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We consider the time-dependent analysis of rare B, and B, decays mediated by b — svv 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 — svv 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 2.3¢ to 2.6 as
measured by LHCb [2—4]. Belle has also recently reported
measurements of Ry [5] and Rg- [6] in agreement with
LHCb measurements, but with much larger uncertainties. In
addition to these LFU ratios, LHCDb data exhibit deviations
close to 3¢ from the Standard Model (SM) expectation in the
P’ angular observable of B — K*uu decay [7], and milder
deviations are also seen in branching ratios of b — suu
exclusive decays [8—12]. Deviations are also hinted at in
Belle data for B — K*uu [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 — s£7¢~ at the scale u = m,, as
shown by global fits to b — sy, b — see, and b — suu
observables (see, e.g., Refs. [15,16]).

An important complementary probe of NP is provided by
b — svp transitions, since the SM neutrinos reside in the
same leptonic weak doublets as the left-handed charged
leptons. In particular, the decays B — h,vv, with hy
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standing for hadronic states of unit strangeness, are known
for their NP sensitivity [17,18]. In the SM, branching ratios
are found to be B(B — K¥up)gy = (9.6 £0.9) x 107°
and B(BT — K*vi)gy = (5.6 £0.5) x 1076 [19] (a recent
update can be found in Ref. [20]). The Belle Collaboration
has produced limits at 90% confidence level: B(B°—
KD),, <1.8x107, B(BT — K*1p),, < 6.1 x 107,
and B(B" = K'uD),,, < 1.9x 107 [21]. Recently, the
Belle II Collaboration also presented a first bound of
B(BY = K*'uD)ey, < 4.1 x 107 [22] using 63 fb~! of
collected luminosity. It plans to observe these three decay
modes with about 10 ab™!, while the sensitivities to the SM
branching ratio will reach a precision of about 10% with
50 ab~! [19]. Assuming a signal efficiency of the same
order O(1073) at Belle II as in Belle, one thus expects
O(300) events from B* — K"vv and B® - K*%0 in the
SM at 50 ab~! with a signal-over-background ratio
S/B ~0.3. Some preliminary sensitivity studies are also
available for proposed future high energy ete™ colliders,
such as the Circular Electron Positron Collider (CEPC) [23]
and Future Circular Collider (FCC)-ee [24]. In particular, a
recent study of the B, — ¢vv mode at CEPC [25] is
projecting a signal efficiency of almost 2.5%, resulting
in around 7500 signal events per 10'> 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
O(20k) reconstructed B; — ¢ui decays. Such statistics
could allow for precision studies of rare b — svv transitions
well beyond the measurement of branching ratios.

Until recently, the global fits to b — s£*£~ data have
mostly focused on NP scenarios with purely real contri-
butions to the relevant Wilson coefficients [15]. The

Published by the American Physical Society
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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/y and y(2s) resonances was suggested in order to
reveal the presence of NP-induced complex Wilson coef-
ficients in B — Ku™u~.

These considerations lead to the question whether such
CP-violating contributions could also arise and be probed
in b — svv 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 B; and B, 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 — svi 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 — s£T¢~ decays in Refs. [29-31], and
we adapt a similar approach for b — svv transitions.
In the case of coherent B — B 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-ce.

The remainder of the article is structured as follows: In
Sec. II, we recall the basics regarding the treatment of b —
sup 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
B, — Kgi, B;— K*°(— Kgn°)vp, and B, — ¢vb. In
Sec. 1V, 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 — svv, before concluding
in Sec. V.

II. WEAK EFFECTIVE HAMILTONIAN AND
STANDARD b — sy OBSERVABLES

The effective Hamiltonian relevant for b — svv transi-
tions at the scale u = my, reads [17]

4Gp

Her = —%VthZZ(CZOZ + CRO%) +He., (1)
with
et _
LR = 1622 (57, PLrD) @y (1 —75)v), (2)

and P; r = (1 F75)/2. We assume that NP contributes
significantly only through vector/axial operators (such as in
NP scenarios currently favored by global fits to b — s£7¢~
data) that do not entail CP-even (“strong”) phases, and that
(anti)neutrinos produced in these decays are purely (right)
left handed. We have C% , = Cy'R" + €} with ¢45M =
—6.38 and CQSM =0, with the same value for all three
neutrino flavors.

Usual observables for the rare decays B — K*)ub can
then be conveniently expressed as [17,32]

_ _ 1 2
B(B = Kvv) = B(B — Kuvb)gy x 52(1 —2n,)e,

1
B(B — K*vb) = B(B = K*vb)gy X 52(1 + 1.31n,)€2,

v

1
B(B - X,ui) = B(B — X,10)gy X §Z:(l +0.097, €2,
>, (1+2n,)e;
2 (1+131n,)e”

(3)

(Fr) = (Fpr)sm ¥

where (F;) is the longitudinal K* polarization fraction in
B — K*vv decays. Updated predictions within the SM can
be found in Ref. [20]. For each flavor of neutrino
U= Vg, Uy, Uy, the two NP parameters can in turn be
expressed as

_ VG IGP

’ [Coml

—Re(C7 CF)
= v v |2 °
|CLI> + 1Ck P

4)

Note that any deviations from SM in (F; ) or nonuniversal
deviations in B(B—(K,K*,X)vv)/B(B—(K,K* X, )vD)gy
would signal the presence of right-handed quark
currents (77, # 0). Conversely, in absence of right-handed
currents, the above observables yield only ¢€,, which
depends on the moduli of the Wilson coefficients CY,
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 — svv observables
probe NP phases only through 7, and only in the presence
of right-handed currents (i.e., C%). However, the existence
of significant right-handed currents is currently far
from certain: for instance, most NP scenarios favored by
b — s¢"¢~ 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 B(BT — K*vpy) and B(B~ — K wb)].
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 B; — Kqi, B, — ¢, or B; — K*(— K¢n°)vin.
The resulting phenomenology is analogous to standard
measurements of (indirect) CP violation routinely per-
formed at e"e~ B factories and hadronic machines (i.e.,
LHC), for example, to measure the Cabibbo-Kobayashi-
Maskawa (CKM) unitarity triangle angles f).

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 Y resonance decay (at ete™ B
factories like Belle II), the measurements are typically
performed as a function of A¢, which is the time difference
between the decays of the two neutral mesons [ranging
from —oo to +oo, with an exponential factor of the form
exp(—I'|7|)]. On the other hand, in the case of an incoherent
production and subsequent fragmentation of a boosted bb
pair (at hadronic machines like LHC or at Z factories like
LEP or FCC-¢e), the time ¢ corresponds to the evolution
between the production and the decay of a single neutral B
meson [ranging from O to +oco, with an exponential factor
of the form exp(-TI'7)].

The additional observables stemming from this interfer-
ence between mixing and decay can, in principle, deter-
mine the phases of the Wilson coefficients CY. Their
derivation is a fairly straightforward extension of similar
studies in the case of b — s#"¢~ 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 —
s¢t¢~ Hamiltonian used in Refs. [29,30] through the
identification

Coy—Cy, Cy—-C}, Cy—Ci Ciy—>-Cg, (5)

where all the other (NP) Wilson coefficients vanish
and a summation over neutrino flavors is required. We
follow the notation of Ref. [33] with Am = My — M, and
ATl' =T —T'y, where L, H denote the lighter and heavier
mesons. We have x = Am/T" (0.77 for B, 26.8 for B,) and
y = AT/(2T") (0 for By, 0.07 for By) [34].

A. B - P

First focusing on the B; — K transition, adapting
Refs. [29,30] (the extension to B, — f, is immediate),
we find that two amplitudes are involved to describe the
b — svv transition,

Nz
2V

B, - N

(CL + Cr)f+ (6)

- A
i -N Y8 (e ey @)

2V

where A\ is an overall normalization factor proportional to
V., Vi and f is the vector form factor. The amplitudes £
can be obtained from i by applying the complex con-
jugation to both the normalization factor A/ and the Wilson
coefficients.'

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

dF(Bd = stﬂ)
dq?

=2) Gy
—25 (S0P + 1) 9

v

no mixing

where ¢? 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 dI'(B; — Kgab)/dg* + dI'(B; — Kgi)/dg*, which
is proportional to the sum over the neutrino flavors of

G (1) +Gy(t) = e7"'[(GY + GY) cosh(yI't) — h sinh(yI'?)].
9)

The term representing the interference between mixing and
decay is?

1Contrary to b — s£¢, there are no CP-even (strong) phases to
take into account from charm-loop contributions [35-39].

We omit 7, from our expressions derived from Ref. [29]
since it equals 1 for both K¢ and f,. The same will occur in the
next section for outgoing light vector mesons based on Ref. [30],
since 1y, 4, = 1 for all the cases considered.
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§/13(q2)
3 ¢

h = Re[e? N2(CY, + C%)?] fi(g?), (10)
with 2 = A(m%, m%, ¢*), so that h is proportional to the
interference Re[e’?(V,,Vi)?(CY + C%)?]. In the SM, the
neutral-meson mixing angle is ¢ = -2 for B, (and
¢ =28, for B,).

The time-integrated version yields

<dF(Bd - KSVD) + dF<B_d - KSM_/))incoherent
<dF(Bd - KSVD) + dF(Bd - KSVD»coherent

I 7
>, (Gy + Gp)

(11)

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

dT(Bd g Ksl/lj) - dF(Bd i Klel_/>

AP = = .
dU'(B; — Kswo) + dI'(B; — Kgub)

(12)

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

Gy(1) — G4(1) = eT'[(GY — GY) cos(xT't) — sk sin(xT'7)],
(13)

with

§13(qz)
3 4

st = Im[e" N2(C + C¢)’] i), (14)
so that s4 will be proportional to Im[e’®(V,,V})?
(CL, + CR)l,

The time-integrated asymmetry vanishes for coherent
production, but not for incoherent production where

1 —y? x>, 54
ABY. - v0 , 15
< >1ncoherent 1+x222y(G6 + G,(/) _yh,(/)) ( )

and we integrated the numerator and the denominator of
the asymmetry A8 over time before taking the ratio. This
asymmetry in both time-dependent and time-integrated

*We will keep ¢ explicitly for generality in the following,
although we will assume that there is no NP weak phase affecting
AF = 2 transitions once we perform a numerical estimation of
the observables.

versions is free from hadronic uncertainties since
the contribution from the form factor f, cancels in
the ratio.

Given the different values of x and y for the B, ; mesons,

we see the following:

(i) For B; = Kgvv, no information can be gathered
on hj, but >, s4 can be obtained from AP
either through a time-dependent analysis or through
the time-integrated observable in incoherent
production (AB), ... . leading to a constraint
on Im[e=2(V,, Vi, )2(CY + Cy ).

(i) For By — fovi, one could, in principle, obtain
information on both ) hf and ), s, but the
challenging experimental identification of the f
meson and the current uncertainties in its theoretical
description makes this decay very difficult to
exploit.

B.B - Vv

In the case of B; —» K**(— K¢z°)vv and B, — ¢ui, we
can adapt the description of the time-dependent observ-
ables for b — s£¢ given in Ref. [29]. We focus again
on B; — K** with an obvious extension to B; — ¢.
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 — svv
transition,

. - V(g?
AL o Ak = 2VAVIN(Cy + a1
mp -+ Mg+

Al = ALY = =2V2(mg+my )N'(C = CR)A (¢%),  (17)

(mB + mK*)/\/’
mK*\/CI2

X (m%; - m%( - qz)Al(Clz)

Af — AGY = - (CL = CR)

—mAz(flz) ) (18)

where the normalization N is proportional to V,,V; and
V, Ay, and A, are the relevant hadronic form factors. The
amplitudes A are obtained from A by applying complex
conjugation to both the normalization factor N and the
Wilson coefficients.

As opposed to the pseudoscalar mode, one angle is still
available to perform an angular analysis (6,,), describing
the angle of the two final K¢ and 7° mesons with respect to
the line of flight of the B, meson in the vector-meson rest

*The A,(q*) 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 (¢) and the
lepton polar (6,) angles, the differential decay width in the
absence of mixing takes the following form:

dU' (B, — K*up) 30 .
dg*dcosO,, nomixing:zy: Echcos Oy +J1;sin0y |,

(19)
where

v Lv
ch - |A0

3
Lo = AP AP (20)

In the absence of mixing, an angular analysis yields
two observables, typically the branching fraction and
the longitudinal K* polarization (F;), proportional to
Zy(Jlfc + jlic + J,fs + jlfs) and Zu(Jlfc + jl{c)’ 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 dI'(B, — K**(— K¢n°)vb) + dI'(B, —
K*(— K¢n°)up) is given by

JU(t) + J4(t) = e [(JY + J¥) cosh(yIt) — h¥ sinh(yI't)],
(21)

whereas dI'(B; = K**(— K¢a°)vp) — dI'(B; —» K*0(—

Kn%)up) involves

JU(t) = J4 (1) = e7[(JY = J¥) cos(xT't) — s¥ sin(xTt)].
(22)

From these two sets of new observables, the simpler one
corresponds to >, s, and ), k¥, which only features the
longitudinal amplitude, explicitly
B, = 2Rele (4]

R i¢V V*‘zcl/_cl/z
:2|A(l),y|2 e[e ( th m)( L R)]

IV ViIPIC — Gk

st = 2Imle (AG")?]
[ (Vi Vis)*(CL = Cp)?]

Im
— 2|AL1/|2
’ Vi ViiPIC = CP?

. (24)

and thus contain the same amplitude as the numerator of
F;. In the case of K%, and s% they involve different
amplitudes and combinations of the Wilson coefficients,

i, = SRe[e{ (AL — (AL)2)]

= 12|N"[*(mp + mg)?[A;(¢*)°Re[Z*], (25)
vo__ 3 i f(ALv\2 ALv\2
5, = Sm{e{(A1)? — (ALY
= 12IN'|*(mp + mg)*[A1(¢*)]PIm[Z"],  (26)
v o <V[ V;{S)Z v v \2
2= Vi <(CL - w
15 V(PP
+ (CY + C%)? e izrl%([())(zil)ng)z) (27)

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

(AF)

<AFL >inc0herent =

L+ X225 [(F, + T8) + 5 (F5 + T8) — y(h +50)]

<B>incoherent =1-y Zv(hlfc +%hll/x) (28)
{B) coherent S AT ) 5 )]
<FL>incoherent <B>incoherem — 1= y 2‘;1/ hlfc_y , (29)
<FL>coherent <B>coherent Zv(‘llc + ‘]lc)
(23)
and the CP asymmetries defined similar to Eq. (12),
|
_ 1 _y2 _'xZD(SIC+%SIfs) (30)
incoherent — v v v v P v\’
' 1 + x2 2 Zv[(‘]lc + ‘]lc) + % (Jlx + ‘]ls) - y(hlc + %hl\)]
1 _y2 _xZusll/c (31)

which can be combined into clean ratios without hadronic uncertainties,
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<AFL> 1 _y2 —X Zy Ste

incoherent __

<FL>inc0herent B 1+ x2 Zv(‘llc + ‘716 - yhlc)

l—y2

—xIm[e"(V,Vi)* 37,(Cy — C)’]

L2 (Ve Vi PICY = Cy? = yRele (V,, Vi) 2 (CY — C%)]}

1=y

—X Zv Sin(¢ - Zﬁs + 2'aZII‘R)

14 x2

where af ; is the argument of C; — Ck.
Given the different values of the mixing parameters for
the two neutral mesons, we see the following:
(i) For B;— K*(— K ¢n°)vi, the only relevant effects are
on the CP asymmetries through A’ (or equivalently
>, 8f) constraining Im[e=>"(V,V)*(Cy — C)’]
and through AP (or equivalently, >, 3sY, + 4s),
which corresponds to a less clean combination
of Tmle 2P (V,,Vi,)2 Y, (CY — C4)?] and Tm[e~"
(Vi Vi)? 2, (CY + C%)?], involving form factors.
(i) For By — ¢uv, CP-averaged quantities are also
accessible, so that F'; could yield a constraint on
Re[>",(CY — C%)?], while Bwould yield a less clean
constraint on a combination of Re[Y_,(CY — C%)?]
and Re[>", (CY + C%)?], 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 ¢.

C. Summary

If we consider a b — suvp 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 B, —» Mvy and B, - Muvr) and
CP-averaged observables (for B, — Mup only). These
can be studied through the time dependence after a coherent
bb production at B factories, but also through time-
integrated observables after an incoherent bb 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 — svv, 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.

1- y Zy COS(¢ - 2ﬂs + ZQIZR) ’

(32)

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],

1

Loy = Lgm — p/lf,-/lﬁﬁ

x [Cr(Q} 7,0 0% ) (LEy*o"LY)
+ Cs(047,05)(LEy L), (33)

where we choose to write the operators in the down-quark
and charged lepton mass basis Q) = (V§Muy,dj)"
and LY = (Uzg/mslfi, #2)7 > Following Refs. [43-45] we
assume that the same flavor structure encoded in
(Hermitian) /1?/' and /I‘fﬁ matrices holds for both operators,
while Cyg 7 are real.

For the quarks only A% ;, 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 U(1)} symmetry (broken only by
the neutrino masses). This yields /1’;; ;= 01in agreement with
the stringent experimental limits on lepton flavor violation.
Current (LFU) NP hints in b — s£7¢ 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 Ry, [46]. We
may thus assume various ratios of U(1)2 charges [41]:
(1) the simplest case 1%, = 1% =0, (2) the democratic
scenario A5, = /15” = 2%, (3) the anomaly-free assignment
M, =—=2% and 15, =0, and (4) the hierarchical charge
scenario A, /AL, = my/m,,.

It is easy to work out the values of the Wilson
coefficients for the effective theories [41] for b — s£¢
and b — sup,

SYCKM and UPMNS stand respectively for the CKM and the
PontecorvoMakiNakagawaSakata (PMNS) Matrix.
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T

N = —71[] /1 Ccr+C 34
Ao Vo Vi 2 ulCr sl (34)
C”'P——i/lqﬂf Cr—Cgl, 35
VB u—Cr s] (35)

whereas other b — s£¢ Wilson coefficients do not receive
any NP contributions, and

N =T gt (Cs—C 36
N = G = Gl (36)
N = 0, (37)

% Notice that, in this setup, the three
neutrino flavors receive a NP contribution C;* NP with
the same CP-violating phase relative to the SM
dnp = arg(A3,/V,, Vi), whereas C;“'NP vanishes.”

We are now in a position to define our benchmark NP
model for b — svp. Global fits to b — s£ ¢~ data suggest

with a=e, u, 7

NP
a value of Cy

H.NP
%

around a quarter of its SM value for the
Ci" [15]. In Egs. (34)-(37), C4)y and

CZﬁ’,?IP involved Cg + CT multiplied by the same normali-
zation. Therefore, a natural benchmark point consists in
taking Cu=N* |C”“ NPl exp(ignp) with ¢yp arbitrarily
large, while |CL" |: CvM/4, and rescaled according
to the different scenarios for the A° couplings in order to
obtain |C¥™"| and |CN).

Since C4™" vanishes for all three neutrino flavors, the
usual observables discussed in Sec. II cannot probe the
phase ¢np, but they are still sensitive to the moduli of C”L‘NP.
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 ¢np, and we will use these scenarios to illustrate the
effect of the phase ¢np over the observables discussed in
Sec. III.

scenario

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 B; — Kgvi, B® - K*%up, and B, —
¢vv decays. Our objective is to obtain a rough estimate of
the projected statistical uncertainties for the time-dependent

We neglect tiny neutrino mass effects, setting effectively
Up™S = 6% and identifying neutrinos by the corresponding
charged lepton flavor.

Similar common flavor structures (and weak phase) naturally
arise also in specific flavor models, for instance, those based on
minimally broken U(2) flavor symmetry respecting general
minimal flavor violation [47], as can be seen from the discussion
in Ref. [41].

and time-integrated observables discussed before (we
consider only observables integrated over the whole g*
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 =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.® 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 — K and
B — K* come from Ref. [49],” while for B; — ¢ 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 B — ¢, where the weak phases in
mixing and decay cancel. The phase of V, is neglected in
our analysis (Im[V ] ~ 1% ~ 107%) leading to the vanishing
uncertainties of s, / Ji. and hy./J,.. Finally, the direct CP
asymmetries (J,; — J,,)/(I" +T) 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 ¢yp, the global weak phase involved in all

three Wilson coefficients C’L“‘NP, under the NP scenario

|CZL"’NP| = C4M/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 C4™" and C»™"), 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 ¢yp, in particular for scenarios

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

Alternative lattice determinations could be used for B — Kvv
[50], but form factors play a very limited role in the observables
discussed in this article.
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TABLE 1. SM predictions and experimental projections
for the observables discussed in Sec. III for the B® - K U,
B’ - K*'%up, and B? — ¢uv 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 — Ksl/lj
Experimental uncertainty
Observable SM 200 2000 20000
(AB). coherent —0.356 £0.005 0.06 0.021  0.006
5o/ (T +T) 0.736 £0.009 0.16  0.05 0.017
B - K*'vu
Experimental uncertainty
Observable SM 200 2000 20000
(AB). oherent 0.257 £0.010 0.07 0.022  0.007
1) incoherent 049+0.04 0.05 0.018 0.006
(AF, incoherent 0.173+£0.014 0.06 0.021  0.006
<<AFL>>incoherem 0.356 £0.005 0.14 0.04 0.013
Fr incoherent
(Jie +J1)/T+T) 0494004 013 0.04 0.011
(Jic = T1e)/@T+T) 0 0.15 0.04 0.011
(Jis +J15)/(T+T) 0386+0.029 0.09 0.029 0.009
(Ji; = J1)/(C+T) 0 0.11  0.03 0.009
s1./(C+T) —0.358 £0.029 0.14 0.05 0.015
s1,/(C+1) —0.130 £0.018 0.11 0.04 0.013
s1e/(Jie +J10) —0.736 £0.009 0.4 0.13 0.04
sis/(Jis + J15) —0.338 £0.034 0.3 0.1 0.034
B, — ¢vv
Experimental uncertainty
Observable SM 200 2000 20000
(AB). oherent 0.0 0.07 0.023  0.007
F I )incoherent 0.570£0.021 0.05 0.017  0.005
(AF, incoherent 0 0.07 0.022  0.007
<<AFL>>mcnherem 0 0.12  0.04 0.012
FL )incoherent
(Jie + ]lé) /(T + _) 0.660 £0.025 0.12 0.04 0.012
(Jie —=J1.)/(C+T) 0 0.14 0.04 0.013
(Jis +J1s)/(T+T) 03644+0.018 0.08 0.026 0.008
(Ji;=J1)/(C+T) 0 0.09 0.025  0.009
s1./(C+T) 0.0£0.0008 0.12 0.04 0.013
s1,/(C+T) 0.0 £0.00035 0.08 0.025 0.008
/(T + _) 0.66 £0.025 1.5 0.5 0.16
hy/(C+T) 0.31 +£0.02 1.1 0.34 0.12
sie/ (Jie +J16) 0£0 0.2 0.06 0.02
sis/(Jis + J15) 0.000 £0.001 0.23  0.07 0.023
hie/(Jie +J10) 1£0 24 0.8 0.26
hig/(Jis +T15) 0.844 £0.027 2.8 0.9 0.31

T T
101 )CZ“NP‘ i CZ'S‘“/Al

ool N =200

s0(Bg — Ksvv) /(D 4+ T)(By — Ksvv)

08 r N = 2000

N = 20000

07

06

—
=T
/ L
T
\ |
=
=

-025
 osof
g —-035
K
N
2 —oaof
z
-045
1 2 3
FIG. 1. (A®P). conerenc (bOttom) and s,/ (T +T) (top) for the

B — Kguv decay as a function of the complex phase ¢yp of the
NP Wilson coefficient C4"" = e=itxe|C%™| for || =
|cvSM| /4 (C¥NP = 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 = 200, N = 2000, and N =
20000 events.

leading to large 7 couplings, whereas they reduce back to
the SM values when ¢yp 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.
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(’ww.\ll’

v, SM
L =Cp7/4
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N = 2000
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N N = 2000
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&

FIG.2. Same as Flg 1 for the <AFL>incoherent/<FL>incoherent (tOp),

(AB); conerent (center), and s1./(J;. + J;.) (bottom) observables
of the B - K*v mode.

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 O(10%) 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.

N =200
é 005 L CZ,.NP| _ Cz,SM/4 4
§ N = 2000
R [ N = 20000 il
3 000
1
<
]
T —oo0sf .
-3 -2 -1 0 1 2 3
onp
N =200
010 8
HiE o =0
il € oo5f ]
g = N = 2000
I [ N = 20000 ]
3 3 000
Tl
Qg —005 ]
==
==
-010 [ 1
-3 -2 -1 0 1 2 3
onp
FIG. 3. Same as Flg' 1 for the <AF L>incoherenl/ <F L)incoherem

(bottom), (AB). . herent (tOP) Observables of the B, — ¢v mode.

V. SUMMARY AND CONCLUSIONS

The hints of NP in b — s£ "¢~ transitions, potentially
involving new weak (CP-violating) phases, motivated us to
reconsider the probes of CP-violating NP contributions to
b — svv. The usual observables (branching ratios and K*
polarizations) in B — K(*)vp all probe the same combi-
nations of the Wilson coefficients C; and C% 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 — svv decay amplitudes, which are both loop level
processes in the SM. We have derived the corresponding
observables for the angular analysis B, — Kguv,
B; — K*°(— Ksn°)vo, and B, — ¢uvi, exploiting the
results already obtained for b — s£*¢~ 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 By,
decays, one must measure CP asymmetries, whereas B
decays allow for the consideration of CP-averaged
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observables. These observables provide additional infor-
mation on the phase of the Wilson coefficients C; &+ C%,
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 — s£T £~ transitions remain intriguing and
require further investigations. The companion b — svv
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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