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We consider the time-dependent analysis of rare Bd and Bs decays mediated by b → sνν̄ transitions. The
inclusion of time evolution allows us to construct novel observables with specific sensitivity to CP-odd
phases in these processes. The sensitivity to CP violation of corresponding time-integrated measurements
in the presence of flavor tagging is also explored. We provide precise predictions for these observables in
the Standard Model and explore their sensitivity to new CP-violating new physics contributions at present
and planned future B-physics experiments. As such, these observables provide unique probes of CP
violation in b → sνν̄ transitions.
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I. INTRODUCTION

Recent experimental data in B physics hint toward
deviations from lepton flavor universality (LFU) in semi-
leptonic decays [1] at significances from 2.3σ to 2.6σ as
measured by LHCb [2–4]. Belle has also recently reported
measurements of RK [5] and RK� [6] in agreement with
LHCbmeasurements, but with much larger uncertainties. In
addition to these LFU ratios, LHCb data exhibit deviations
close to 3σ from the StandardModel (SM) expectation in the
P0
5 angular observable of B → K�μμ decay [7], and milder

deviations are also seen in branching ratios of b → sμμ
exclusive decays [8–12]. Deviations are also hinted at in
Belle data for B → K�μμ [13,14]. These deviations can be
explained in a very economical way through new physics
(NP) contributions to Wilson coefficients for vector/axial
operators describing b → slþl− at the scale μ ¼ mb, as
shown by global fits to b → sγ, b → see, and b → sμμ
observables (see, e.g., Refs. [15,16]).
An important complementary probe of NP is provided by

b → sνν̄ transitions, since the SM neutrinos reside in the
same leptonic weak doublets as the left-handed charged
leptons. In particular, the decays B → hsνν̄, with hs

standing for hadronic states of unit strangeness, are known
for their NP sensitivity [17,18]. In the SM, branching ratios
are found to be BðB → Kð�Þνν̄ÞSM ¼ ð9.6� 0.9Þ × 10−6

and BðBþ → Kþνν̄ÞSM ¼ ð5.6� 0.5Þ × 10−6 [19] (a recent
update can be found in Ref. [20]). The Belle Collaboration
has produced limits at 90% confidence level: BðB0→
K�0νν̄Þexp<1.8×10−5, BðBþ → K�þνν̄Þexp < 6.1 × 10−5,
and BðBþ → Kþνν̄Þexp < 1.9 × 10−5 [21]. Recently, the
Belle II Collaboration also presented a first bound of
BðBþ → K�þνν̄Þexp < 4.1 × 10−5 [22] using 63 fb−1 of
collected luminosity. It plans to observe these three decay
modes with about 10 ab−1, while the sensitivities to the SM
branching ratio will reach a precision of about 10% with
50 ab−1 [19]. Assuming a signal efficiency of the same
order Oð10−3Þ at Belle II as in Belle, one thus expects
Oð300Þ events from Bþ → Kþνν̄ and B0 → K�0νν̄ in the
SM at 50 ab−1 with a signal-over-background ratio
S=B ∼ 0.3. Some preliminary sensitivity studies are also
available for proposed future high energy eþe− colliders,
such as the Circular Electron Positron Collider (CEPC) [23]
and Future Circular Collider (FCC)-ee [24]. In particular, a
recent study of the Bs → ϕνν̄ mode at CEPC [25] is
projecting a signal efficiency of almost 2.5%, resulting
in around 7500 signal events per 1012 Z decays and
S=B ∼ 1. Scaling these numbers to the planned FCC-ee
luminosities at the Z pole [26], one can project up to
Oð20kÞ reconstructed Bs → ϕνν̄ decays. Such statistics
could allow for precision studies of rare b → sνν̄ transitions
well beyond the measurement of branching ratios.
Until recently, the global fits to b → slþl− data have

mostly focused on NP scenarios with purely real contri-
butions to the relevant Wilson coefficients [15]. The
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assumption is reasonable if NP closely follows the same
pattern of flavor (and CP) breaking as the SM, i.e., adheres
to minimal flavor violation (MFV) in the quark sector [27].
However, beyond MFV, there is no guarantee for NP
contributions to be aligned and thus purely real (relative
to SM), and one could imagine sizable NP-induced
CP-violating effects in these decays. Because of the large
uncertainties on currently measured CP-odd observables,
such contributions are only loosely constrained, as illus-
trated by recent global fits considering complex NP
scenarios [16], suggesting the need for better measurements
and additional observables to probe CP violation in these
transitions. Let us highlight Ref. [28], where the measure-
ment of the CP asymmetries below and above the peaks of
the J=ψ and ψð2sÞ resonances was suggested in order to
reveal the presence of NP-induced complex Wilson coef-
ficients in B → Kμþμ−.
These considerations lead to the question whether such

CP-violating contributions could also arise and be probed
in b → sνν̄ transitions. As we show in the following, the
observables discussed so far in the literature probe the
corresponding phases only in the presence of right-handed
currents, whose existence and size is yet to be confirmed.
We thus propose an additional set of observables applicable
to Bd and Bs decays, which are able to probe NP
phases even in the absence of right-handed currents.
These observables involve the interference between
neutral-meson mixing and b → sνν̄ decay amplitudes,
arising both at the loop level in the SM, and normalized
CP-asymmetries can be constructed with significantly
reduced hadronic uncertainties.
Such observables have been recently discussed in the

context of b → slþl− decays in Refs. [29–31], and
we adapt a similar approach for b → sνν̄ transitions.
In the case of coherent B − B̄ production (at B factories),
these observables can be reconstructed through a time-
dependent analysis, whereas the incoherent production can
be exploited through time-integrated observables in the
presence of initial B flavor tagging. The latter approach
proves highly challenging for the current experimental
environments such as LHC but might be feasible at future Z
factories like CEPC and FCC-ee.
The remainder of the article is structured as follows: In

Sec. II, we recall the basics regarding the treatment of b →
sνν̄ transitions in the weak effective Hamiltonian and
reproduce the expressions for usual observables such as
branching ratios and final state hadron polarization frac-
tions. In Sec. III, we introduce new observables probing
the interference between mixing and decay for the case of
Bd → KSνν̄, Bd → K�0ð→ KSπ

0Þνν̄, and Bs → ϕνν̄. In
Sec. IV, we discuss the prospects for the measurement
of these observables at present and planned B-physics
experiments and what they can teach us about the presence
of CP-odd NP phases in b → sνν̄, before concluding
in Sec. V.

II. WEAK EFFECTIVE HAMILTONIAN AND
STANDARD b → sνν̄ OBSERVABLES

The effective Hamiltonian relevant for b → sνν̄ transi-
tions at the scale μ ¼ mb reads [17]

Heff ¼ −
4GFffiffiffi

2
p VtbV�

ts

X
ν

ðCν
LO

ν
L þ Cν

RO
ν
RÞ þ H:c:; ð1Þ

with

Oν
L;R ¼ e2

16π2
ðs̄γμPL;RbÞðν̄γμð1 − γ5ÞνÞ; ð2Þ

and PL;R ¼ ð1 ∓ γ5Þ=2. We assume that NP contributes
significantly only through vector/axial operators (such as in
NP scenarios currently favored by global fits to b → slþl−

data) that do not entail CP-even (“strong”) phases, and that
(anti)neutrinos produced in these decays are purely (right)
left handed. We have Cν

L;R ¼ Cν;SM
L;R þ Cν;NP

L;R with Cν;SM
L ¼

−6.38 and Cν;SM
R ¼ 0, with the same value for all three

neutrino flavors.
Usual observables for the rare decays B → Kð�Þνν̄ can

then be conveniently expressed as [17,32]

BðB → Kνν̄Þ ¼ BðB → Kνν̄ÞSM ×
1

3

X
ν

ð1 − 2ηνÞϵ2ν;

BðB → K�νν̄Þ ¼ BðB → K�νν̄ÞSM ×
1

3

X
ν

ð1þ 1.31ηνÞϵ2ν;

BðB → Xsνν̄Þ ¼ BðB → Xsνν̄ÞSM ×
1

3

X
ν

ð1þ 0.09ηνÞϵ2ν;

hFLi ¼ hFLiSM ×

P
νð1þ 2ηνÞϵ2νP

νð1þ 1.31ηνÞϵ2ν
; ð3Þ

where hFLi is the longitudinal K� polarization fraction in
B → K�νν̄ decays. Updated predictions within the SM can
be found in Ref. [20]. For each flavor of neutrino
ν ¼ νe; νμ; ντ, the two NP parameters can in turn be
expressed as

ϵν ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jCν

Lj2 þ jCν
Rj2

p
jCν

SMj
; ην ¼

−ReðCν
LC

ν�
R Þ

jCν
Lj2 þ jCν

Rj2
: ð4Þ

Note that any deviations from SM in hFLi or nonuniversal
deviations in BðB→ðK;K�;XsÞνν̄Þ=BðB→ðK;K�;XsÞνν̄ÞSM
would signal the presence of right-handed quark
currents (ην ≠ 0). Conversely, in absence of right-handed
currents, the above observables yield only ϵν, which
depends on the moduli of the Wilson coefficients Cν

L,
but not their phases.
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III. PROBING CP-ODD PHASES THROUGH
INTERFERENCE BETWEEN MIXING AND

DECAY

We can thus conclude that these b → sνν̄ observables
probe NP phases only through ην and only in the presence
of right-handed currents (i.e., Cν

R). However, the existence
of significant right-handed currents is currently far
from certain: for instance, most NP scenarios favored by
b → slþl− data do not feature them. One can consider
another usual probe of CP violation, i.e., direct CP
asymmetries comparing the rates of CP-conjugated
modes [such as BðBþ → Kþνν̄Þ and BðB− → K−νν̄Þ].
However, these asymmetries are expected to vanish in
the absence of mechanisms able to generate significant
strong phases.
However, we can use a third handle on CP-violating new

physics, namely, the interference between neutral-meson
mixing and decay, though the time dependence of the
decays Bd → KSνν̄, Bs → ϕνν̄, or Bd → K�0ð→ KSπ

0Þνν̄.
The resulting phenomenology is analogous to standard
measurements of (indirect) CP violation routinely per-
formed at eþe− B factories and hadronic machines (i.e.,
LHC), for example, to measure the Cabibbo-Kobayashi-
Maskawa (CKM) unitarity triangle angles βðsÞ.
Let us emphasize that the time dependence studied is

related to the evolution of the neutral mesons through
mixing, but that its exact meaning depends on the experi-
mental setup. In the case of coherent production of two
neutral mesons through an ϒ resonance decay (at eþe− B
factories like Belle II), the measurements are typically
performed as a function of Δt, which is the time difference
between the decays of the two neutral mesons [ranging
from −∞ to þ∞, with an exponential factor of the form
expð−ΓjtjÞ]. On the other hand, in the case of an incoherent
production and subsequent fragmentation of a boosted bb̄
pair (at hadronic machines like LHC or at Z factories like
LEP or FCC-ee), the time t corresponds to the evolution
between the production and the decay of a single neutral B
meson [ranging from 0 to þ∞, with an exponential factor
of the form expð−ΓtÞ].
The additional observables stemming from this interfer-

ence between mixing and decay can, in principle, deter-
mine the phases of the Wilson coefficients Cν

L. Their
derivation is a fairly straightforward extension of similar
studies in the case of b → slþl− modes [29,30]. In the
next subsections, we outline how to adapt these results to
the neutrino case and discuss these new observables.
The operators involved in the effective Hamiltonian

Eq. (1) can be recovered formally from the b →
slþl− Hamiltonian used in Refs. [29,30] through the
identification

C9→Cν
L; C10→−Cν

L; C90 →Cν
R; C100 →−Cν

R; ð5Þ

where all the other (NP) Wilson coefficients vanish
and a summation over neutrino flavors is required. We
follow the notation of Ref. [33] with Δm ¼ MH −ML and
ΔΓ ¼ ΓL − ΓH, where L, H denote the lighter and heavier
mesons. We have x ¼ Δm=Γ (0.77 for Bd, 26.8 for Bs) and
y ¼ ΔΓ=ð2ΓÞ (0 for Bd, 0.07 for Bs) [34].

A. B → Pνν̄

First focusing on the Bd → KS transition, adapting
Refs. [29,30] (the extension to Bs → f0 is immediate),
we find that two amplitudes are involved to describe the
b → sνν̄ transition,

h̄νV → N

ffiffiffiffiffi
λB

p

2
ffiffiffiffiffi
q2

p ðCν
L þ Cν

RÞfþ; ð6Þ

h̄νA → −N
ffiffiffiffiffi
λB

p

2
ffiffiffiffiffi
q2

p ðCν
L þ Cν

RÞfþ; ð7Þ

where N is an overall normalization factor proportional to
VtbV�

ts and fþ is the vector form factor. The amplitudes h
can be obtained from h̄ by applying the complex con-
jugation to both the normalization factorN and the Wilson
coefficients.1

An angular analysis based on the direction of the emitted
leptons is impossible, and the only observable becomes (up
to effects due to mixing)

dΓðB̄d → KSνν̄Þ
dq2

����
no mixing

¼ 2
X
ν

Ḡν
0

¼ 2
X
ν

�
4

3
½jh̄νV j2 þ jh̄νAj2�

�
; ð8Þ

where q2 is the dilepton invariant mass. Similar expressions
can be obtained for the CP-conjugate mode. We can study
the impact of mixing through the time dependence
of dΓðBd → KSνν̄Þ=dq2 þ dΓðB̄d → KSνν̄Þ=dq2, which
is proportional to the sum over the neutrino flavors of

Gν
0ðtÞþḠν

0ðtÞ¼e−Γt½ðGν
0þḠν

0ÞcoshðyΓtÞ−hν0 sinhðyΓtÞ�:
ð9Þ

The term representing the interference between mixing and
decay is2

1Contrary to b → sll, there are no CP-even (strong) phases to
take into account from charm-loop contributions [35–39].

2We omit ηM from our expressions derived from Ref. [29]
since it equals 1 for both KS and f0. The same will occur in the
next section for outgoing light vector mesons based on Ref. [30],
since ηM1M2

¼ 1 for all the cases considered.
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hν0 ¼ Re½eiϕN 2ðCν
L þ Cν

RÞ2�
8

3

λBðq2Þ
q2

f2þðq2Þ; ð10Þ

with λ ¼ λðm2
B;m

2
P; q

2Þ, so that h0 is proportional to the
interference Re½eiϕðVtbV�

tsÞ2ðCν
L þ Cν

RÞ2�. In the SM, the
neutral-meson mixing angle is ϕ ¼ −2β for Bd (and
ϕ ¼ 2βs for Bs).

3

The time-integrated version yields

hdΓðBd → KSνν̄Þ þ dΓðB̄d → KSνν̄Þiincoherent
hdΓðBd → KSνν̄Þ þ dΓðB̄d → KSνν̄Þicoherent
¼ 1 − y

P
ν h

ν
0P

νðGν
0 þ Ḡν

0Þ
; ð11Þ

where the brackets denote the integration over time. The
coherent expression corresponds to the integration over Δt
at the B factories (which yields a result identical to the
case without mixing) while the incoherent expression
denotes the integration over time t between B production
and decay and is possibly applicable for the FCC-ee. We
notice that the form factor fþ dependence drops out
from Eq. (11).
We can also consider the CP asymmetry,

AB ¼ dΓðBd → KSνν̄Þ − dΓðB̄d → KSνν̄Þ
dΓðBd → KSνν̄Þ þ dΓðB̄d → KSνν̄Þ

: ð12Þ

In the above expression, the numerator is proportional to
the sum over neutrino flavors of

Gν
0ðtÞ − Ḡν

0ðtÞ ¼ e−Γt½ðGν
0 − Ḡν

0Þ cosðxΓtÞ − sν0 sinðxΓtÞ�;
ð13Þ

with

sν0 ¼ Im½eiϕN 2ðCν
L þ Cν

RÞ2�
8

3

λBðq2Þ
q2

f2þðq2Þ; ð14Þ

so that sν0 will be proportional to Im½eiϕðVtbV�
tsÞ2

ðCν
L þ Cν

RÞ2�.
The time-integrated asymmetry vanishes for coherent

production, but not for incoherent production where

hABiincoherent ¼
1 − y2

1þ x2
−x

P
ν s

ν
0

2
P

νðGν
0 þ Ḡν

0 − yhν0Þ
; ð15Þ

and we integrated the numerator and the denominator of
the asymmetry AB over time before taking the ratio. This
asymmetry in both time-dependent and time-integrated

versions is free from hadronic uncertainties since
the contribution from the form factor fþ cancels in
the ratio.
Given the different values of x and y for the Bd;s mesons,

we see the following:
(i) For Bd → KSνν̄, no information can be gathered

on hν0, but
P

ν s
ν
0 can be obtained from AB

either through a time-dependent analysis or through
the time-integrated observable in incoherent
production hABiincoherent, leading to a constraint
on Im½e−2iβðVtbV�

tsÞ2ðCν
L þ Cν

RÞ2�.
(ii) For Bs → f0νν̄, one could, in principle, obtain

information on both
P

ν h
ν
0 and

P
ν s

ν
0, but the

challenging experimental identification of the f0
meson and the current uncertainties in its theoretical
description makes this decay very difficult to
exploit.

B. B → Vνν̄

In the case of Bd → K�0ð→ KSπ
0Þνν̄ and Bs → ϕνν̄, we

can adapt the description of the time-dependent observ-
ables for b → sll given in Ref. [29]. We focus again
on Bd → K�0 with an obvious extension to Bs → ϕ.
These decays are described by eight transversity ampli-
tudes for charged lepton modes [17,40], out of which only
three are nonvanishing4 when describing the b → sνν̄
transition,

ĀL⊥ → ĀLν⊥ ¼ 2
ffiffiffi
2

p ffiffiffi
λ

p
N 0ðCν

L þ Cν
RÞ

Vðq2Þ
mB þmK�

; ð16Þ

ĀL
k → ĀLν

k ¼−2
ffiffiffi
2

p
ðmBþmK� ÞN 0ðCν

L−Cν
RÞA1ðq2Þ; ð17Þ

ĀL
0 → ĀLν

0 ¼ −
ðmB þmK� ÞN 0

mK�
ffiffiffiffiffi
q2

p ðCν
L − Cν

RÞ

×

�
ðm2

B −m2
K� − q2ÞA1ðq2Þ

−
λ

ðmB þmK�Þ2 A2ðq2Þ
�
; ð18Þ

where the normalization N 0 is proportional to VtbV�
ts and

V, A1, and A2 are the relevant hadronic form factors. The
amplitudes A are obtained from Ā by applying complex
conjugation to both the normalization factor N 0 and the
Wilson coefficients.
As opposed to the pseudoscalar mode, one angle is still

available to perform an angular analysis (θM), describing
the angle of the two final KS and π0 mesons with respect to
the line of flight of the Bd meson in the vector-meson rest

3We will keep ϕ explicitly for generality in the following,
although we will assume that there is no NP weak phase affecting
ΔF ¼ 2 transitions once we perform a numerical estimation of
the observables.

4The Atðq2Þ amplitude as described in Ref. [29] does not
vanish, but it is suppressed by the lepton mass and thus does not
contribute here.
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frame. After integrating over the azimuthal (ϕ) and the
lepton polar (θl) angles, the differential decay width in the
absence of mixing takes the following form:

dΓðBd→K�0νν̄Þ
dq2dcosθM

����
nomixing

¼
X
ν

�
3

2
Jν1ccos

2θMþJν1ssin
2θM

�
;

ð19Þ

where

Jν1c → jALν
0 j2; Jν1s →

3

4
½jALν⊥ j2 þ jALν

k j2�: ð20Þ

In the absence of mixing, an angular analysis yields
two observables, typically the branching fraction and
the longitudinal K� polarization (FL), proportional toP

νðJν1c þ J̄ν1c þ Jν1s þ J̄ν1sÞ and
P

νðJν1c þ J̄ν1cÞ, respec-
tively. The CP-averaged decay rate and the CP asymmetry
can be considered in both cases, although the CP asym-
metry again vanishes due to the absence of strong phases,
leading to the expressions in Eq. (3) once evaluated.
In the presence of neutral-meson mixing, the time

dependence of dΓðBd → K�0ð→ KSπ
0Þνν̄Þ þ dΓðB̄d →

K�0ð→ KSπ
0Þνν̄Þ is given by

Jνi ðtÞ þ J̄νi ðtÞ ¼ e−Γt½ðJνi þ J̄νi Þ coshðyΓtÞ − hνi sinhðyΓtÞ�;
ð21Þ

whereas dΓðBd → K�0ð→ KSπ
0Þνν̄Þ − dΓðB̄d → K�0ð→

KSπ
0Þνν̄Þ involves

Jνi ðtÞ − J̄νi ðtÞ ¼ e−Γt½ðJνi − J̄νi Þ cosðxΓtÞ − sνi sinðxΓtÞ�:
ð22Þ

From these two sets of new observables, the simpler one
corresponds to

P
ν s

ν
1c and

P
ν h

ν
1c, which only features the

longitudinal amplitude, explicitly

hν1c ¼ 2Re½eiϕðĀLν
0 Þ2�

¼ 2jALν
0 j2 Re½e

iϕðVtbV�
tsÞ2ðCν

L − Cν
RÞ2�

jVtbV�
tsj2jCν

L − Cν
Rj2

; ð23Þ

sν1c ¼ 2Im½eiϕðĀLν
0 Þ2�

¼ 2jALν
0 j2 Im½eiϕðVtbV�

tsÞ2ðCν
L − Cν

RÞ2�
jVtbV�

tsj2jCν
L − Cν

Rj2
; ð24Þ

and thus contain the same amplitude as the numerator of
FL. In the case of hν1s and sν1s they involve different
amplitudes and combinations of the Wilson coefficients,

hν1s ¼
3

2
Re½eiϕfðĀLν

k Þ2 − ðĀLν⊥ Þ2g�
¼ 12jN 0j2ðmB þmK�0Þ2½A1ðq2Þ�2Re½Zν�; ð25Þ

sν1s ¼
3

2
Im½eiϕfðĀLν

k Þ2 − ðĀLν⊥ Þ2g�
¼ 12jN 0j2ðmB þmK�0Þ2½A1ðq2Þ�2Im½Zν�; ð26Þ

Zν ¼ eiϕ
ðVtbV�

tsÞ2
jVtbV�

tsj2
�
ðCν

L − Cν
RÞ2

þ ðCν
L þ Cν

RÞ2
λBðq2Þ½Vðq2Þ�2

ðm2
B þm2

K�0Þ2A1ðq2Þ2
�
; ð27Þ

making them less clean observables since the dependence
on the form factors does not drop out from ratios.
The time-integrated observables are similar to the pseu-

doscalar case, yielding the CP-averaged observables

hBiincoherent
hBicoherent

¼1−y

P
νðhν1cþ 4

3
hν1sÞP

ν½ðJν1cþ J̄ν1cÞþ 4
3
ðJν1sþ J̄ν1sÞ�

; ð28Þ

hFLiincoherent
hFLicoherent

hBiincoherent
hBicoherent

¼ 1 − y

P
ν h

ν
1cP

νðJν1c þ J̄ν1cÞ
; ð29Þ

and the CP asymmetries defined similar to Eq. (12),

hABiincoherent ¼
1 − y2

1þ x2
−x

P
νðs1c þ 4

3
sν1sÞ

2
P

ν½ðJν1c þ J̄ν1cÞ þ 4
3
ðJν1s þ J̄ν1sÞ − yðhν1c þ 4

3
hν1sÞ�

; ð30Þ

hAFLiincoherent ¼
1 − y2

1þ x2
−x

P
ν s

ν
1c

2
P

ν½ðJν1c þ J̄ν1cÞ þ 4
3
ðJν1s þ J̄ν1sÞ − yðhν1c þ 4

3
hν1sÞ�

; ð31Þ

which can be combined into clean ratios without hadronic uncertainties,
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hAFLiincoherent
hFLiincoherent

¼ 1 − y2

1þ x2
−x

P
ν s1cP

νðJ1c þ J̄1c − yh1cÞ

¼ 1 − y2

1þ x2
−xIm½eiϕðVtbV�

tsÞ2
P

νðCν
L − Cν

RÞ2�P
νfjVtbV�

tsj2jCν
L − Cν

Rj2 − yRe½eiϕðVtbV�
tsÞ2ðCν

L − Cν
RÞ2�g

¼ 1 − y2

1þ x2
×

−x
P

ν sinðϕ − 2βs þ 2ανLRÞ
1 − y

P
ν cosðϕ − 2βs þ 2ανLRÞ

; ð32Þ

where ανLR is the argument of Cν
L − Cν

R.
Given the different values of the mixing parameters for

the two neutral mesons, we see the following:
(i) For Bd→K�ð→KSπ

0Þνν̄, the only relevant effects are
on the CP asymmetries through AFL (or equivalentlyP

ν s
ν
1c) constraining Im½e−2iβðVtbV�

tsÞ2ðCν
L − Cν

RÞ2�
and through AB (or equivalently,

P
ν 3s

ν
1c þ 4sν1s),

which corresponds to a less clean combination
of Im½e−2iβðVtbV�

tsÞ2
P

νðCν
L − Cν

RÞ2� and Im½e−2iβ
ðVtbV�

tsÞ2
P

νðCν
L þ Cν

RÞ2�, involving form factors.
(ii) For Bs → ϕνν̄, CP-averaged quantities are also

accessible, so that FL could yield a constraint on
Re½PνðCν

L − Cν
RÞ2�, while Bwould yield a less clean

constraint on a combination of Re½PνðCν
L − Cν

RÞ2�
and Re½PνðCν

L þ Cν
RÞ2�, which depends on the form

factors.
This above discussion assumes that there is no NP in
mixing, but it can be easily extended if there is an addition
NP phase contributing to ϕ.

C. Summary

If we consider a b → sνν̄ transition corresponding to a
B-meson decaying into a meson M, we can get new
observables by considering the time dependence of
CP asymmetries (for Bd → Mνν̄ and Bs → Mνν̄) and
CP-averaged observables (for Bs → Mνν̄ only). These
can be studied through the time dependence after a coherent
bb̄ production at B factories, but also through time-
integrated observables after an incoherent bb̄ production
at hadronic machines or Z factories: the CP asymmetries
are nonvanishing (contrary to B factories), whereas the
CP-averaged quantities deviate from the B-factory values.
In all cases, one can build ratios of angular observables
where form factor dependencies cancel, providing unique
clean probes of NP phases in the Wilson coefficients
responsible for CP violation in b → sνν̄, even in the
absence of right-handed currents.

IV. NUMERICAL STUDY OF NP SENSITIVITY
AND PROJECTIONS

In the following, we present a brief numerical study to
illustrate the possible size of NP effects in the observables
discussed above and the sensitivity that could be potentially
reached by future experiments.

A. NP benchmark

For illustration purposes, we consider a subset of
relevant SM effective field theory operators, considered
previously in Ref. [41], focusing on the case where NP
involves only left-handed fields. Possible heavy NP con-
tributions should be written in terms of SM gauge invariant
operators [27,42,43],

Leff ¼ LSM −
1

v2
λqijλ

l
αβ

× ½CTðQ̄i
Lγμσ

aQi
LÞðL̄α

Lγ
μσaLβ

LÞ
þ CSðQ̄i

LγμQ
i
LÞðL̄α

Lγ
μLβ

LÞ�; ð33Þ

where we choose to write the operators in the down-quark
and charged lepton mass basis Qi

L ¼ ðVCKM�
ji ujL; d

i
LÞT

and Lα
L ¼ ðUPMNS

αβ νβL;l
α
LÞT .5 Following Refs. [43–45] we

assume that the same flavor structure encoded in
(Hermitian) λqij and λlαβ matrices holds for both operators,
while CS;T are real.
For the quarks only λq23;32 elements contribute to b → s

transitions in this basis. In the lepton sector, we consider
here only (SM-like) left-handed neutrinos and in addition
assume an approximate Uð1Þ3l symmetry (broken only by
the neutrino masses). This yields λli≠j ≃ 0 in agreement with
the stringent experimental limits on lepton flavor violation.
Current (LFU) NP hints in b → sll decays only indicate
significant nonstandard effects in muonic final states,
whereas a slightly smaller effect in electrons is not
excluded. Tauonic transitions are at present only poorly
constrained and could, in principle, exhibit even much
larger deviations than those observed in RKð�Þ [46]. We
may thus assume various ratios of Uð1Þ3l charges [41]:
(1) the simplest case λlee ¼ λlττ ¼ 0, (2) the democratic
scenario λlee ¼ λlμμ ¼ λlττ, (3) the anomaly-free assignment
λlμμ ¼ −λlττ and λlee ¼ 0, and (4) the hierarchical charge
scenario λlαα=λlμμ ¼ mα=mμ.
It is easy to work out the values of the Wilson

coefficients for the effective theories [41] for b → sll
and b → sνν̄,

5VCKM and UPMNS stand respectively for the CKM and the
PontecorvoMakiNakagawaSakata (PMNS) Matrix.
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Cμ;NP
9 ¼ −

π

αemVtbV�
ts
λq23λ

l
μμ½CT þ CS�; ð34Þ

Cμ;NP
10 ¼ −

π

αemVtbV�
ts
λq23λ

l
μμ½−CT − CS�; ð35Þ

whereas other b → sll Wilson coefficients do not receive
any NP contributions, and

Cνα;NP
L ¼ −

π

αemVtbV�
ts
λq23λ

l
αα½CS − CT �; ð36Þ

Cνα;NP
R ¼ 0; ð37Þ

with α ¼ e, μ, τ.6 Notice that, in this setup, the three
neutrino flavors receive a NP contribution Cνα;NP

L with
the same CP-violating phase relative to the SM
ϕNP ¼ argðλq23=VtbV�

tsÞ, whereas Cνα;NP
R vanishes.7

We are now in a position to define our benchmark NP
model for b → sνν̄. Global fits to b → slþl− data suggest
a value of Cμ;NP

9 around a quarter of its SM value for the
scenario Cμ;NP

9 ¼ −Cμ;NP
10 [15]. In Eqs. (34)–(37), Cμ;NP

9;10 and

C
νμ;NP
L;R involved CS � CT multiplied by the same normali-

zation. Therefore, a natural benchmark point consists in
taking Cνα;NP

L ¼ jCνα;NP
L j expðiϕNPÞ with ϕNP arbitrarily

large, while jCνμ;NP
L j ¼ Cν;SM

L =4, and rescaled according
to the different scenarios for the λl couplings in order to
obtain jCνe;NP

L j and jCντ;NP
L j.

Since Cν;NP
R vanishes for all three neutrino flavors, the

usual observables discussed in Sec. II cannot probe the
phase ϕNP, but they are still sensitive to the moduli ofCν;NP

L .
We checked that the four scenarios considered for the
lepton couplings are compatible with the current
experimental bounds on the branching ratios for all values
of ϕNP, and we will use these scenarios to illustrate the
effect of the phase ϕNP over the observables discussed in
Sec. III.

B. Prospects at Belle II, CEPC, and FCC-ee

Given the current sensitivity projections at Belle II and
FCC-ee discussed in Sec. I, as conservative/optimistic
scenarios, we make projections for 200, 2000, and
20000 reconstructed Bd → KSνν̄, B0 → K�0νν̄, and Bs →
ϕνν̄ decays. Our objective is to obtain a rough estimate of
the projected statistical uncertainties for the time-dependent

and time-integrated observables discussed before (we
consider only observables integrated over the whole q2

range in the following).
The procedure used is as follows. Assuming a fixed

number of total reconstructed events, we perform a large
set of pseudoexperiments, where each corresponds to
generating N Monte Carlo events (N ¼ 200, 2000,
20000) taking the time-dependent angular differential
decay width as probability distribution function (PDF),
assuming SM central values. A binned fit on time (and
decay angle when pertinent) is then performed with the
same PDF.8 The distribution of each of the observables of
interest is then studied to obtain the projected statistical
uncertainties given in Table I. Through this approach, we
neglect effects of detector acceptance, systematic errors,
and backgrounds that could contaminate this decay, since
these effects can only be properly evaluated by exper-
imentalists with a fine understanding of the detector
considered and of the distributions of the background
events. The projected uncertainties are also shown in
Figs. 1–3, where they can be compared with the theo-
retical uncertainties and the dependence on the phase of
NP for an arbitrary size for the NP effect as discussed
previously.
Concerning the SM predictions, CKM parameters come

from CKMFitter 2021 [48], form factors for B → KS and
B → K� come from Ref. [49],9 while for Bs → ϕ form
factors come from Ref. [51]. In Table I, we see that the
uncertainties are very small for some of the ratios, due to
the cancellation of form factor dependencies. We notice
also that some of the observables vanish exactly in the SM,
in particular for B0

s → ϕνν̄, where the weak phases in
mixing and decay cancel. The phase of Vcs is neglected in
our analysis (Im½Vcs� ∼ λ6 ∼ 10−5) leading to the vanishing
uncertainties of s1c=J1c and h1c=J1c. Finally, the direct CP
asymmetries ðJ1s − J̄1sÞ=ðΓþ Γ̄Þ vanish since we assume
that there are no NP mechanisms for generating a
strong phase.
In Figs. 1–3, we show the variation of some of these

observables with ϕNP, the global weak phase involved in all
three Wilson coefficients Cνα;NP

L , under the NP scenario

jCνμ;NP
L j ¼ Cν;SM

L =4. The plots show the SM prediction as
well as the values for the four different hypotheses for the
lepton couplings (allowing one to derive the NP contribu-
tions to the Cνe;NP

L and Cντ;NP
L ), as well as the projected

experimental statistical uncertainty for 200, 2000, and
20000 events.
We see that the observables vary significantly with the

CP-violating phase ϕNP, in particular for scenarios
6We neglect tiny neutrino mass effects, setting effectively

UPMNS
αβ ¼ δαβ and identifying neutrinos by the corresponding

charged lepton flavor.
7Similar common flavor structures (and weak phase) naturally

arise also in specific flavor models, for instance, those based on
minimally broken Uð2Þ flavor symmetry respecting general
minimal flavor violation [47], as can be seen from the discussion
in Ref. [41].

8We considered several binning choices to check the absence
of a binning-induced bias.

9Alternative lattice determinations could be used for B → Kνν̄
[50], but form factors play a very limited role in the observables
discussed in this article.
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leading to large τ couplings, whereas they reduce back to
the SM values when ϕNP vanishes. We show here a
selection of observables or ratios of observables that
exhibit small theoretical uncertainties and large variations
with the NP phase. From these one can conclude that even
experimental measurements based on limited numbers of
events could discriminate among the scenarios consid-
ered. We stress again that we take into account only
statistical uncertainties here, and additional systematics
related to specific experimental environments should also
be eventually considered in a more detailed dedicated
experimental study.

TABLE I. SM predictions and experimental projections
for the observables discussed in Sec. III for the B0 → KSνν̄,
B0 → K�0νν̄, and B0

s → ϕνν̄ modes. All the observables
shown are summed over the three neutrino flavors and integrated
over the whole kinematic range. In the first column, the
SM predictions are shown, while in the three following columns,
the expected statistical uncertainty for 200, 2000, and
20000 events of the respective modes are given as discussed in
Sec. IV B.

B → KSνν̄

Observable SM

Experimental uncertainty

200 2000 20000

hABiincoherent −0.356� 0.005 0.06 0.021 0.006
s0=ðΓþ Γ̄Þ 0.736� 0.009 0.16 0.05 0.017

B → K�νν̄

Observable SM

Experimental uncertainty

200 2000 20000

hABiincoherent 0.257� 0.010 0.07 0.022 0.007
hFLiincoherent 0.49� 0.04 0.05 0.018 0.006
hAFL

iincoherent 0.173� 0.014 0.06 0.021 0.006
hAFL

iincoherent
hFLiincoherent

0.356� 0.005 0.14 0.04 0.013

ðJ1c þ J̄1cÞ=ðΓþ Γ̄Þ 0.49� 0.04 0.13 0.04 0.011
ðJ1c − J̄1cÞ=ðΓþ Γ̄Þ 0 0.15 0.04 0.011
ðJ1s þ J̄1sÞ=ðΓþ Γ̄Þ 0.386� 0.029 0.09 0.029 0.009
ðJ1s − J̄1sÞ=ðΓþ Γ̄Þ 0 0.11 0.03 0.009
s1c=ðΓþ Γ̄Þ −0.358� 0.029 0.14 0.05 0.015
s1s=ðΓþ Γ̄Þ −0.130� 0.018 0.11 0.04 0.013
s1c=ðJ1c þ J̄1cÞ −0.736� 0.009 0.4 0.13 0.04
s1s=ðJ1s þ J̄1sÞ −0.338� 0.034 0.3 0.1 0.034

Bs → ϕνν̄

Observable SM

Experimental uncertainty

200 2000 20000

hABiincoherent 0.0 0.07 0.023 0.007
hFLiincoherent 0.570� 0.021 0.05 0.017 0.005
hAFL

iincoherent 0 0.07 0.022 0.007
hAFL

iincoherent
hFLiincoherent

0 0.12 0.04 0.012

ðJ1c þ J̄1cÞ=ðΓþ Γ̄Þ 0.660� 0.025 0.12 0.04 0.012
ðJ1c − J̄1cÞ=ðΓþ Γ̄Þ 0 0.14 0.04 0.013
ðJ1s þ J̄1sÞ=ðΓþ Γ̄Þ 0.364� 0.018 0.08 0.026 0.008
ðJ1s − J̄1sÞ=ðΓþ Γ̄Þ 0 0.09 0.025 0.009
s1c=ðΓþ Γ̄Þ 0.0� 0.0008 0.12 0.04 0.013
s1s=ðΓþ Γ̄Þ 0.0� 0.00035 0.08 0.025 0.008
h1c=ðΓþ Γ̄Þ 0.66� 0.025 1.5 0.5 0.16
h1s=ðΓþ Γ̄Þ 0.31� 0.02 1.1 0.34 0.12
s1c=ðJ1c þ J̄1cÞ 0� 0 0.2 0.06 0.02
s1s=ðJ1s þ J̄1sÞ 0.000� 0.001 0.23 0.07 0.023
h1c=ðJ1c þ J̄1cÞ 1� 0 2.4 0.8 0.26
h1s=ðJ1s þ J̄1sÞ 0.844� 0.027 2.8 0.9 0.31

FIG. 1. hACPiincoherent (bottom) and s0=ðΓþ Γ̄Þ (top) for the
B → KSνν̄ decay as a function of the complex phase ϕNP of the

NP Wilson coefficient C
νμ;NP
L ¼ e−iϕNP jCνμ;NP

L j for jCνμ;NP
L j ¼

jCν;SM
L j=4 (Cν;NP

R ¼ 0 is assumed). The NP Wilson coefficients
for the other lepton flavors carry the same phase but are rescaled
according to scenarios with the (1) simplest, (2) democratic,
(3) anomaly-free assignment, (4) hierarchical lepton structures
described in Sec. IVA, leading to the variations shown
in yellow, green, purple, and orange, respectively. The SM
prediction is shown in blue. The three gray bands correspond,
from the widest to the narrowest, to the expected experimental
uncertainties given in Table I for N ¼ 200, N ¼ 2000, and N ¼
20000 events.
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Naturally, these observables can be combined with the
branching ratios (and K� polarizations) discussed in Sec. II,
the latter providing constraints on the modulus and the
former probing the phase of the NP contribution, respec-
tively. For the branching ratios, one can estimate that they
could be probed down to Oð10%Þ for the 200 event
benchmark (assuming S=B ∼ 1) and 3% (theory limit,
based on projected uncertainties of the relevant form factor
estimates from lattice QCD [19,52]) for the other two
benchmarks. Such a combination is, however, left for future
work, once the experimental perspectives for the new
proposed CP-violating observables have been investigated
in more detail.

V. SUMMARY AND CONCLUSIONS

The hints of NP in b → slþl− transitions, potentially
involving new weak (CP-violating) phases, motivated us to
reconsider the probes of CP-violating NP contributions to
b → sνν̄. The usual observables (branching ratios and K�
polarizations) in B → Kð�Þνν̄ all probe the same combi-
nations of the Wilson coefficients Cν

L and Cν
R in the weak

effective Hamiltonian, are sensitive to NP weak phases only
in the presence of right-handed currents, and require input
concerning the relevant hadronic form factors. We have
thus proposed alternative probes of CP-violating NP by
considering the interference between neutral-meson mixing
and b → sνν̄ decay amplitudes, which are both loop level
processes in the SM. We have derived the corresponding
observables for the angular analysis Bd → KSνν̄,
Bd → K�0ð→ KSπ

0Þνν̄, and Bs → ϕνν̄, exploiting the
results already obtained for b → slþl− decays in
Refs. [29,30].
It turns out that a few additional angular observables can

be obtained either from time-dependent analyses at B
factories producing coherent B-meson pairs or from
time-integrated analyses for machines producing B mesons
incoherently, such as the LHC or a Z factory. For Bd
decays, one must measure CP asymmetries, whereas Bs
decays allow for the consideration of CP-averaged

FIG. 2. Same as Fig. 1 for the hAFL
iincoherent=hFLiincoherent (top),

hABiincoherent (center), and s1c=ðJ1c þ J̄1cÞ (bottom) observables
of the B → K�νν̄ mode.

FIG. 3. Same as Fig. 1 for the hAFL
iincoherent=hFLiincoherent

(bottom), hABiincoherent (top) observables of the Bs → ϕνν̄ mode.
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observables. These observables provide additional infor-
mation on the phase of the Wilson coefficients Cν

L � Cν
R,

with limited dependence on the form factors, which
furthermore cancels out completely for some ratios of
these observables. They can therefore be predicted with
very high accuracy.
We have then considered prospective scenarios for Belle

II, CEPC, and FCC-ee to determine the typical statistical
precision that could be reached for the measurements of
these observables. Within an effective theory description,
we have focused on NP scenarios contributing to purely
left-handed operators with different couplings but the same
arbitrary global phase for all three neutrino flavors. The
branching ratios and K� polarizations are not sensitive to
this NP phase. On the other hand, we have shown that
several time-dependent and time-integrated observables are
highly sensitive to it and a limited number of events (from
200 to 20000) may be enough to exclude some of the NP
scenarios considered. We found that both time-dependent
analyses at B factories and time-integrated measurements
at Z factories could start probing NP scenarios with CP-
violating contributions. Our exploratory study should be
improved in the future by including several experimental

effects (detector acceptance, backgrounds, systematics),
but these first results are rather promising.
To conclude, the patterns of deviations from the SM

observed in b → slþl− transitions remain intriguing and
require further investigations. The companion b → sνν̄
modes should be detected soon at Belle II, and they
provide an interesting venue to probe complementary
NP contributions in a clean way. We hope that the
observables discussed in this article could thus help shed
light on the short-distance dynamics of rare b → s
transitions and, in particular, on its lesser studied CP-
violating aspects.
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