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P Flavor-changing neutral current (FCNC) processes of long-lived particles provide a window to
observe new physics (NP) beyond the standard model (SM).
¢ — u,s — d,and b — d(s) transitions. Motivation
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P Experiments have given the constraints on hadronic FCNC decays with missing energy (/).
B(K; — m°0v)koro < 3.0 x 107° at 90% C.L.
B(Kp — m°ov)sm = (3.4 +0.6) x 107"
B(K'T = 77 ov)nae = (11.07%3(stat) + 0.3(syst)) x 107" at 68% C.L.
B(K™ — 77 ov)poae = (17.3%]53) x 107"
B(KT — ntov)sm = (8.4 £ 1.0) x 107"

» The upper bounds of branching ratios of B — K () 7, p modes have been given by the CLEO,
BarBar, Belle and Belle II collaborations.

P> Models of fermionic dark matter particles, such as sterile neutrino, neutralino, Higgs-portal, Z-portal
and singlet-doublet.

» Particularly, the Belle II: sensitivity for measurement of B — KO 5y can be increased by
25—-30%. Future e™e™ colliders, such as the FCC-ee experiment, have shown the ability of precise
measurements of FCNC processes.




Experimental bounds

Table 1: The branching ratios (8) (in units of 10~°) of B decays involving missing energy.

Experimental bound® SM prediction Invisible particles bound
B(B* — K*F) < 16 B(B* — K*vp) = 4.73 £0.56 B(B* — K*xx) < 11.8
B(BE — 7%E) < 14 B(B* — 7*vp) = 8.1240.01 B(BE — 7% xx) < 5.89
B(B* — K**F) < 40 B(B* — K**up) = 8.93 4+ 1.07 B(B* — K**xx) < 32.1
B(B* — pTE) < 30 B(BT — ptup) =0.48+£0.18 B(B* — pTxx) <29.7

Phenomenologically, these new invisible fermions of x can weakly interact with the SM fermions via
a mediator, which can be a scalar, pseudoscalar, vector or axial-vector particle.

In our study, we will concentrate on a general model-independent approach to introduce the effective
Lagrangian, which contains all possible currents involving the invisible fermions with the coupling

constants extracted from the experiments.

a q q q q 3 q
These experimental bounds are adopted by PDG-live, which are not certainly the latest or strictest constraints.
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SM expectations

The FCNC decay processes of bottomed baryons with missing energy are described as

7, ]
-
w- w+
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92 q2
By B, By B,
j q3 \ j q3 K

a: Within the Standard Model b: Beyond the Standard Model

Figure 1: Feynman diagrams of bottomed baryon FCNC decays with missing energy.
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The loop is calculated by Inami-Lim function:
2 3(xg—2)
X _ Y |Xq + q
) =3 %=1 oy -1
where G represents the Fermi coupling constant, « corresponds to the fine structure constant, Oy
stands for the Weinberg angle, V; are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, and
Xq = mz /M3, with my (My) being the mass of the quark (#W-boson).
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Baryonic amplitude

P> Consequently, the transition amplitude is given by

_ \/EG « _ _
(.| Cou [Br) = 7Y ViV (5) (Bul5*(1 = 7°)blBa) i (1 = 7).

Baryonic form factors

P> The baryonic transition matrix elements can be parameterized by the form factors (FFs) of
f;/’A (i=1,2,3),7 and f*, defined by

(Bu(Pr, 59)[(@rvuq) Bo (P, 5)) = ity (Pr, 57) [’Y;JlV(qz) lU;wq 1(q°) + fV } u, (P, 5),
<B'1(Pf7 Sf)'(zlfq”Bb(Pv S)) = ﬁsn (Pf7 sf)fg(qz)usb (P7 5)7

(B3| @7 D Bo(P,5)) = T, (P5) [ 6) + i L) + )| 4, (P9

(Bu(Pr, 59)1 (a7’ 9) Bo(P,5)) = itg, (Pr, 51/ (4°)7 s, (P, 5), )
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Modified bag model

P We will evaluate these elements in terms of the MBM, which works well for the heavy baryonic

decays. In the MBM, the baryon wave functions at rest are read as
W3 3) = N [ 5 T] u 5y =06 5o,
i=1,2,3

where g; are the quark components of the baryons, A/ the overall normalization constant, x,,
(Ey,) the spacetime coordinates (energies) of g;.

P ¢, (x) the quark wave functions inside a static bag, located at the center, given by
N wq+jo(Pqr)Xq
bq(X) = . . 5 = .
iwg—j1 (Pgr)F - GXq
Here, jo,1 represent the spherical Bessel functions, wy+ = /Ty £ M, with T, the kinematic
energies, and x, are the two component spinors.

» By demanding that quark currents shall not penetrate the boundary of bags, we have the
boundary condition

PR
tan(peR) = T3 b —p g
q q

where R is the bag radius, resulting in that the magnitudes of 3-momenta are quantized, which

can be analogous to the well-know infinite square well.
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Modified bag model

P By sandwiching the operators, we arrive

/ (ASTh(x)e™|Ap)d'x = Z / d'%aTw(¥a) [ Dy(Ea),

qj=u,d
with
Z = (2n)*6* (pa, — pa — N, Na
Dy (Xa) = V1 -2 /d%'c’qﬁ;r/ ()'c'—l— %)?A) bq; (J_c'— %fA) e M
Iy (Fa) = /d355¢s (er %fA) PS_oTS_scbs (ff %XA) I MA+MA, —E—E)TT

where I are arbitrary Dirac matrices, and Sy the Lorentz boost matrix of Dirac spinors. We have
taken the initial (final) state as A, (A) for an concrete example. To simplify the algebra, the Briet
frame is chosen, where A, and A have the velocity —V and v, respectively.

P> Notably, all the parameters of the model are extracted from the mass spectra, given as

R=48GeV™', M,;=0, M,=028GeV, M,=5.093GeV.
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Form Factors from MBM

We consider the bottomed baryon decays of (A, — ADv and EZ(_) — E"pyyand (A — now,
Eg(_) — Y5y, and =) — Abv), due to the (b — s) and (b — d) transitions at quark level.
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Figure 2: Form factors as function of ¢*




SM expectations

P By integrating the three-body phase space, we obtain the decay branching ratio to be

1 dq’
iz)\l/z(Mz,qz,M))\l/z(q ml,mz)/dcosﬁzw\/ﬂ

B(Bb — Bnl/I/) 75127r3]\ﬁf‘3 q

where A(x,y,z) = x* +)* + 2> — 2xy — 2xz — 2yz is the Kallen function. As the three generations
of neutrinos are indistinguishable experimentally, the final results need to be multiplied by three.

P For the b — s transition, the decay branching ratios associated with 7v are as follows:
B(Ay — Abw) = 5.527028 % 107,
BEYT - 2" Toy) =7.8015 7 x 107°.
Here, due to the SU(3) flavor symmetry, the branching ratios of Z) and E, are considered
approximately to be equal.
P Similarly, for the b — d transition we have that
B(Ay — niv) = 2.767017 x 1077,
B(E, —» %~ W) =2.65T0% x 1077,
B(E) — 2'w) = 1247013 x 1077,
) =

B(E) — Av) =3.887937 x 107,
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Bottomed baryon

Effective Lagrangian with invisible particles
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P> Under the low energy scale, the model-independent effective Lagrangian is given by SISErR lenTions
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6
‘C’eff = Z 8.0i,
i=1

where g5, are the phenomenological coupling constants. There are 6 independent dimension-six Experimental bounds
effective operators .
SM expectations
_ _ s = 5
01 = (7,9)(xx)s 0 = (g7 9) (xx); 05 = (79) (X7’ X), T
_ 5 5 _ 5 _ 5 5 €d bag modae.
04 = @7V XY Xx) Os = (@) XY v'X), Qs = (@77 )XV X)s
Effective Lagrangian
where the invisible particles of x have been assumed to be the Majorana type. Since xv*x = 0
and yo!"”x = 0, there is no contribution from the vector or tensor current. Coupling constants

»> The upper limits of the coupling constants in the effective Lagrangian can be extracted from Partial width
B™ K (K" )+ Fand B~ — 7~ (p~) + £ modes

Branching ratios

X R ‘X
. //4 Summary

q a5
“ Thanks
M M

@

Figure 3: Feynman diagram of bottomed meson FCNC decays with invisible particles.




Mesonic amplitude

» Forthe 0~ — 0~ meson decays of M~ — M xx, only operators 01 3,5 give the contributions.
The amplitudes of the 0~ — 0~ decays can be simplified as

(M7 XX LM ™) = 2gm (M5 |(G,9)|M ™ iy vy, + 2gms (M [(3,9) 1M )itxy vy
+ 2gms (M} (3, 7u9) 1M )it vy vy,

P For the 0~ — 1™ meson decays of M~ — M;‘ ~ xx only operators Q> 45,6 give the
contributions. The amplitudes of the 0~ — 1~ decays can be simplified as

(MF XX LogIM ™) = 22 (M} ™G @) M ity + 28ma (M}~ (@7’ q) M )iy vy
+ 2gms (M} (@ 7u@) 1M )0y Y vy + 2gme (M} (@70 q)|M >EX'Y”’YSVX)
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Mesonic form factors

P> The hadronic transition matrix elements can be expressed as

7 @) = T f(g?)
q9 qf
—_ 2 Mz - Mj% 2 2
(M |G ua) M) = (P+Pufr(q) + (P — Pf)u? [o(q) = f+(q)],
M7 1§0,0) M) = i[Pu(P = Pl = Pu(P = P)u] 5o ila),
and oy
(M@ °g) M) = —ile - (P = P)]——— ("),

Mg + My,

6-(P—Pf)

06 @) = et + 1)) - (P4 2 S o)

- (P=P)le (=) 2L [as(a) — an(a) .
0671 @AHIM) = 2o P (P = P 3 V()

where f; (j = 0,+, T), Ax (k = 0 — 3) and V are the FFs, which are evaluated from the method of
the LCSR, and e is the polarization vector of the final meson with the convention of €% = 1.

v
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Bottomed baryon

Coupling constants

with invisible

» In our calculation, we assume that only one operator contributes to the process at a time. The Majorana fermions
upper limits of the coupling constants g,,; can be obtained from Table 1, given by Relene
=
* *) — * mi Fii Motivation
B~ M E)ey = B4~ M mw)sw 2 BM — M7 x00)0, = E2LL2, |
B

Experimental bounds

Notably, the partial decay width should be divided by two since the Majorana fermion is
identical to its antiparticle. SM expectations

»> The upper limits of |g..|* on (bsxx) and (bdxx) vertices are shown as functions of m, in Fig. 4 Modified bag model
with m, is the mass of x.

Effective Lagrangian
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Figure 4: Upper limits of |g,,;|* as functions of n,,




Coupling constants

P For the baryonic decays of B, — B, x, all operators should be considered.
6
Loy = ngiQi7
i=1

01 =(790xx), O=@7Yxx), 0= (79X,
O: = @7 0)0’x), O = @719 0" Y'X), s = (@17’ 9) X7V’ X),

P The decay amplitude can be expressed as
(Buxx|LepBs) = 2gm <Bn|(q/Q)‘Bb>ﬁxVx + ng2<Bn|(‘?;'75‘])|Bb>l_4xVx
+ 23 (Bu (@,9) Bs)iix Y v + 28ms (Bl (4,7 9) B )iiny v
+ 285 (Bal (4,7129) Bb) tx vy v + 286 (Bal (37,27 °4) [Bo) ix "7 v
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Bottomed b

f,-,- defined above are obtained with the numerical results
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Figure 5: f‘,», as function of m, in b — d decays




Branching ratios

The upper limits of the branching ratios are as shown

o
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Figure 6: The upper limits of the B7R as function of m., in bottomed baryon FCNC decays
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Branching ratios

Table 2: Upper limits of B(B, — B,XX) when m, = 2 GeV (in units of 10™°)

Motivation

Experimental bounds

Operator A, — Axx 5, =2 xx Ay o mox 55 = N xx 5 —2xx 5 — Axx | [
0 0.22 0.33 0.096 0.091 0.042 0.017 o e o
0> 53 7.3 5.2 4.4 2.0 0.93
0s 0.32 0.49 0.14 0.15 0.071 0.026 et b
04 3.6 5.4 3.6 33 1.6 0.61 ERR—
0s 0.38 0.57 0.19 0.20 0.091 0.032
05 6.3 9.2 5.7 5.8 2.7 1.0 B

Branching ratios
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P> We have studied the light invisible Majorana fermions in the FCNC processes of the long-lived
bottomed baryons.

P The model-independent effective Lagrangian which contains six operators has been introduced
to describe the couplings between the quarks and invisible Majorana fermions.

P> The bounds of the coupling constants have been extracted from the differences between the
experimental upper limits and SM predictions of the relevant B meson FCNC decays.

» Based on these bounds, we have predicted the upper limits of B(B, — B,xX)-

P> We are looking forward to the future experiments, such as those at Belle II, to get more
measurements on bottomed baryons to find signs of new particles.

V.

» Invisible particles in ¢ — u FCNC transition?

P First experimental bound on charmed hadron by BES III in April 2022.
B(D® — 1°v) < 2.1 x 107*

P> In the SM, strongly suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism.
BD" — n’ov) ~ 1071

\.
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Thanks for your attention!

Let’s have a further discussion, please.

BN E F 57 PR

Hangzhou Institute for Advanced Study,UCAS
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