competition between form
factors and phase space. As m increases, the form factors
increase while phase space decreases. The form factors of B,
meson decays grow much faster than these of the B meson
decays.

We also use two ways to set the upper limits for the branch-
ing ratios of B, — M;TS processes. The upper limits of
&; s obtained by the first method are shown in Fig. 6.

One can see that they have very similar trends to those
in Fig. 3, but about one order of magnitude bigger. This is
caused by the different upper limits of experiments in Table 1.

The upper limits of branching ratios of B, meson from
two methods are shown in Fig. 7.

One can see that the difference between dashed and solid
lines are obvious. It is due to the contribution of interference

my, (GeV)
(b)B; - D~ S

term I"p4. The most likely area for finding the dark scalar is
near m ¢ ~ 3.5 GeV. The BR is of the order of 107>, which
is about an order of magnitude larger than thatin 0~ — 0~
modes. This depends on the experimental upper limits in
Table 1.

3 Light invisible vector

When x = V, we assume a hidden vector produced in the
FCNC processes. The effective Lagrangian, which represents
the coupling between SM fermions and the hidden vector, has
the form

Lyector =M 8y, (é/ V/L‘Z)VM + mvgvz(Q_fVuVSQ)Vu-
&)

This dimension-5 effective Lagrangian naturally meets gauge
symmetry, since the chirality of two quarks are the same.

3.1 00 — 0~ meson decay processes

By finishing the two-body phase space integral, the decay
widthof M~ — M]? V processes can be written as

m2 g2
X — _VOoVI 4 1/20 242 2 2
P(M — MyV) = S8 2%, M3, )
(M7 1@, @) | M7 (M7 1@ vu) MYPE, (10)
where the sum of polarization vector is
PHPY
PUY =) eitel = —gh + —* (11)

\4
The hadronic transition matrix element with pseudoscalar
current is zero when final meson is pesudoscalar. The only
nonzero term F” is shown in Fig. 8. One can see that the
results are smooth and convergent when m, — 0.

Since only one operator contributes, the upper limits of the
coupling constants and branching ratios of B, meson can be
easily obtained, which are shown in Fig. 9. One can see that
the upper limits of |g,, |* are infinite when m, = M — M,
since Fll = 0 at this point. It changes slowly when m, <
M — My because ' changes slowly in Fig. 8. The upper

@ Springer
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Fig. 5 l:i.,-s in B and B, meson
0~ — 17 decays with invisible
scalar

Fig. 6 Upper limits of g, s
from B meson 0~ — 1~ decays
with invisible scalar

Fig. 7 Branching ratios of B,
meson 0~ — 17 decays with
invisible scalar
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Fig. 8 1:11 in0~ — 0~ meson
decays with invisible vector

5
Fig. 9 Upper limits of coupling
constants and BR of B, meson
with invisible vector
2 3 5
m,, (GeV)
(a)Upper limits of g,,, from B meson 0~ — 0~ (b)Branching ratios of B. meson 0~ — 0~
decays with invisible vector. decays with invisible vector.
Fig. 10 Fij in0~ — 17~ meson — 1.0 —
decays with invisible vector 05— 11 (B-»K*) o 0 — TI'1y (Bc—~Dy*)
P = o TaBoD)
203 - i - _
o b I'11 (B—p) ) oal I (B-—~DY)
=02 ~ T ~
RS Tn@B-p) |V T e Iy (B—D")
0.1 02
0'00 1 2 4 5 0'00 1 2 3 4 5
my (GeV) my (GeV)
(a) B~ = K*(p7)V (b)B. — DE‘;)V

limits of branching ratios are of the order of 107°. As the mass
of the invisible particle increases, the upper limits of BR
increase first and then decrease to zero. The peak is located
near m, ~ 4 GeV. It may be the area where the invisible
particle is most likely to be detected experimentally.

3.2 07 — 17 meson decay processes

InM~™—> M ;?_ V processes, the decay width has the form

2
8y
167 M3

X{(Mffl(éf)/vq)le)*

T(M — M}V) = AV2m2, M}‘?, mZV)

(M5 1@ vq) | M) PL Py

fmzv<M_’;-‘|@fm>|M—>*<Mf;‘|<qu“q>\M—>}
g2
V2 1/2,2,2 a2 2
+16nM3A (M?, M2, m3)
x{<M;‘|<q‘fyuy5q>|M‘>*
<AMF1@ vur M) PP
—my (MG vy ) 1M )

x(Mf;-*|(éfy“y5q>\M‘>}. (12)

The hadronic transition matrix elements can be expressed as
the functions of form factors in Eq. (8). In Fig. 10, the results
of T; ;s as a function of m,, are shown.

f‘zz has the same shape as that in 0~ — 0~ modes above
in Fig. 8. T'y; starts from zero because it is proportional to

@ Springer
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Fig. 11 Upper limits of g,
from B meson 0~ — 1~ decays
with invisible vector

— lgwi

Fig. 12 Branching ratios of B,
meson 0~ — 17 decays with
invisible vector 3l ij=22

1 2 3
my (GeV)

(a)B - D7V

m%/ There is no term like T" 12 since the interference term can
be proved to be zero.

The upper limits of |g,, |2 are shown in Fig. 11. The |8va 2
which is of the order of 10~!7 changes slowly when m, <
M — My. When m,, — 0, the upper limits of |g,, 1> go to
infinity. These results depend on T 7 in Fig. 10a.

The upper limits of the branching ratios are shown as
Fig. 12.

One of the two operators is opened in turn, while assuming
the other is zero. The blue solid line and red dashed line
represent the contribution from Fll and Fzz, respectively. As
there is no interference term, the upper limit of the branching
ratio is the larger one of these lines, namely, the red dashed
line.

4 Conclusion

We have studied the light invisible bosonic particles via
FCNC processes of B and B, meson. The mass is con-
sidered to be less than a few GeV. Both scalar and vec-
tor cases are considered. The effective Lagrangian is intro-
duced to describe the coupling between quarks and the
dark boson. The effective coupling constants are constrained
by the experimental results for the B decays with missing
energy. Then the upper limits of the branching fractions of
the B, — MJ(,*) x channels are calculated. When the final
meson is pseudoscalar Dy, the largest value of the upper
limits is of the order of 107°. For the final vector meson
Dz‘s), the BR is of the order of 107> The most likely area for

@ Springer
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finding the dark boson is near m, ~ 3.5 — 4 GeV. As much
more B, events will be generated in the near future, we hope
future experiments can make new discoveries through such
processes or set more stringent constraints for them.
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