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Influence of invisible light particles on A, — AE
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In this work, we study the contribution of invisible light particles to A, — AE,;, particularly the three-
body decays A, — Ag¢ and A, — Ayp. The differential branching ratio of A, — AE,; and the
g*-dependent longitudinal polarization asymmetry of A in scenarios explaining the Belle II excess
are presented. In the chiral basis, we investigate the correlations between B(B — KE,;) and
B(A, = AEy), as well as between B(B — KE,;,) and P/, in eight distinct new physics scenarios.
We find that the P?* can be used to distinguish the chirality of the hadronic current part in the effective
operators, which is similar to the cases in the two-body decays A, — A¢ and A, — AV.
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I. INTRODUCTION

Rare b — svv transitions are flavor-changing neutral
current processes absent at tree level and strongly sup-
pressed at higher orders by the Glashow-Iliopoulos-Maiani
mechanism [1] in the Standard Model (SM), making them
sensitive to new physics (NP). Recently, the Belle II
Collaboration has found the first evidence of the BT —
KVE,; decay. The branching ratio of this decay was
measured using two different techniques: the hadronic-
tagged analysis and the inclusive-tagged analysis. The
combined result is as follows [2]:

B(BT = KVEpigs)exo = (23 £7) x 1076, (1)

exp —

In the SM, the missing energy in the final state is carried by
a pair of massless neutrinos, with the corresponding
branching ratio being [3]

B(B* = K*ui)gy = (5.09 £ 0.41) x 106, (2)

The Belle II measurement is approximately 2.6¢ higher
than the SM prediction. This discrepancy may be caused by
NP beyond the SM [3-37]. One approach is to consider
that, in addition to the SM neutrinos, the missing energy in
the final state could also be carried by other light NP
particles, which could naturally explain the Belle II excess.
The scenarios that can resolve the Belle II excess while
satisfying the BABAR and ALEPH upper limits on B(B —
K*E,) and B(B; — E;) are the two-body processes
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B — K¢/V [11] and the three-body processes B —
Koo /yip [13,20], where ¢, w, and V are, respectively,
invisible light scalar, spin-1/2, and vector particles.
These light NP particles would also affect other decay
processes based on b — sE ;. transitions. In this work, we
mainly focus on the A, — AE,; decay, which has already
attracted some research interest [3,29,38-43] and may be
measured at the future Tera-Z machines such as FCC-ee [44].
Reference [3] has studied the two-body processes A, —
A/ V. The present work will carefully investigate the three-
body processes A, — A¢p/yp, presenting the branching
ratios and the longitudinal polarization of A in various NP
scenarios, analyzing the correlations between these observ-
ables and the branching ratios of B — KE;, as well as
examining the differences in contributions from light NP
particles to the A, = A¢/V and A, = App/yip decays.
Our paper is organized as follows. In Sec. II, we present
the NP models and the analytical expressions for the
contributions of NP to the A, — Ag¢ and A, — Ay
decays. In Sec. IlI, we provide our numerical results and
discussions. Our conclusions are made in Sec. IV.

II. MODELS AND OBSERVABLES

This section presents the models we consider, as well as
the branching ratios of A, - AE,, and the longitudinal
polarization of A within these models.

A. The SM

In the SM, the low-energy effective Hamiltonian gov-
erning the b — svb transitions is given by

GFaV,b V;}

the Creative Commons Attribution 4.0 International license. HSM — _ CM(sy P, b)(py*(1 —y<)v) + H.c.
Further distribution of this work must maintain attribution to eff NGy L TutL JEr (1 =7s))

the author(s) and the published article’s title, journal citation, 3
and DOI. Funded by SCOAP’. (3)
2470-0010/2025/112(9)/095007(8) 095007-1 Published by the American Physical Society


https://orcid.org/0000-0002-2132-9759
https://ror.org/02frt9q65
https://crossmark.crossref.org/dialog/?doi=10.1103/zp29-r1l6&domain=pdf&date_stamp=2025-11-07
https://doi.org/10.1103/zp29-r1l6
https://doi.org/10.1103/zp29-r1l6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

QUAN-YI HU and ZHI-BIN DUAN

PHYS. REV. D 112, 095007 (2025)

Here, G is the Fermi constant, a is the fine-structure
constant, V,, and V, are the Cabibbo-Kobayashi-Maskawa
matrix entries, and the chirality projectors P;p =
(1 F y5)/2. Considering the next-to-leading-order quan-
tum chromodynamics corrections [45—47] and the two-loop
electroweak contributions [48], the Wilson coefficient in
the SM is C?M = —6.32 + 0.07 [49].

The differential branching ratio for A, — Avv with the A
baryon in a definite helicity state is given by

dB(A, - AI/I?)%M _ TAbG%a2|thV?s‘2\/ S48 ‘CSM|2
dq? 512ﬂ5m3\b g
X A (ma, +ma)V/s-f+
F (mp, —ma) /5594

+2¢*(V/s_f1L F \/5191)*} (4)

Here, the superscript “+” in dB(A, — Avp)Z, indicates
that the helicities of the final-state A are A, = £1/2,
respectively. 7,, is the lifetime of A, baryon. s, =
(my, £mp)* — ¢* are universal kinematic quantities on
the hadronic side.

The differential branching ratio is given by

dB(A, = Avd)gyy  dB(A, — Avd)gy N dB(A, = Avd)dy

dq2 dq2 dq2
_ T/\b G% | Vlb V’;S |2a2 \/ S+S_ |CSM |2
256m°m3, t

x{s_[(ma, +mr)*f2 +24°f1]
+si[(ma, —mp)’gt +2¢%g11}. (5)

B. A, - A

It is assumed that the missing energy associated with the
excess observed at Belle I experiment is carried away by a
pair of invisible scalar particles. We write the low-energy
effective Hamiltonian suitable for describing the b — s¢h¢
transitions as

gssSb + gpsSysb
Hfffz%qﬂqﬁ
sy,b+ 5y.rsb ..
+gvv Yu GavSYuls i¢Ta”¢+H.C. (6)

A2

For a complex scalar ¢, the differential branching ratio
for the decay A, — A¢¢, where the A baryon is in a
definite helicity state, is given by

dB(A, = Adp)T  ny [12A2
A, S 7 L F L+ PP £ 1,

dg? 8
285 £ 1P )
with
X 4
" ETAbﬂzq \/S+S- (8)
YT 190N M

where 5 = /1 — 4%?‘. Here, X represents field ¢ or y. The
functions /;_q are defined as

Iy = gsski14Kk3_fo, L, = gpski-K3490>
I3 = gyyki_f 4,

Is = gyyko_f1s

ly = gavki1 94,

le = gavka1 g1, (9)

respectively. The kappa variables that contain hadronic
kinematic information are, respectively, given by

_(mA,,:FmA)\/Si s+ . qu
—————, K= ? K3i—2(7

my,+tmg)
(10)

For a real scalar field, i.e., ¢ = gfﬁ the contributions from
gyy and g4y vanish, and the remaining contributions from
gss and gpg are a factor of 2 larger at the amplitude level.
Hence, the replacements gg¢ — 2ggs and gpg — 2gpg must
be made in Eq. (9). The ratio (7) should also be multiplied
by factor of 1/2 to account for identical outgoing states.

C. A, — Ay

Suppose the missing energy from the excess in the Belle
IT experiment is carried by a pair of invisible spin-1/2
particles. The low-energy effective Hamiltonian governing
the b — sy transitions is given by

" _ [ss5b+ fpsSysh _ fspSb + fppSysb _
eff — A2 vy A2 Yyysy

FvvSvub + favsruysb _

+ ey
Svasyub + faaSvursh _

+ . e E ity sy

56,,b + fir50,,75D
11150 A{” wlS2 Govy + He. (1)

The differential branching ratio for A, — Ay, where y
is an invisible Dirac fermion and the A baryon has definite
helicity, is given by
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dB(A, = Njy)*
dq?

= nw{|f1 T 302 4 |te £ t12* + [t7 £ 113> + |ty F 14+ 15 £ 114> + |19 £ 15

+ [tio £ 116> + |t10 F 121> + 020 F ta* + |17 F 123> + |15 F t24]?

6V2p
P3P

+

N[(te £ t12)(t17 F t23)" + (17 £ 113) (s F l24)*}}- (12)

The functions #,_,4 are defined as t; = f;x;(i = 1...24), where

f: {fSSvafSPvafPSQO’fPPQO’fVVfOJCVVer’fVVfJ_vaAvafVAf+»fVAfJ_’fAVQOvfAVng?fAVgJ_’fAAQO»fAAg+»fAAgJ_’

fTTthsfTThvaTTilJrvaTili’fTTth’fTThL’fTT}NZJrvaTiIL}v (13)
%= {ﬁﬁ‘é’mm_, V31K, V3B K Ky V3K K3 O,ﬂ—BKI_ Paka, \/§ﬂ1'<1+,ﬂ—gkl_ Pk, O’ﬂ—3kl+ Pk,
i
V3pik_, 27;7ﬁl§/’<2+7ﬂ4’<2—, V2Pari— ByKa s N 2Bk B ko V2B K1 Para 2Bk b (14)

The remaining beta variables are

m 2m2 8m?
ﬁlz—wz, ﬂ3:\/1+—w, ﬂ4:\/1+—2yl’ (15)
Vg q q

respectively.

In the scenario of invisible Majorana fermions, i.e.,
v = ¢, the result can be obtained from Eq. (13) with
the replacements fyy, fav, frr, frr = 0, and fo, = 2f 4
for the remaining couplings. The ratio must also be
multiplied by factor of 1/2 to account for identical out-
going states.

D. The observables

The effective Hamiltonians (3), (6), and (11) are defined
at the typical energy scale y; ~ m,;, where all degrees of
freedom above py,; are integrated out, including heavy
particles in the SM (W¥, Z°, top quark, and Higgs boson)
as well as possible heavy NP particles at scale A. The
effects of these heavy degrees of freedom are encoded in
the Wilson coefficients: C3™ in (3); the four coefficients
gsss gps> gyv, and g4y in (6); and the ten coefficients fgg,
frss fsps frps fvvs favs fvas faas frr, and fpp in (11).
The fo. 1,90+, 0 ,and fz+,L are helicity form factors
for the A, — A transition, and their definitions can be
found in Refs. [50,51].

When the missing energy in the final state is carried
away by pairs of invisible light scalar particles or by
invisible spin-1/2 fermion pairs, the three-body decays
lead to continuous ¢ distributions. Above the production
threshold g*> = 4m?%, these distributions differ from the SM
prediction. Specifically, the branching ratios satisfy

0 < q* <4m?,

B= { Bsw. (16)

2 2 _ 2
Bsmix. 4my < q* < (my, —mp),
where

Bsmix = B(Ay = AEniss)smx
In the A, rest frame, the g>-dependent longitudinal
polarization asymmetry of A can be defined by

_dB/dg* —dB" /dq?

(18)

and the corresponding ¢’-integrated longitudinal polariza-
tion asymmetry is obtained as

i aB- Jdg? — dB* Jdg?)dg?

PA
L (my, —m/\)2
Jo Y (dB/dg?)dg?

(19)

ITII. NUMERICAL RESULTS AND DISCUSSIONS

Table I lists the input parameters used in the numerical
analysis, including their associated uncertainties.
iny(2 GeV) and 7, (n;,) are the MS masses renormalized
at the scale 2 GeV and 1, respectively. In the specific
calculation, we use the package RunDec [52,53] to run the
ms(2 GeV) to the typical energy scale u;,. The overall
uncertainties are dominated by those of the transition form
factors. Uncertainties from uncorrelated input parameters
are combined in quadrature.

As shown in Fig. 5 in Ref. [20], in the three-body decay
mode, only the ggg and gy couplings under the scalar pair
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TABLE I. Summary of input parameters used throughout this
paper.

Parameter Value References
Gp 1.1663788(6) x 107> GeV~2 [54]

a 1/128 [54]
mg 493.677(15) x 1073 GeV [54]
mp: 5279.41(7) x 1073 GeV [54]
Mo 5279.72(8) x 1073 GeV [54]
my 1115.683(6) x 1073 GeV [54]
my, 5619.60(17) x 1073 GeV [54]
iny(2 GeV) 93.5(8) x 107 GeV [54]
(1) 4.183(7) GeV [54]
T+ 1.638(4) ps [54]
Tpo 1.517(4) ps [54]
A, 1.471(9) ps [54]
[Vl 1.010(27) [54]
[Vl 41.5(9) x 1073 [54]
cM —6.32(7) [49]

B — K form factors [55-58]
A, — A form factors [51,59]

hypothesis, and the fy and fy, couplings under the spin-
1/2 pair hypothesis, are able to account for the excess
observed by the Belle II experiment. The heavy NP scale is
fixed at A = 10 TeV throughout this work.

Figure 1 shows the contribution of NP effects to the
differential branching ratio of A, — AE,;, under the
assumption that the excess observed by Belle II arises
from a pair of invisible light scalar (left panel) or spin-1/2
(right panel) particles. The black band shows the SM
prediction. Assuming the final-state NP particles are
invisible light scalar particles, when only the Wilson
coefficient |ggs| = 9.3 x 107 is nonzero and the mass of
scalar particle takes the corresponding best-fit value
my = 0.52 GeV, the differential branching ratio of A, —

AEpss above the kinematic threshold ¢* = 4my is given

— 5 )
cT = SM only

% 4 [mmm SM + ¢,y = 052GV, |ggs| = 9.3 x 107
O [wmSM+ ¢, my =0.38GeV, |gyy| = 3.6
=

=)

s

~

Q

=

X
o)

o

‘_' 1

0 5 10 15 20
¢*[GeV?]

FIG. 1.

by the magenta band; correspondingly, the result for
lgyv| = 3.6 and my = 0.38 GeV is represented by the
purple band. The prediction for the ggg scenario is larger
than that for the gy scenario at large g>. However, in other
regions, large uncertainties from input parameters currently
prevent a clear distinction between the two scenarios.
Under the invisible light spin-1/2 particles hypothesis,
we always take m,, = 0.60 GeV. If y is Dirac, the corres-
ponding distribution for the case where only the Wilson
coefficient |fyy/| = v/3 is nonzero corresponds to the blue
band above the threshold g> = 4m?. Similarly, |fy,| = V3
corresponds to the green band. Furthermore, if y is
Majorana, we take |fy,| = 1.1, and the result corresponds
to the yellow band. The distributions in these three cases
cannot be distinguished over the entire kinematic range.
Whether they are scalar particles or spin-1/2 particles, their
existence leads to a branching ratio for A, — AE,; that is
significantly larger than that in the SM only.

Figure 2 displays the contribution of NP effects to the
g*-dependent longitudinal polarization asymmetry of A,
assuming that the excess observed by Belle II originates
from a pair of invisible light scalar (left panel) or spin-1/2
(right panel) particles. We study P} (g?) within the same
NP scenarios as in Fig. 1 and find that the predicted values
of the P}(g?) are significantly smaller than those in the SM
across all NP scenarios.

Previously, we discussed the analysis in the parity basis.
This choice simplifies the analytical expressions for the
branching ratios, as the transition form factors for the
A, — A are most naturally defined through hadronic
matrix elements with definite parity. However, from a
top-down perspective, it is more natural to write the
operators in the chiral basis, which couples the light
invisible state to ST'Pyb, where I'e{l,y,,0,} and
X e{L,R}. The parity-basis Wilson coefficients can be
converted to those in the chiral basis as

5 T
°|‘ = SM only my, = 0.60 GeV

% 4 {mmm SM + Dirac ¥, | fyv| = V3

&) m SM + Dirac ¥, | fra| = V3
o‘g‘ 3F  SM + Majorana %, | fya| = 1.1

s

~

0 2r

=

X 1F
©

@]

v

0 ' ' '
0 5 10 15 20

q*[GeV?]

Predictions for the differential branching ratio of A, — AE,; in the SM and SM + ¢ (left panel) as well as the SM and

SM + y (right panel), using the best-fit mass and couplings from Ref. [20].
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1.0 1.0 7
= 0.60 GeV
0.8} 0.8} i ¢
= SM only mm SM only
&; 0.6} = SM + ¢, my, = 0.52GeV, |gss| = 9.3 x 1074 g,; 06l mm SM + Dirac ¢, | fyv| = V3
= mm SM + ¢, my, = 0.38 GéV, |gyv| = 3.6 = m= SM + Dirac ¢, | fya| = V3
AT 0.4} AT 0.4} SM -+ Majorana v, |fya| = 1.1
0.2 0.2f
0.0 : : . 0.0 : : .
0 5 10 15 20 0 5 10 15 20
?*[GeV?] 7*[GeV?]

FIG. 2. Predictions for the g>-dependent longitudinal polarization asymmetry of A in the SM and SM + ¢ (left panel) as well as the
SM and SM + y (right panel), using the best-fit mass and couplings from Ref. [20].
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Next, we will discuss the g*-integrated branching ratio
B(A, — AE;s) and longitudinal polarization asymmetry
P} in the chiral basis. The correlations between these
quantities and the branching ratio of the B — KE ;,, decay
are shown in the left panel and right panel in Fig. 3,

gyy 1/1 1 C,% respectively. It can be seen from the B(B — KE ;) —

( Gay ) 2 < -1 1 > C(‘I/(}SR;b ’ (21) B(A, = AE;) correlation plot that the branching ratio is

completely insensitive to the chirality of the operator.

Within the measured range of B(B — KE,), scenarios

Fov 1 1 1 1 CZV',LL CZ;; and C(‘I/I)/XY predict similar values for B(A;, = AE )

CV-LR but significantly larger than that predicted by scenario

fva _ 1 b= “l/"’R . (22) C%;. This correlation can be used to effectively distinguish
Jav 41-1 -1 11 Cay, between NP scenarios CX;/)); (or CZ&IXY) and Cﬁ;/fﬁ.

faa 1 -1 -11 CZ&IRR The contributions from left-handed and right-

handed hadronic current operators exhibit no overlap in

1.0 - - - - - ]
2 0.5¢ E
R
<
T s o0 _
— | C;d’,ﬁ
2 -l
X V,L
o - 0.5 Cuis
— ma Cyly
C;:LLX
-
! L 1 1 f L 1 .- - 1.0t 1 1 1 1 1 1 1]
5 10 15 20 25 30 35 5 10 15 20 25 30 35

10° x B(B — K FEps)

10° x B(B — K Epss)

FIG.3. The figure displays the B(B — KEp;s) — B(A, — AEp,) correlation (left panel) and B(B — KE,) — P correlation (right
panel) for different NP scenarios. X, Y € {L, R}.The SM predictions are represented by black rectangles. The light orange regions
indicate the present experimental range (1) quoted by Belle II.

095007-5



QUAN-YI HU and ZHI-BIN DUAN

PHYS. REV. D 112, 095007 (2025)

the B(B — KE,;) — P} correlation plot for each NP
hypothesis, allowing for clear discrimination. This is
similar to the conclusion in the two-body processes A;, —

A¢/V [3]. The NP in scenarios Cif(ﬁ, Cg&fﬁ, and CZV‘ILX

make an extremely small contribution to P} In contrast, in
scenarios Cfl;/i/), C};;,ff/), and CZV'/RX —which have the opposite
hadronic current chirality to the aforementioned scenarios
—the NP can rapidly reduce P}; moreover, within the
range of the measured value of B(B — KE,), the
predicted values of P7 are all negative. This correlation

still cannot distinguish between the scenarios CZ(}’;; and

CZI/U,IRX , but it can more clearly separate scenarios ng; (or

C:Z/',RX ) from Cg;/f(/). Furthermore, we find that the B(B —

KE i) — P} correlation results predicted by scenarios
CZ(;; and CZfX can be clearly separated from the results

of the NP scenarios discussed in the two-body processes
A, — AP/V [3].

IV. CONCLUSIONS

Recently, the Belle Il measurement of B(B — KE )
exceeds the SM prediction by approximately 2.6, sparking
considerable interest in NP interpretations. One possible
explanation is that the missing energy in the observed
excess is carried away by invisible light particles. In this
case, the underlying NP would also affect other b — sE
decays.

In this work, we mainly study the influence of invisible
light particles on A, — AE ;. specifically focusing on the
decays A, — A¢pp and A, — Ayp. First, in the parity
basis, we select the scenarios that can explain the Belle II
excess while satisfying the upper limit constraints from
the BABAR and ALEPH experiments on B(B - K*E, ;)
and B(B; — Ep)- In these scenarios, we find that the
NP can significantly enhance the differential branching

ratio dB(A, — AE,)/dq* and markedly suppress the
g*-dependent longitudinal polarization asymmetry of A
over the entire kinematic range above the threshold.

In the chiral basis, we investigate the B(B — KE ;i) —
B(A, = AEy;,) correlation and B(B — KE,) — P}
correlation in eight different NP scenarios. The B(B —
KE. i) — B(A, > AE,;) correlation is completely
insensitive to the chirality of the effective operators,
whereas the B(B — KE,) — P} correlation shows clear
differences between scenarios with different chiralities of
the hadronic current. We can use P} to distinguish the
chirality of the hadronic current part in the effective
operators, which is similar to the situation in the two-body
processes A, = A¢/V. In addition, we find that both

correlations can be used to distinguish scenario CZ(;,)); (or
CX&,XY) from scenario Cf,;;fﬁ. We anticipate more precise
measurements of the aforementioned observables, particu-
larly P2, from experiment such as FCC-ee [44]. This will

help further deepen our understanding of the quark-level
b — sE ;. transitions.
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