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In this work, we study the contribution of invisible light particles to Λb → ΛEmiss, particularly the three-
body decays Λb → Λϕϕ̄ and Λb → Λψψ̄ . The differential branching ratio of Λb → ΛEmiss and the
q2-dependent longitudinal polarization asymmetry of Λ in scenarios explaining the Belle II excess
are presented. In the chiral basis, we investigate the correlations between BðB → KEmissÞ and
BðΛb → ΛEmissÞ, as well as between BðB → KEmissÞ and PΛ

L , in eight distinct new physics scenarios.
We find that the PΛ

L 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 Λb → Λϕ and Λb → ΛV.

DOI: 10.1103/zp29-r1l6

I. INTRODUCTION

Rare b → sνν̄ 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 Bþ →
KþEmiss 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]:

BðBþ → KþEmissÞexp ¼ ð23� 7Þ × 10−6: ð1Þ
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]

BðBþ → Kþνν̄ÞSM ¼ ð5.09� 0.41Þ × 10−6: ð2Þ
The Belle II measurement is approximately 2.6σ 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 BðB →
K�EmissÞ and BðBs → EmissÞ are the two-body processes

B → Kϕ=V [11] and the three-body processes B →
Kϕϕ̄=ψψ̄ [13,20], where ϕ, ψ , 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 → sEmiss transitions. In this work, we
mainly focus on the Λb → ΛEmiss decay, which has already
attracted some research interest [3,29,38–43] and may be
measured at the future Tera-Zmachines such as FCC-ee [44].
Reference [3] has studied the two-body processes Λb →
Λϕ=V. The present work will carefully investigate the three-
body processes Λb → Λϕϕ̄=ψψ̄ , presenting the branching
ratios and the longitudinal polarization of Λ in various NP
scenarios, analyzing the correlations between these observ-
ables and the branching ratios of B → KEmiss, as well as
examining the differences in contributions from light NP
particles to the Λb → Λϕ=V and Λb → Λϕϕ̄=ψψ̄ 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 Λb → Λϕϕ̄ and Λb → Λψψ̄
decays. In Sec. III, 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 Λb → ΛEmiss and the longitudinal
polarization of Λ within these models.

A. The SM

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

HSM
eff ¼ −

GFαVtbV�
tsffiffiffi

2
p

π
CSM
L ðs̄γμPLbÞðν̄γμð1 − γ5ÞνÞ þ H:c:

ð3Þ
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Here, GF is the Fermi constant, α is the fine-structure
constant, Vtb and Vts are the Cabibbo-Kobayashi-Maskawa
matrix entries, and the chirality projectors PL;R ¼
ð1 ∓ γ5Þ=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 CSM

L ¼ −6.32� 0.07 [49].
The differential branching ratio for Λb → Λνν̄with theΛ

baryon in a definite helicity state is given by

dBðΛb → Λνν̄Þ�SM
dq2

¼ τΛb
G2

Fα
2jVtbV�

tsj2 ffiffiffiffiffiffiffiffiffiffi
sþs−

p
512π5m3

Λb

jCSM
L j2

× f½ðmΛb
þmΛÞ

ffiffiffiffiffi
s−

p
fþ

∓ ðmΛb
−mΛÞ ffiffiffiffiffi

sþ
p

gþ�2
þ 2q2ð ffiffiffiffiffi

s−
p

f⊥ ∓ ffiffiffiffiffi
sþ

p
g⊥Þ2g: ð4Þ

Here, the superscript “�” in dBðΛb → Λνν̄Þ�SM indicates
that the helicities of the final-state Λ are λΛ ¼ �1=2,
respectively. τΛb

is the lifetime of Λb baryon. s� ≡
ðmΛb

�mΛÞ2 − q2 are universal kinematic quantities on
the hadronic side.
The differential branching ratio is given by

dBðΛb →Λνν̄ÞSM
dq2

¼ dBðΛb →Λνν̄Þ−SM
dq2

þdBðΛb→Λνν̄ÞþSM
dq2

¼ τΛb
G2

FjVtbV�
tsj2α2 ffiffiffiffiffiffiffiffiffiffi

sþs−
p

256π5m3
Λb

jCSM
L j2

×fs−½ðmΛb
þmΛÞ2f2þþ2q2f2⊥�

þ sþ½ðmΛb
−mΛÞ2g2þþ2q2g2⊥�g: ð5Þ

B. Λb → Λϕϕ̄
It is assumed that the missing energy associated with the

excess observed at Belle II experiment is carried away by a
pair of invisible scalar particles. We write the low-energy
effective Hamiltonian suitable for describing the b → sϕϕ̄
transitions as

Hϕ
eff ¼

gSSs̄bþ gPSs̄γ5b
Λ

ϕ†ϕ

þ gVVs̄γμbþ gAVs̄γμγ5b

Λ2
iϕ†

∂

↔μ
ϕþ H:c: ð6Þ

For a complex scalar ϕ, the differential branching ratio
for the decay Λb → Λϕϕ̄, where the Λ baryon is in a
definite helicity state, is given by

dBðΛb → Λϕ̄ϕÞ�
dq2

¼ nϕ
8

�
12Λ2

q2
jl1 ∓ l2j2 þ βϕ22 jl3 � l4j2

þ 2βϕ22 jl5 � l6j2
�

ð7Þ

with

nX ≡ τΛb
βX2 q

4 ffiffiffiffiffiffiffiffiffiffi
sþs−

p
192π3Λ4m3

Λb

; ð8Þ

where βX2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

X
q2

q
. Here, X represents field ϕ or ψ. The

functions l1–6 are defined as

l1 ¼ gSSκ1þκ3−f0; l2 ¼ gPSκ1−κ3þg0;

l3 ¼ gVVκ1−fþ; l4 ¼ gAVκ1þgþ;

l5 ¼ gVVκ2−f⊥; l6 ¼ gAVκ2þg⊥; ð9Þ

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

κ1�¼ðmΛb
∓mΛÞ ffiffiffiffiffi

s�
p

q2
; κ2�¼

ffiffiffiffiffi
s�
q2

r
; κ3�¼

ffiffiffiffiffi
q2

p
2ðmb�msÞ

:

ð10Þ

For a real scalar field, i.e., ϕ ¼ ϕ̄, the contributions from
gVV and gAV vanish, and the remaining contributions from
gSS and gPS are a factor of 2 larger at the amplitude level.
Hence, the replacements gSS → 2gSS and gPS → 2gPS 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. Λb → Λψψ̄
Suppose the missing energy from the excess in the Belle

II experiment is carried by a pair of invisible spin-1=2
particles. The low-energy effective Hamiltonian governing
the b → sψψ̄ transitions is given by

Hψ
eff ¼

fSSs̄bþ fPSs̄γ5b
Λ2

ψ̄ψ þ fSPs̄bþ fPPs̄γ5b
Λ2

ψ̄γ5ψ

þ fVVs̄γμbþ fAVs̄γμγ5b

Λ2
ψ̄γμψ

þ fVAs̄γμbþ fAAs̄γμγ5b

Λ2
ψ̄γμγ5ψ

þ fTTs̄σμνbþ fT̃T s̄σμνγ5b

Λ2
ψ̄σμνψ þ H:c: ð11Þ

The differential branching ratio for Λb → Λψψ̄, where ψ
is an invisible Dirac fermion and the Λ baryon has definite
helicity, is given by
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dBðΛb → Λψ̄ψÞ�
dq2

¼ nψ

�
jt1 ∓ t3j2 þ jt6 � t12j2 þ jt7 � t13j2 þ jt2 ∓ t4 þ t8 � t14j2 þ jt9 � t15j2

þ jt10 � t16j2 þ jt19 ∓ t21j2 þ jt20 ∓ t22j2 þ jt17 ∓ t23j2 þ jt18 ∓ t24j2

þ 6
ffiffiffi
2

p
β1

β3β4
ℜ½ðt6 � t12Þðt17 ∓ t23Þ� þ ðt7 � t13Þðt18 ∓ t24Þ��

�
: ð12Þ

The functions t1–24 are defined as ti ¼ fixiði ¼ 1…24Þ, where

f⃗¼ ffSSf0; fSPf0; fPSg0;fPPg0; fVVf0; fVVfþ; fVVf⊥;fVAf0; fVAfþ; fVAf⊥; fAVg0; fAVgþ; fAVg⊥; fAAg0; fAAgþ; fAAg⊥;
fTThþ; fTTh⊥; fTTh̃þ; fTTh̃⊥; fT̃Thþ; fT̃Th⊥;fT̃Th̃þ; fT̃Th̃⊥g; ð13Þ

x⃗ ¼
� ffiffiffi

3
p

βψ2 κ1þκ3−;
ffiffiffi
3

p
κ1þκ3−;

ffiffiffi
3

p
βψ2 κ1−κ3þ;

ffiffiffi
3

p
κ1−κ3þ; 0;

β3κ1−ffiffiffi
2

p ; β3κ2−;
ffiffiffi
3

p
β1κ1þ;

βψ2 κ1−ffiffiffi
2

p ; βψ2 κ2−; 0;
β3κ1þffiffiffi

2
p ; β3κ2þ;

ffiffiffi
3

p
β1κ1−;

βψ2 κ1þffiffiffi
2

p ; βψ2 κ2þ; β4κ2−;
ffiffiffi
2

p
β4κ1−; β

ψ
2 κ2þ;

ffiffiffi
2

p
βψ2 κ1þ; β

ψ
2 κ2−;

ffiffiffi
2

p
βψ2 κ1−; β4κ2þ;

ffiffiffi
2

p
β4κ1þ

�
: ð14Þ

The remaining beta variables are

β1¼
mψffiffiffiffiffi
q2

p ; β3¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ2m2

ψ

q2

s
; β4¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ8m2

ψ

q2

s
; ð15Þ

respectively.
In the scenario of invisible Majorana fermions, i.e.,

ψ ¼ ψc, the result can be obtained from Eq. (13) with
the replacements fVV , fAV , fTT , fT̃T → 0, and fab → 2fab
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 μb ≃mb, where all degrees of
freedom above μb are integrated out, including heavy
particles in the SM (W�, Z0, top quark, and Higgs boson)
as well as possible heavy NP particles at scale Λ. The
effects of these heavy degrees of freedom are encoded in
the Wilson coefficients: CSM

L in (3); the four coefficients
gSS, gPS, gVV , and gAV in (6); and the ten coefficients fSS,
fPS, fSP, fPP, fVV , fAV , fVA, fAA, fTT , and fT̃T in (11).
The f0;þ;⊥, g0;þ;⊥, hþ;⊥, and h̃þ;⊥ are helicity form factors
for the Λb → Λ 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 q2 distributions. Above the production
threshold q2 ¼ 4m2

X, these distributions differ from the SM
prediction. Specifically, the branching ratios satisfy

B ¼
�
BSM; 0 ≤ q2 < 4m2

X;

BSMþX; 4m2
X ≤ q2 ≤ ðmΛb

−mΛÞ2;
ð16Þ

where

BSMþX ≡ BðΛb → ΛEmissÞSMþX

¼ BðΛb → Λν̄νÞSM þ BðΛb → ΛXX̄Þ: ð17Þ

In the Λb rest frame, the q2-dependent longitudinal
polarization asymmetry of Λ can be defined by

PΛ
Lðq2Þ ¼

dB−=dq2 − dBþ=dq2

dB=dq2
; ð18Þ

and the corresponding q2-integrated longitudinal polariza-
tion asymmetry is obtained as

PΛ
L ¼

R ðmΛb−mΛÞ2
0 ðdB−=dq2 − dBþ=dq2Þdq2R ðmΛb−mΛÞ2

0 ðdB=dq2Þdq2
: ð19Þ

III. NUMERICAL RESULTS AND DISCUSSIONS

Table I lists the input parameters used in the numerical
analysis, including their associated uncertainties.
m̄sð2 GeVÞ and m̄bðm̄bÞ are the MS masses renormalized
at the scale 2 GeV and m̄b, respectively. In the specific
calculation, we use the package RunDec [52,53] to run the
m̄sð2 GeVÞ to the typical energy scale μb. 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 gSS and gVV couplings under the scalar pair
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hypothesis, and the fVV and fVA 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 Λ ¼ 10 TeV throughout this work.
Figure 1 shows the contribution of NP effects to the

differential branching ratio of Λb → ΛEmiss, 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 jgSSj ¼ 9.3 × 10−4 is nonzero and the mass of
scalar particle takes the corresponding best-fit value
mϕ ¼ 0.52 GeV, the differential branching ratio of Λb →
ΛEmiss above the kinematic threshold q2 ¼ 4m2

ϕ is given

by the magenta band; correspondingly, the result for
jgVV j ¼ 3.6 and mϕ ¼ 0.38 GeV is represented by the
purple band. The prediction for the gSS scenario is larger
than that for the gVV scenario at large q2. 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 mψ ¼ 0.60 GeV. If ψ is Dirac, the corres-
ponding distribution for the case where only the Wilson
coefficient jfVV j ¼

ffiffiffi
3

p
is nonzero corresponds to the blue

band above the threshold q2 ¼ 4m2
ψ . Similarly, jfVAj ¼

ffiffiffi
3

p
corresponds to the green band. Furthermore, if ψ is
Majorana, we take jfVAj ¼ 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 Λb → ΛEmiss that is
significantly larger than that in the SM only.
Figure 2 displays the contribution of NP effects to the

q2-dependent longitudinal polarization asymmetry of Λ,
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 PΛ

Lðq2Þ within the same
NP scenarios as in Fig. 1 and find that the predicted values
of the PΛ

Lðq2Þ 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
Λb → Λ 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 s̄ΓPXb, where Γ∈ f1; γμ; σμνg and
X∈ fL;Rg. The parity-basis Wilson coefficients can be
converted to those in the chiral basis as

TABLE I. Summary of input parameters used throughout this
paper.

Parameter Value References

GF 1.1663788ð6Þ × 10−5 GeV−2 [54]
α 1=128 [54]
mK 493.677ð15Þ × 10−3 GeV [54]
mBþ 5279.41ð7Þ × 10−3 GeV [54]
mB0 5279.72ð8Þ × 10−3 GeV [54]
mΛ 1115.683ð6Þ × 10−3 GeV [54]
mΛb 5619.60ð17Þ × 10−3 GeV [54]
m̄sð2 GeVÞ 93.5ð8Þ × 10−3 GeV [54]
m̄bðm̄bÞ 4.183(7) GeV [54]
τBþ 1.638(4) ps [54]
τB0 1.517(4) ps [54]
τΛb

1.471(9) ps [54]
jVtbj 1.010(27) [54]
jVtsj 41.5ð9Þ × 10−3 [54]
CSM
L −6.32ð7Þ [49]

B → K form factors [55–58]
Λb → Λ form factors [51,59]

0 5 10 15 20
0

1

2

3

4

5

0 5 10 15 20
0

1

2

3

4

5

FIG. 1. Predictions for the differential branching ratio of Λb → ΛEmiss in the SM and SMþ ϕ (left panel) as well as the SM and
SMþ ψ (right panel), using the best-fit mass and couplings from Ref. [20].
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�
gSS
gPS

�
¼ v

2
ffiffiffi
2

p
Λ

�
1 1

−1 1

� CS;L
dϕϕ

CS;R
dϕϕ

!
; ð20Þ

�
gVV
gAV

�
¼ 1

2

�
1 1

−1 1

� CV;L
dϕϕ

CV;R
dϕϕ

!
; ð21Þ

0
BBB@

fVV
fVA
fAV
fAA

1
CCCA ¼ 1

4

0
BBB@

1 1 1 1

−1 1 −1 1

−1 −1 1 1

1 −1 −1 1

1
CCCA

0
BBBBBB@

CV;LL
dψ

CV;LR
dψ

CV;RL
dψ

CV;RR
dψ

1
CCCCCCA
: ð22Þ

Next, we will discuss the q2-integrated branching ratio
BðΛb → ΛEmissÞ and longitudinal polarization asymmetry
PΛ
L in the chiral basis. The correlations between these

quantities and the branching ratio of the B → KEmiss decay
are shown in the left panel and right panel in Fig. 3,
respectively. It can be seen from the BðB → KEmissÞ −
BðΛb → ΛEmissÞ correlation plot that the branching ratio is
completely insensitive to the chirality of the operator.
Within the measured range of BðB → KEmissÞ, scenarios
CV;X
dϕϕ and CV;XY

dψ predict similar values for BðΛb → ΛEmissÞ
but significantly larger than that predicted by scenario
CS;X
dϕϕ. This correlation can be used to effectively distinguish

between NP scenarios CV;X
dϕϕ (or CV;XY

dψ ) and CS;X
dϕϕ.

The contributions from left-handed and right-
handed hadronic current operators exhibit no overlap in

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

FIG. 2. Predictions for the q2-dependent longitudinal polarization asymmetry of Λ in the SM and SMþ ϕ (left panel) as well as the
SM and SMþ ψ (right panel), using the best-fit mass and couplings from Ref. [20].

5 10 15 20 25 30 35

5

10

15

20

25

30

35

5 10 15 20 25 30 35
1.0

0.5

0.0

0.5

1.0

FIG. 3. The figure displays the BðB → KEmissÞ − BðΛb → ΛEmissÞ correlation (left panel) and BðB → KEmissÞ − PΛ
L correlation (right

panel) for different NP scenarios. X; Y ∈ fL; Rg.The SM predictions are represented by black rectangles. The light orange regions
indicate the present experimental range (1) quoted by Belle II.
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the BðB → KEmissÞ − PΛ
L correlation plot for each NP

hypothesis, allowing for clear discrimination. This is
similar to the conclusion in the two-body processes Λb →
Λϕ=V [3]. The NP in scenarios CS;R

dϕϕ, C
V;L
dϕϕ, and CV;LX

dψ

make an extremely small contribution to PΛ
L . In contrast, in

scenarios CS;L
dϕϕ, C

V;R
dϕϕ, and C

V;RX
dψ —which have the opposite

hadronic current chirality to the aforementioned scenarios
—the NP can rapidly reduce PΛ

L ; moreover, within the
range of the measured value of BðB → KEmissÞ, the
predicted values of PΛ

L are all negative. This correlation
still cannot distinguish between the scenarios CV;R

dϕϕ and

CV;RX
dψ , but it can more clearly separate scenarios CV;R

dϕϕ (or

CV;RX
dψ ) from CS;L

dϕϕ. Furthermore, we find that the BðB →
KEmissÞ − PΛ

L correlation results predicted by scenarios
CV;R
dϕϕ and CV;RX

dψ can be clearly separated from the results
of the NP scenarios discussed in the two-body processes
Λb → Λϕ=V [3].

IV. CONCLUSIONS

Recently, the Belle II measurement of BðB → KEmissÞ
exceeds the SM prediction by approximately 2.6σ, 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 → sEmiss
decays.
In this work, we mainly study the influence of invisible

light particles on Λb → ΛEmiss, specifically focusing on the
decays Λb → Λϕϕ̄ and Λb → Λψψ̄ . 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 BðB → K�EmissÞ
and BðBs → EmissÞ. In these scenarios, we find that the
NP can significantly enhance the differential branching

ratio dBðΛb → ΛEmissÞ=dq2 and markedly suppress the
q2-dependent longitudinal polarization asymmetry of Λ
over the entire kinematic range above the threshold.
In the chiral basis, we investigate the BðB → KEmissÞ −

BðΛb → ΛEmissÞ correlation and BðB → KEmissÞ − PΛ
L

correlation in eight different NP scenarios. The BðB →
KEmissÞ − BðΛb → ΛEmissÞ correlation is completely
insensitive to the chirality of the effective operators,
whereas the BðB → KEmissÞ − PΛ

L correlation shows clear
differences between scenarios with different chiralities of
the hadronic current. We can use PΛ

L to distinguish the
chirality of the hadronic current part in the effective
operators, which is similar to the situation in the two-body
processes Λb → Λϕ=V. In addition, we find that both
correlations can be used to distinguish scenario CV;X

dϕϕ (or

CV;XY
dψ ) from scenario CS;X

dϕϕ. We anticipate more precise
measurements of the aforementioned observables, particu-
larly PΛ

L, from experiment such as FCC-ee [44]. This will
help further deepen our understanding of the quark-level
b → sEmiss transitions.
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