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Abstract The first observation of B (BT — K*wvv) by
the Belle II experiment lies almost 30 away from the
Standard Model expectation. In this letter we study this
result in the SMEFT, extended by a light right-handed neu-
trino. We explore the correlations between the measured
decay rate and other observables, such as 5 (B — K*vv)
and F; (B — K*vv), showing that they could disentangle
among scenarios involving left-handed neutrinos and those
with the right-handed ones. Furthermore, we find that the
high-pr tails of Drell-Yan processes studied at LHC pro-
vide important constraints that help us exclude some of the
scenarios consistent with the Belle II result.

1 Introduction

Flavor changing neutral current (FCNC) processes are one of
the best arenas for observing indirect effects of new physics
(NP), given that in the Standard Model (SM) they are only
allowed at the loop level and further suppressed due to the
unitarity of the CKM matrix. Thus, their measurement has
the potential to reveal the presence of beyond the SM (BSM)
states running in the loops. One such process is b — sll,
where / can either be a charged lepton or a neutrino.

Over the past decade, the B — K™ decays were
extensively studied in different experimental setups at LHC
[1-5]. The theoretical expectations for these observables are,
however, hindered by large hadronic uncertainties due to the
presence of long-distance effects involving cc-resonances
[6]. This is not the case for the semileptonic decay into a
pair of neutrinos, making it a much cleaner observable [7—
11] from the theoretical perspective.
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Belle IT recently reported on the evidence for BY — K+ +
inv, with a branching fraction [12],

B(BT — KT +inv)™" = (23£0.7) x 107°. (1

When compared with the SM prediction, for which recent
results based on determinations of the relevant form factors
on the lattice [13,14] found [15]

B(BT — Ktww)™ = (4.44 +0.30) x 1076, 2

the experimental measurement is around 2.7¢ above the SM
result. The possibility of explaining this excess in terms of
NP has been considered in several different scenarios [16—
33], ranging from its description within the SM effective field
theory (EFT) assuming the NP particles to lie above the elec-
troweak (EW) scale (see e.g. Refs. [17,18]), to considerations
involving the decay into some dark sector particle mimicking
the neutrinos in the final state [20,21,30,33].

Given the necessity of explaining the origin of neutrino
masses, in this letter we will consider the possibility that
one of the singlet neutrinos, necessary to generate neutrino
masses in the Type-I seesaw and its variants [34—44], is light
enough to play a role in the » — svv transition, while any
other NP effect is assumed to lie way above the EW scale.

We study the effect of all relevant dimension 6 four-
fermion operators in the so-called vSMEFT [45]. Contri-
butions from operators involving only the SM fields [17,18]
or those including the right-handed (RH) neutrino [20] have
been studied separately before. Here we will consider the
possibility of having both types of operators, focusing on
the synergies the study of different observables offers to tell
apart between contributions with and without the RH neu-
trino. We find that, in some regions of the parameter space
explaining the Belle II result, the measurement of the fraction
of longitudinally polarized K* in the final state, Fy, allows
to distinguish between RH neutrino contributions and those
involving SM neutrinos. The importance of this observable
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in this regard has so far been overlooked in the context of this
new measurement. Moreover, we consider the possibility of
having a non-negligible mixing between the SM neutrinos
and the heavy one. This in turn allows for the NP involving
the RH neutrinos to indirectly affect the decay channels with
light neutrinos, even when the decay to the heavy neutrino
is kinematically forbidden. Finally, we profit from the inter-
play arising from the SU (2) x U (1)y symmetry to constrain
some of the possible NP explanations of Belle II using pro-
cesses involving charged leptons, with particular emphasis
on the constraints that arise from the analysis of LHC data.

This paper is organised as follows: in Sect. 2 we introduce
the relevant effective operators that contribute to b — svv,
and the connection with the low-energy EFT (LEFT) describ-
ing B-meson decays, including their relation to processes
involving charged leptons in Sects. 3 and 4. We discuss our
results in Sect. 5, and conclude in Sect. 6.

2 vSMEFT contributions to » — svv

We extend the SM with ng RH neutrinos, Nyg with s =
1, ..., ng, atleast one of which is light enough to participate
in B — K®vv decays, meaning m,, < mp — m g . The
remaining sterile neutrinos, necessary to understand neutrino
masses [46], as well as other BSM states, are considered to lie
well above the EW scale. We can describe their effect on the
b — svv transition in terms of dimension d = 6 operators
as

1
6)
L,smEFT 2 2 Zci Oi. 3

where A is the new physics scale, and C; is the Wilson coef-
ficient (WC) for each d = 6 operator, O;. There are only
three four-femion operators involving only SM fields that
can contribute to B — K ®vv [18] at tree level:

[Ol(ql)]aﬂkl = (Lav"Lg) (Qkvu Q1) »
I:Ol(‘j)]aﬁkl - (L“VMIIL/?) (Qkfl)’uQ1> ,
[Old]aﬁkl = (LM/ML;;) (l;kR)/ule) , )

where L and Q are the lepton and quark SU(2); dou-
blets, respectively, and dgr are the down-type quark weak
singlets. The Pauli matrices are denoted by /, with I =
1, 2, 3. In the following, we will work in the flavor basis
defined by the diagonal down-type quark Yukawa matrix,
with the CKM matrix element in the upper component of
0, = ((VTu)i d,-)T. Moreover, we will fix the quark fla-
vor indexes to k (I) = 2,3, relevant to b — svv, while
a(p) €le, n, 7}

@ Springer

When considering the RH neutrino field, N, additional
d = 6 operators can contribute to b — svv [20,45,47].l
Focusing on the tree-level contributions to this process, the
relevant operators are:

[Ongly = (NrY"*Ng) (Qkvu Q1) .
[Onalit = (Nry"NR) (dkry"dir) .

[OZSNWLH = (LaNk) € (Qudir).
[OZTqu]akz = (LaouyNg) € (Qko""dig) . 5

where €1 = 1. Compared to the SMEFT case, one can
now have scalar and tensor operators contributing to B —
K®ypy. In the following, in order to ease the notation, we
will not explicitly show the quark family indexes for the vec-
tor operators. On the other hand, for the scalar and tensor
operators we keep them. This is because, depending on the
generation index that we assign to the SU(2); quark dou-
blet, the b — svv process will be correlated to different
observables.

Moreover, the SU (2);, x U(1)y symmetry will allow to
relate processes involving neutrinos with those involving
charged leptons in the final state [50,51]. This was studied
in the context of SMEFT in Refs. [17,18]. We will also con-
sider the effect of the vYSMEFT operators from Eq. (5) onto
b — cfv, whose impact on B — D™ ¢y was discussed in
Ref. [20], but neglecting the neutrino mixing effects. We will
also study how the LHC data can help us further constrain
couplings to the four-fermion operators listed above, with
particular emphasis on OISA(IZJ

In the following, we will study the impact that the WCs,
computed at high-energies, have on low-energy observables.
We will need to take into account running effects for the
scalar and tensor operators, which do not mix in QCD. To
account for this running and be able to consistently compare
bounds on the WCs arising at low-energies with those related
to searches at LHC, we will consider QCD running at 3-loop
level [52]. Running effects from the TeV to the m;, scale at
3-loop order can differ from those at 1-loop level by up to
10%. Whenever we quote limits or allowed regions for the
WCs, we systematically compute them at the energy scale
n=1TeV.

3 Low-energy implications for b — svv

Neutrino masses are generated after spontaneous symmetry
breaking. On general grounds, the neutrino flavor eigenstates,
vyr and Ng, are an admixture of the mass eigenstates, n;,

' Note that, in the context of the SMEFT, scalar and tensor contributions
can arise from d = 7 lepton number violating operators [48] or d = 8
lepton number conserving ones [49].
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which in the following we consider to be Majorana states
satisfying n{ = n;. These two bases are related through a
unitary matrix, U, such as

4

VoL = ZuazPLni, fora =e, u, 7,
i=1

4
NRr ZZZ/[;}PRVZ,‘, (6)
i=1

where the sum over mass eigenstates only runs through
the states which are relevant to b — svv, and Ppry =
(1 F y5)/2.% Even though the current experimental limits
constrain the active-heavy mixing to be |Uys| < 1, these
bounds vary depending both on the mass scale of the heavy
neutrino, m,,, and on the flavor of the active neutrino with
which it primarily mixes. We will consider the effect of non-
zero mixing with the t neutrino [53], while neglecting mixing
with the electron or muon neutrinos, |Ue(u)4| == 0.

When considering the LEFT with massive neutrinos, it
proves advantageous to describe b — svv in terms of oper-
ators with well-defined parity properties. Similarly to the
b — sﬁ(‘ﬂg case [11,54-57], the low-energy lagrangian is
given by

b—svv
‘CLEFT

4GF | dem
Sy, 2
N Z

a=V,A,S,P,T

[CaOa+C;(9;]+h.c.,

)

where G r is the Fermi constant, oe, the fine structure con-
stant and A, = V;*V};, is the combination of CKM matrix
elements relevant to the b — s transition. The extra fac-
tor of 2, with respect to the usual normalization, arises from
the Majorana nature of neutrinos, and allows one to directly
use the results from Ref. [56], as discussed in Ref. [47]. The
operators in this basis are

[Ovw];; = Gryube) (aiv*(vs)n;) .
[OS(P)]U = (5.bg) (i (y5)nj),
[O1]ij = (SLoubr) (Ric"'n}), (®)

while primed operators, O, are obtained by consistently
exchanging g; <> g in Eq. (8), with ¢ € {s, b}.> We note
here that the WCs Cé/) have well-defined symmetry proper-
ties under the exchange of neutrino indexes, assuming they
are Majorana particles. It can be shown that the WCs related
to (pseudo-) scalar and axial-vector operators are symmetric
in the neutrino mass-eigenstate indexes, i, j. The vector and
tensor WCs, instead, are antisymmetric with respect to the
exchange i <> j. This in turn implies that vector and tensor
operators will be neutrino flavor violating by construction,

2 We refer the reader to Appendix A for more details.

3 In Eq. (7) the sum over neutrino states, i, j, is not shown explicitely.

meaning that the decay B — K™ v;v; will always have
i #J.

Taking into account the neutrino mixing matrix, i/, we
find the following relation between the WCs in the LEFT
and those from the vSMEFT operators listed in Eq. (5):

[Csem ]y =9 [Civgal, (Whaithsy +Ustas)
[Chur ], =203 [Cvga., Wit +Uesth) . ©)

where the prefactor is defined as G = Tv? / (A% otem) With
v >~ 246.22 GeV, and the sum runs over « € {e, u, t}. For
the vector and axial WCs we get

—2iG [Cng] Zlm Uaj] s

—2iG [Cnal Zlm Uaj]

[Cv]ij

[cv];

[Calij = 2G [Cny] ( ZRe ) :

[Cg]ij =2G [Cnyl (5,']' — ZRC [Z/l;‘,uaj]> . (10)
o

Finally, for the tensor WCs we find

[Crlij = 292 [CIYEquLB (U;ﬂ:/ - U;/U:}) ;
(C7)y = =292 [Chvaa, Weilhi —Uosth) . (1D

Clearly, in the presence of a single RH neutrino, C g,/) in
Eq. (10) can contribute to b — svv only if there are sources
of CP violation in the neutrino sector. Note also that when
relating the WCs in the LEFT to those in the vYSSMEFT one
finds Cp = Cs and C}, = —C5.

Operators involving only SM fields (see Eq. (4)) can also
contribute to Cg,/) and Cg). These contributions are given by

[Cvn],, —igZ[ o

[C(/(A)]ij = igz [Cialap (U;iuﬁj FU; uﬁ,> , (12)
a.p

o
L ’ (UZZ,-Uﬂj + UZZ/Uﬁi) ;

where «, 8 € {e, u, t}. In the following we will study the
effect these operators have on B — K ® vy for different
mass ranges of the sterile state. Note that, even if the heavy
neutrino is not kinematically accesible in the B decay, its
mixing with the SM neutrinos could nonetheless produce an
indirect effect on these observables.

The branching fraction for B — K ®vv in the presence
of NP can be written as

B (B—> K(*)vv> =B (B—> K(*)UU)SM (1+83K<*)) , (13)

@ Springer
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where all the effects of NP are encoded in 8 B - .* Whenever
my, < mp — mg so that the sterile mass is negligible, the
deviations from the SM prediction can be easily written as

3
Zi,j Re [CEM‘SU (CA + Cz/4)ij:|
3CPMP?

5Bk = —

4

1 2 2

+WZ{|CV+C’V|ij+|CA+Cg|,.j
1

3 N 2 2
+5m (ICs + €3I}, +1Cp + Ch I}
+ang (1Cr 1 + 1717 } (14)
where C;M = —6.32(7) is the SM contribution to b — svv.”

In the case of B — K*vv, neglecting once again the sterile
neutrino mass, we find

SM
CL

Y7 i Re[CMs;;(Ca + C1p)ij]

SBi+ = —
K 31CM2
v Y Re [CPMs;5(Cl)i]
N+ 6|CSM|2

77](*
12|CSM|2 Z {

N g
+ (1 - Z) (v + €y +1Ca + Cu3)

(v —cy B +ica—cil?)

4
+3mk (ICs = €5l + 16 = 1)

+ang. (1Cr3 +1C7 12 )} (15)

Note thatin Egs. (14, 15), the SM contribution only interferes
with that of the axial-vector operators, (’)X), involving light
neutrinos, n; with i = 1, 2, 3.° The prefactors n‘;{(*) depend
solely on the hadronic form factors, and we find the following
numerical values:

ny = 0.940(16),
Ny = 0.34(2),

nk =0.270(11),
ng« = 3.33(5), nk. = 1.58(16). (16)

Explicit expressions in terms of the hadronic form factors are
provided in Appendix B.

4 Notice that the WCs entering 8By are evaluated at the scale of the
process, (L = my.

> We refer the reader to Appendix C for the general expressions. Note
that the SM contribution to b — svv is flavor diagonal and universal.

% When including the mixing between the active and the heavy neutri-
nos, there is a small non-diagonal contribution proportional to UJ;Uy; .
This would allow for the interference between SM and the vSMEFT
axial-vector operators involving an Ng, but it is nonetheless mixing sup-
pressed and negligible in comparison with the other NP effects arising
directly from the d = 6 operators.

@ Springer

If the Belle II result is to be described only by SMEFT
operators, a lower bound on B (B — K*vv) can be deduced
from B (B — Kvv). This is given by [17,18]

B(B — K*vv) _ (1 - i) B(B — K*vv)M

B(B — Kvv)

B(B — Kvv)SM~ {17)

We find that this inequality is still satisfied in the vSMEFT for
the (axial-) vector and tensor operators, whenever the heavy
neutrino mass can be neglected, m,, < mp —mg.

This, however, is not the case for the (pseudo-) scalar
operators, or when m,, is large. As can be understood from
Eq. (15), one could consider the possibility that Cs = Cf
and Cp = C}, in the absence of other NP contributions.” In
this limit one would have § Bg+ = 0 while having §Bgx # 0.
Under such circumstances, the inequality in Eq. (17) would
be violated provided that

4B (B — Kvv)>M
B(B - Kvv) > 5( VW) , (18)
4 — g

for which we find numerically B (B — Kvv) > 3.1x107°.
Moreover, when m,, cannot be neglected, Eq. (17) does not
apply. Indeed, it is always possible to reduce the available
phase space for the B — K*vv decay into the heavy neu-
trino, recovering the SM result, while simultaneously having
a non-negligible contribution to B — K vv from NP3

NP described by the lagrangian in Eq. (7) can be relevant
to By — vv, for which an upper bound B (By; — vv) <
5.9 x 107* at 90% C. L. was obtained using LEP data [58].
We can write its branching fraction as [57]:

g, GHIn|2a?
12873 m3}

4
Oem 1/2
fB )“Bsn,-nj

B(B — vv)
N lj=1

X{ [més — (m; +mj')2] ‘(Cv — Cy)ij(mj —mj)

my |2
Co—CL)is—DBs [2_ o .2]
+(Cs S)l]mb+ms + mp (m; mj)
my |2
- (m: . Cp—CL);; — 25 ,
(ml+mj)+( P P)l]mb+ms }
(19)
where Agpe = [mg _(mb_mc)z] [mg _(mb+mc)2]-

From Eq. (19) it is clear that the contribution from the
(axial-) vector operators will be suppressed by the tiny neu-
trino masses, except for the heavy neutrino. On the contrary,
the (pseudo-) scalar operator, which is not chirality sup-
pressed, can considerably enhance B (By; — vv). This chan-

7 This situation is, however, not possible with the effective operators
we have considered in Eq. 5, but could arise in more general scenarios.

8 This is only strictly true in the absence of neutrino mixing.
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nel then proves a complementary probe to constrain the NP
explanations of the Belle II result.

Finally, by interpreting the size of the WC in terms of a
NP coupling constant, gnp, and the NP scale, A, related to
a mediator mass, i.e. C/A% ~ gI%IP/AZ, we can estimate the
maximal cutoff where the NP needs to lie in order to accom-
modate the Belle I result while having perturbative couplings
ene S /47 [59]. We find that for operators involving the SM
neutrinos, A < 24 TeV, while in the case of scalar operators
we find a somewhat larger scale, A < 32 TeV.

4 Correlation with processes involving charged leptons

When considering NP described by the vSMEFT, correla-
tions between processes involving neutrinos and those with
charged leptons arise thanks to the SU(2); gauge symme-
try. All the operators from Eq. (4) contribute to b — sZ;LZE,
which implies that the most plausible explanation for the
Belle II result within the SMEFT is that NP couples to the
third generation leptons [18], unless there is some ad-hoc
cancellation between various contributions. Moreover, the
operators from Egs. (4, 5) relate the b — svv transition
measured by Belle II to the semileptonic b — cfyVv pro-
cess. At low-energies, assuming NP described by the same
VSMEFT operators that enter b — svv, we can write

LG oV2Gr Ve Y. [CaOa+CLOL] + hc.,

a=V,A,S,P,T
(20)
where the only operators arising from vSMEFT are
[Ovi],; = (CLyubr) (Lay™ (vs)ni) .
[OS(P)]O”- = (cLbr) (La(ys)ni)
[O1]ai = (CLOwbR) (€0’ n;) . (21)

Although the chirality flipped operators with a RH charm
quark, O/, can in general be generated within the (v)SMEFT,
they are not related to the relevant operators interesting for
b — svv, and thus we do not consider them in the following.
The relation between WCs at low energies and the vSMEFT

ones is given by

- - 2

v° V, 3
Cb%céu — CSM U, + cs I:C( )] U y
SV |, vayhei =7 _Vcb; 1g Jop P

r 7 v° Ve
Cb—)c@v — _C[ S ] u*"
L~ 5P) dai 2A2 Ve INgd 23 %

-Cb—>C@1J- vz VCS CT * 22
r _ﬁ@[ ’qu]a23 siz (22)

L dai

where C‘S}}’[A) = =1 corresponds to the SM.? In order to
better understand the interplay between the WCs relevant to
b — svv and those entering b — cfyv, it is useful to write
the latter in terms of those from Egs. (9-12).10 We find:

AemAr Ves
2 Ve

b—ct SM
[t ], = e =

4
X Zuozj (ICv1ij + [Calij)
J

Vi Qemht o
b—>cly _ cs XemAt )
4
Ves QemA
b—>cly _ Ves QemAt 3 )
], = Xij[cr],,ua,, 23)

It is then clear from Eq. (23) that, even if we have a non-
negligible NP effect in b — svv from, say, Cspy # 0,
its corresponding effect in b — cfv will be suppressed by
OemAr /2T ~ 5 X 1073, so that only large WCs can have an
impact in R . This is also related to the fact that b — cfv
arises at tree-level in the SM, in contrast to » — svv which
is not only loop but also CKM-suppressed.

Itis also useful to account for the constraints on suchd = 6
operators from collider searches. In particular, we can use the
high-pr tails of Drell-Yan processes involving a charged
lepton and missing energy in the final state, pp — {4V,
in order to constrain the size of the scalar and tensor WCs
[59-61]. As we will see, these searches probe a good part
of the parameter space explaining B (B — Kvv)®*P, mostly
for large heavy neutrino masses.

5 Results
51 b — svv

In the following, we discuss the impact of the d = 6
NP operators relevant to b — svv for different assump-
tions on the heavy neutrino mass and on its mixing with
the SM neutrinos. In all instances in which lepton dou-
blets are involved, we introduce the NP only in the 7-sector.
This is motivated for operators involving only SM fields
by the strong constraints coming from 5 (By; — pup) and
Ryw = B (B — K(*)M,u,) /B (B — K(*)ee), which rule
out the possibility to accommodate 5 (B — Kvv)®*P with
couplings to light charged leptons [17,18].

° Note that operators like [Ofﬁgﬂ » would contribute to semileptonic
o

transitions with top quarks.

10 We assume here that a single operator is responsible simultaneously
for the NP effects in both processes.

@ Springer
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40 7 < 1.8 i
_— [oﬁ‘lqd] 723 Tt =
35 - (O] 1.64| [Ura| =0
30 = [Ozzqgm 1.4
= o], 121
2257 (Ol ‘
*h 20- L':]lo_ &_._._._._B.em.ll_ .........
ﬁ o8] | :
o 15 k - [Oqud} 23
o 061 i\ B (O]
1 0.4 \\. (O],
51 L 0.2 AU — o],
A Inaccessible (SMEFT)] ’ e —e (Ol
0 f T T T T 7 T 0.0 T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

B(B — Kvv) x 10°

Fig. 1 Correlation between B (B — Kvv) and B (B — K*vv) (left
panel) when including the effect of one single NP operator at a time
and m,, <« mp — mg. The red point corresponds to the SM result
and the (light) green regions to the Belle II result at 1(2)o. The
hatched areas on the left panel correspond to the Belle upper bound,

5.1.1 No neutrino mixing

Let us first consider the effect of NP in the absence of mixing,
U4 = 0. In this case there is no interference between the
SM and the effective operators involving a RH neutrino, cf.
Equation (5). Therefore, the branching fraction for B —
K®vv in the presence of this NP can only be larger than
the SM expectation. Furthermore, the effect of the operator

Ona is degenerate with Oy, . Likewise, [Ofl\(,?d] » has the
T

same impact as [OZSI\%L

LH neutrinos, (’)l(;_‘q’) and Oy, do interfere with the SM.

Nonetheless, given that we are introducing NP only in the
T-sector, the destructive interference between SM and NP
effects cannot be exact and thus it is not possible to arbitrarily
suppress B (B — K ®vv).

In the following we study these contributions for two rep-
resentative mass ranges for the heavy neutrino.

] ”s’ Contrary, operators with only
T

® my, KmMp—mg
When we neglect the heavy neutrino mass, (91(; _3), shown
in orange in Fig. 1, has the same effect as Oy, (shown
in hatched pink) on the region B (B — K (*)vv) >
B (B — K(*)vv)SM. Thus, the orange region is not vis-
ible because it lies below the hatched pink band. In the
right panel of Fig. 1 we show the impact of such oper-
ators on the fraction of longitudinally polarized K*, F,
[11], which can also be measured at Belle IL.!! In particu-
lar we study the correlation between 5 (B — Kvv) and
the ratio R, = Fr/FpM, with F?M = 0.49(4) [15].

1 We refer the reader to Appendix C for a definition of Fy in terms of
the ¢2-dependent functions entering the differential branching fraction.

@ Springer

B(B — Kvv) x 10°

B(B — K*vv) < 2.7 x 1072, in gray, and the region described by
Eq. (17) (blue area). In the right panel we show the correlation with
Rr, = FL/F, LSM. We show, as solid bands, the regions which satisfy
the Belle upper bound on B (B — K*vv), while as (dash-) dotted lines
those excluded

We show, as solid bands, the 1o regions for which the
Belle bound B (B — K*vv) < 2.7 x 107 is satisfied.
The (dash-) dotted lines allow to understand the behavior
of RF, interms of B (B — Kvv) in the whole parame-
ter space, but correspond to regions where the branching
fraction of B — K*vv is too large. They are thus exper-
imentally excluded.

For the operators which can accommodate B
(B — Kvv)®P at 20 in this mass range, we find the
following allowed values for the WCs (computed at the
scale © = 1 TeV). First, for the operators involving only
SM neutrinos, we find:

e [Claler /A% € =33, —1.1] x 1072 TeV 2,

B(B — K*vv) €[8,27] x 107°,
Rr, €[0.73,0.76].

] [ (1—3>] /A% € [-1.7,-1.11U[3.2,3.7]

lq
x 1072 TeV ™2,

B(B — K*wv) €[19,27] x 107°,

Rp, = L.

(24)

Next, for operators involving the RH neutrino:

[Chvaa] ., /A% €107, 171 x 102 Tev 2,
723

B(B — K*wv) € [11,21] x 107°,

Ri, €[1.19,1.61].

(25)
[Cvq]|/A% € 119,251 x 1072 TeV 2,

B(B — K*vv) €[19,27] x 107,
R, = 1.
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Fig. 2 Correlation between B (B — Kvv) and B (B — K*vv) (left panel) and R, (right panel), as in Fig. 1, but setting now the mass of the

heavy neutrino to m,, =2 GeV

Note that for the scalar operator with exchanged quark
indexes, 2 <> 3, the same results as those from the first
line in Eq. (25) would be obtained. Similarly, the effect
of Opg is degenerate with that of Oy, at this level.

Remarkably, operators with SM neutrinos accommo-
dating B(B — Kvv)®P at lo, such as Oy, would
decrease Fy, with respect to its SM value, whereas those
with RH neutrinos would enhance it, providing a han-
dle to distinguish these solutions. We will show next that
this feature holds also for non-negligible heavy neutrino
masses.

o my,, =2GeV

As previously mentioned, increasing the mass of the
heavy neutrino tends to suppress the available phase
space, and thus the B — K ®vv branching fraction.
This is particularly pronounced in the case of the vec-
tor operator, Oy (4), as shown in the left panel of Fig. 2
where we set m,, = 2 GeV. This mass is very close to
the kinematical limit for the B — K™*vv decay, as the
vector operator couples directly to a pair of RH neutrinos.
Given that the N is mostly aligned with the heavy neu-
trino, the contribution from this operator is suppressed
whenever m,, ~ (mp — mK*)/Z.12 Instead, for the
scalar and tensor operators in Eq. (5), the phase space
suppression in B — K*vv becomes relevant only when
my, ~ mpg—mg-=.Infact, itis only through such a phase
space suppression that the tensor operator can accommo-
date the Belle II result on B — Kvv without predicting
values of 5 (B — K*vv) above the experimental bound.

We show in the right panel of Fig. 2 the enhancement
produced on F7 by the vector operator with RH neutrinos,
Ong(a)> when having a non-negligible mass. This effect
is, however, not as pronounced as with the scalar operator.

12 Neglecting the active-heavy mixing, it is exactly aligned with the
heavy neutrino, meaning that Ng = Pgrng.

Due to the phase space suppression, Oy, (Ong) can
now also accommodate B (B — Kvv)®*P at lo. We
quote next the allowed ranges for the WCs for m,, =
2 GeV:!3

[C,Squ]m ‘ /A €[1.0,2.5] x 107 TeV ™2,

B(B — K*vv) €[10,17] x 107°,

R, € [1.14,1.51]. 6

[Cwg] ‘/A2 €[4.5,11.2] x 1072 TeV 2,

B(B — K*vv) €[9,12] x 107°,
Rr, €[1.02,1.13].

In conclusion, for negligible m,,, we find that the scalar
operator OZSN qd and the vector one, 04, represent the best
possibilities of explaining the Belle II result at the 1o level.
The other vector operators can, nonetheless, accommodate
the experimental measurement at 2o, while the tensor one is
ruled out experimentally.

For larger masses, the phase space suppression allows to
explain B (B — Kvv)®P, withoutenhancing B (B — K*vv)
above its experimental bound, using operators involving Ng.
This is relevant for m,, ~ (mp — mg+)/2 for vector opera-
tors and m,,, ~ mp — m = for the tensor one.

Interestingly, when studying the effect of such operators
on Fy, we find opposite behaviours for different types of
operators accommodating the Belle II result at the 1o level.
Those involving only SM neutrinos, namely Oy, tend to
suppress [y, such that we have Rp, < 1, as previously
found in Ref. [18]. Instead, operators involving Nr enhance

13 We explicitly write again the ranges for the scalar operator as it
is affected by the phase space suppression, even if to a lesser degree
than the vector operator. On the contrary, we note that for the SMEFT

operator Oy (Ol(;_3)) the ranges are those from Eq. 24.

@ Springer
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Fig. 3 Correlation between different observables when including the
effect of one single NP operator at a time for m,,, = 4.5 GeV and non-
zero mixing, [Uy4| ~ 102, The red point corresponds to the SM expec-
tation and the (light) green regions to the Belle Il resultat 1(2)o . The left

it, so that R, > 1. Thus, this measurement could allow
to tell apart between contributions from Ng and those from

SM neutrinos, assuming a single operator is responsible for
B (B — Kvv)®P,

5.1.2 Effect of neutrino mixing

We focus now on the impact neutrino mixing can have on the
phenomenology, setting the mixing between the t neutrino
and the heavy one to |U4;4| = 1072.1% The consequence is that
now contributions from operators involving the RH neutrino
(see Eq. 5) will also have an impact on the b — svv decay
into light neutrinos. This will in turn allow for the interference
between contributions from Oy, (Opg) and the SM. The
most important difference with respect to |[Uf;4| = 0 arises
close to the kinematical limit for the B — K ®)vv decay into
one heavy neutrino, i.e. m,, 2 mp —mg.

o mp—mg Smp, Smp,
In this mass range, the bound B (B; — vv) < 5.9 x
10~* at 90% C. L. [58] becomes the most relevant
one. This constraint allows to exclude explanations
of B(B — Kvv)®P with scalar and vector operators
involving Ng, as shown in Fig. 3. This pushes the allowed
range for the heavy neutrino mass to be either m,,, > mp,
ormy,, < 4GeV for the operators OISqu and Ong (Ona).
Instead, the tensor operator can accommodate the exper-
imental result for m,, >~ mp — m, as shown in the left

14 This is just a representative value. For heavy neutrino masses lying
around the GeV-scale, one finds constraints at the level of |L{,4|2 ~
1074—1077[53] and in agreement with our choice. A somewhat smaller
mixing would translate into a larger value for the relevant WC while
generating the same effect on the observables.

@ Springer
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panel shows the relation between B (B — Kvv) and B (B — K*vv)
while in the right one we show the correlation with B (B; — vv) for
the relevant operators

panel in Fig. 3. We find the following range for the tensor
WC: 15

-[%Anm%mmmmﬁwa
T

B(B— K*v)=DB(B— K*VV)SM
Rp, = 1.

’

27)

However, as we will see, this scenario (when involving
the second generation quark doublet) is excluded by the
LHC constraints we discuss in Sect. 5.3.
® My, > Mp;
Whenever n4 cannot be produced in By — vv, the
effect of Ong (Ong) becomes degenerate with that of the
SMEFT operator O;4 ((91(;_3)), while avoiding any other
constraint. Indeed, the sum over neutrinos in 8 3 from
Eq. (14) would only run through the three light neutrinos,
recovering the equivalent results in SMEFT [18,48].
Note, however, that the contribution from operators
involving a RH neutrino would be mixing suppressed.
Thus, in order to accommodate the Belle II result with
Ona, the size of the WC needs to be, in comparison to the
corresponding SMEFT contribution, Cyg = [Uza|™2Cra.
Interpreting once again the corresponding WC, Cg/A2,
in terms of a tree-level contribution from a heavy NP
mediator, we find in this case that the maximum cutoff
scale is A < 240 GeV. Such a low scale clearly sig-
nals the breakdown of the EFT, and thus we deem this
possibility not viable. We conclude then that the vector
operator Ong (Opg) can only accommodate the experi-

15 This range applies for the tensor operator independently of |144].
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mental result for m,, < 4 GeV, assuming NP contributes
to b — svv at tree-level.

Regarding the scalar operator, its contribution is equiv-
alent to the case we considered in Sect.5.1.1, summa-
rized in Eq. (25). Given, however, the mixing suppres-
sion, the size of the WC needs to be rescaled, exchanging
CISqu — |L{,4|CISqu in Eq. (25). Given current bounds
on the mixing, we will show next that [Olqud]T is

23
excluded by high-pr constraints.

5.2 Implications for b — cfyv

As previously discussed, given the SU (2) ;, gauge symmetry,
the same WCs generating b — svv at low energies can also
contribute to processes involving charged leptons.

In the case of the SMEFT operators in Eq. (4), they all
simultaneously contribute to b — svv and b — sy {g.
Stringent constraints exist for the latter process when the
leptons are electrons or muons [62]. In such a situation, the
only solution is to introduce the NP effects in the third gen-
eration of leptons only [17,18]. It was found that, even if
(’)1(3) can contribute to b — ctv, its potential to also explain
the current experimental deviation from the SM prediction of
the ratio Ry = B (B — D(*)n—)) /B (B — D(*)ED) with
£ = e, u is very limited. Only a marginal enhancement of
R p can be expected while agreeing with the Belle Il result.

Regarding the operators involving RH neutrinos in Eq. (5),
only the scalar and tensor operators with a second genera-

)

tion quark doublet, namely [ INg d] . can contribute to
T

R p» . However, none of them can simultaneously accommo-
date the experimental results on R ;) and B (B — Kvv)®P.
As it is clear from Eq. (23), only very large NP effects
inb — svv, predicting B(B — Kvv) > 3 x 1074, can
introduce a significant deviation from the SM expectation in
B — DWry, given the factor VosatemAs/(w Vep) ~ 1073
relating the WCs entering the two processes. However, this
is obviously excluded experimentally. Moreover, the ten-
sor operator cannot contribute to R in the region where
it accommodates B (B — Kvv)®P, as one needs m,, 2

~

mp —mg+ > mMpB —Mpx — Mce.
5.3 LHC bounds

We now turn to consider collider constrains on these same
WCs through the crossed channel bc — £, v. In particular,
we can profit from the effect of such EFTs on the high-pr
tails of Drell-Yan processes with a charged lepton and miss-
ing energy in the final state [59].'® LHC has performed such
searches [64,65], pp — £4v with « = e, u or T, which

16 One can also use constrains from channels with large missing energy
and an energetic jet in the final state [63].

have been fully implemented in HighPT [60,61], alongside
the relevant d = 6 SMEFT operators. Thus, HighPT gen-
erates the likelihoods for different NP scenarios, allowing
to constrain the SMEFT and vSMEFT operators generating
b — clyv. Itis important to note here that, for the scalar and
tensor vYSMEFT operators from Eq. (5), we recast the limits
obtained with HighPT in terms of the following SMEFT
ones (which do not interfere with the SM contribution to
pp — LyV):

[Ol(;;“]ﬁan - (ZﬁZ“R) € (Q3”2R) )
[01(2“]/50432 = (Lpouvtar) € (Q30" uzg) - (28)

Using the mono-lepton searches at LHC, which do not tag
the final neutrino flavor, we can use the constraints on the
SMEFT WCs to find a bound on the vSMEFT scalar and
tensor WC involving a charged lepton, £, as:

2 *
2 N (1) (1
|VCS| ‘[Cqud:IaZ?)‘ g Z [Clequ]ﬁa [Clequ]ﬁa ’
T

2 *
2|1 Z 3) €)
[Ves| ‘[Cqud:IaB‘ - 5 [ lequ]ﬂa I:Clequ:lﬂa . (29)

=e,|L,T

where we neglect the heavy neutrino mass in the final state,
thus making the contribution from Ol(elgu equivalent to that of
the OISN qa Operator involving the second generation SU (2),
quark doublet. Note that for the scalar and tensor vYSMEFT
operators involving the third generation quark doublets, we
would in turn be sensitive to the semileptonic decay of the
top quark, ¢+ — s{,v. This, however, does not contribute
to pp — L4V at leading order. Moreover, the experimental
precision on B (t — stv) >~ (5+4) X 1073 is weak [62],
not leading to useful constraints.!”

Using HighPT, we find then the following bounds at
90% C.L. on the scalar and tensor WC:

}[CISqu]TB‘ JA? <0.41TeV™2,
‘[CITqu:IT%‘ /A% <0.25TeV 2. 0

We quote here the results for those WCs involving the 7-
lepton, but note that those involving an electron or a muon
in the final state are quantitatively very similar.

These bounds can now be used to constrain the effect of

S(T)
[ INgd | s on B — Kvv. They are relevant for the scalar

operator for m,, > mp,, as, due to the mixing suppression,
the size of the WC becomes very large. Indeed, for the region
accommodating the Belle II result, we find

| [Cqud]m /A% 207 Tev 2, 31)

17 We estimate it by combining B (r - Wb) and B(W — tv) with
B — Wb)/(B(t - Wb)+ B(t — Ws)) =0.957 + 0.034.

@ Springer
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excluded by the bound in Eq. (30).'® They also provide
the main constraint on the tensor operator for large m,,.
As shown in Eq. (27), the tensor operator accommodates
B (B — Kvv)®P for values of the WC larger than those
allowed by the high-pr analysis. Given that this operator
only works when m,, ~ mp — mg=, we conclude that this
explanation of the Belle II result is experimentally excluded
by LHC data.

6 Summary

In this letter we presented the study of the contribution from
operators in the YSMEFT, both involving only SM fields as
well as one RH neutrino, to the rare semileptonic b — svv
decays. The presence of the RH neutrino in the EFT descrip-
tion introduces the possibility to have scalar and tensor con-
tributions to this transition, on top of the usual vector opera-
tors. Besides studying the impact of the heavy neutrino mass
on B - K®yy, we also studied the effect of its mix-
ing with the SM neutrinos. Examining the impact of such
NP on the correlations between the low-energy observables,
namely B (B — K®vv) and Fy, the fraction of longitudi-
nally polarized K* in the final state, we were able to identify
the best solutions accommodating the recent Belle II mea-
surement.

First, we studied the impact of these operators in the
absence of neutrino mixing. We find that for a light RH neu-
trino, the only NP operators providing a plausible explana-
tion to the Belle Il result at 1o are the scalar operator OISN qd
involving a RH neutrino, and the vector operator O;; with SM
neutrinos. This is consistent with previous results from Refs.
[17,18,20]. At the 20 level, other vector operators are able to
accommodate the Belle II measurement. The tensor operator
is ruled out, as it completely pushes 3 (B — K*vv) above
the experimental bound B (B — K*vv) < 2.7 x 107°.

However, if the mass of the RH neutrino is non-negligible,
then even the tensor operator can accommodate
B (B — Kvv)¥P at the 1o level. This is due to the phase
space suppression in the B — K*vv decay, which becomes
relevant for the tensor and scalar operators, OZTAE;L when
my, 2 mp — mg+ =~ 4.5 GeV. In the case of the vec-
tor operator Ong (Opy), the suppression is significant for
my, 2, (mp —mg=)/2 >~ 2 GeV.

Along with what was noted in Refs. [17,18,20] we also
find correlations between & — svv and b — clyv in
vSMEFT. This is why we considered the impact of opera-
tors involving the RH neutrino on B — D™ty and LHC
searches involving high- pr. However, we find that the oper-
ators explaining the Belle II result cannot contribute sig-

18 Note here that we used a particular value of the neutrino mixing,
-2
tra] = 1075

@ Springer

nificantly to B (B — D®tv). Therefore it is not possible
to simultaneously explain B (B — Kvv)®P and the R
anomalies. On the other hand, the analysis of high-pr tails
of Drell-Yan processes at LHC allows us to obtain rather
strong constraints on the coupling to the tensor operator.
From that analysis we conclude that the Belle II result cannot
be described with the tensor operator involving the second
generation SU (2)1, quark doublet.

Wealsostudied Ry, = F/F LSM and found that operators
involving SM neutrinos cannot enhance Fp,ie. R, < 1.
Instead, operators with RH neutrinos explaining Belle II
always translate into R ;, > 1. Thus, the measurement of this
observable could allow to tell apart contributions involving
RH neutrinos from those with only SM neutrinos. Moreover,
measuring the differential decay rates could help us disen-
tangling among various Lorentz structures of the operators.
This observation is in line with Refs. [20,21,30].

Finally, we turned then to study the impact of the mix-
ing between the SM neutrinos and the heavy one, for which
experimental constraints show that [U;4] < 1072, Despite
its smallness, it can lead to interesting phenomenology. In
this case, even if the RH neutrino is not produced in the
B — Kvv decay, i.e. m,, > mp — mg, it can make an
impact on b — svv through its mixing with the SM neu-
trinos. We find that, in order to avoid the bound from LEP
on 5 (B; — vv) with scalar and vector operators, the mass
of the heavy neutrino needs to be m,, < 4 GeV (regard-
less of mixing) or m,, > mp_ . In the latter case, only the
scalar operator involving the third generation quark dou-
blet can consistently describe the Belle II result, predicting
B(B; — vv) > 1074,

In principle, one can find an useful observable from the
angular distribution of B — Kvv, whose size is proportional
to the neutrino masses in the final state for vector and scalar
NP operators. However, it is not experimentally accessible
given that the neutrinos escape the detector. We note as well
that the same NP affecting B — K ®)vv can be probed study-
ing complementary baryon decays such as A, — A ¢v [66]
and potentially also A, — Avv [67].
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Appendix A: Neutrino masses

We devote this appendix to a brief summary of the genera-
tion of neutrino masses in the presence of RH neutrinos, and
the relation between the mass and flavor bases. Adding ng
RH neutrinos to the SM particle content, we can write the
following lagrangian for the neutrino sector
L£L>—LY,HNg — %N;MNR + h.c. (A1)
where H = itoH* is the Higgs field and Y, corresponds
to the Yukawa matrix for the neutrinos. M is the Majorana
mass matrix for the n g RH neutrinos. Note that this Majorana
mass is not related to the Higgs mechanism and thus its scale
is completely free. After spontaneous symmetry breaking
(SSB) we find the following mass term for the neutrinos

L _ -\ (0 mp\(vi
ED—E(\)L NR) (mlT) M) (NR>+h.c.,

where mp = vY, /«/5. The symmetric mass matrix in
Eq. (A2) can then be diagonalized through a unitary rota-
tion, U, such that one finds the following relation between
the flavor and the mass eigenstates

. 3+np U
al \ _ 1) .
() = X (i) o

i=1

(A2)

(A3)

where we write the full neutrino mixing matrix, I/, in two
blocks. The upper one corresponding to the mixing between
the active SM neutrinos, v, , and the mass eigenstates given
by Uy; which is a 3 x (3 + ng) matrix. The lower one
describes the mixing between the RH neutrinos and the mas-
sive ones, Uy;, whose dimensions would be ng x (3 4+ ng).
In the seesaw limit, namely mp <« M, we find three light

states whose mass is given by mjjgne ~ —mDM_lmz and
ng heavy neutrino states with masses O (M).

Depending on the mass scale of the heavy neutrinos, con-
strains on the size of the active-heavy mixing, U,; with
i =4,...,34+ng,canbeplaced. In particular, for the mixing
with the t-sector, and masses m,,, ~ 2 GeV constraints from
DELPHI exist [68], such as |Ufz4]> < 10™* [53]. For larger
masses, m,, ~ 10 GeV, one instead finds slightly stronger
bounds, at the level of |Uz4]> < 1072,

Appendix B: Form factors

In the following we will summarize the parametrization of
the hadronic amplitudes in terms of form factors both for
B — P,withP =K, Dand B — V,where V = K*, D*.

1.B—> P

The relevant hadronic matrix elements for the B — P tran-
sition can be written as

2 _ 2
(B()1Giy"b|B(p)) = [@ R — %q“] Fr@d

2 2
+”’Bq#q“fo<q2),
_ _ 2 2
(P(k)|gic™b|B(p)) = —i [p"k" — p'k"] M, (B1)
mp+mp

where g> = (p — k)? is the momenta carried by the di-
neutrino system. For the B — K transition we have P = K
and g¢; = s, the strange quark, in Eq. (B1), while P = D
and ¢; = c (charm quark) for B — D. The vector and scalar
form factors satisfy f = fp at g*> = 0.

‘We take the form factors for B — K from Ref. [15] which
combines previous lattice QCD results from FNAL/MILC
[13] with the recent ones from HPQCD [14]. Other determi-
nations of the form factors can be found in Ref. [69].

For the case of the B — D transition we instead use
the FLAG results [70] combining FNAL/MILC [71] and
HPQCD [72] results for the vector and scalar form fac-
tors. Instead, for the tensor form factor we assume that the
ratio fr(q%)/f+(g?) is constant and take the result from Ref.
[73], where it was found that f7(q3)/f+(q3) = 1.08(7) at
g5 = 11.5 GeV2.

2.B—>V

Regarding the transition with a vector meson, V, in the final
state, the matrix elements are given by

2V (g?)

(‘_/(k)WiJ/u(l F ]/5)b|B(p)) = €poe™ pPk° P

@ Springer
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Fieh(mp +my)Ai(g?)

Ax(g?)
q)

+i(p +k), (¢ _—
(p )u. ( mp +my

2
+ig, (¢ q) % [43(6) — Ao(g™)].

(V(®)Gio" qu(1Fys)bIB(p))=2ie""" &} p ko T1 (q%)
£[e* (mf —my) — (p+ " (e* - q) | Ta(g?)
2
:l: /L_ q k/l, *
lg 7m%_m2v(p+ ] (e

q) Ts(g™), (B2)

where ¢ corresponds to the polarization of the vector meson in
the final state. At g> = 0 one finds the consistency conditions
A3 = Ag as well as T1 = T,. Moreover, As is related to A
and A) as

mp+ mgx — Mg+
—Ai(g") — Ax(g?).

As3(g?) = Mp — MK*
3(g7) = I ka*

(B3)

For the B — K* transition we take the form factors from
Ref. [74], in which lattice QCD results from Ref. [75] were
combined with light-cone sum rules (LCSR).

Instead, several results from lattice QCD at non-zero recoil
exist for B — D™* [76-78]. We use the FNAL/MILC [76]
ones and note that recent results from HPQCD [77] find a
tension between the BaBar and Belle measurements of the
differential decay rate and the lattice results. However, given
the negligible impact we find on the B — D®) ¢, v process,
this issue does not play any role in our analysis.

3. Form factor dependence of § By )

We can parameterise the contributions from NP in terms of
appropriate combinations of form factors integrated over the
relevant phase space and the WCs. In the particular case in
which we can neglect neutrino masses in the final state, we
find the following quantities for B — Kvv:

2
Gmax (m2 — m2 )
o imp K 1/2
PK.0 =/ dg”————"5 f ,
0 (mp — ms)2 0

2
Imax
3/2
PK .+ 2/0 dg* 1z 13,
3/2

i A
mx 2 BK 2 2
PK.T = dq* —"—=q" fr, (B4)
/0 (mp+mg)2" 7T
where Apg = )‘BK\/_ and we have qrznax = (mp — mK)2.

We then define 1} ST = = PK.0(T)/ PK +-

For the B — K*vv transition, more form factors are
involved, such as we define for the (axial-) vector form factors
the following quantities:

2
dmax
1/2
PK*.1 2/0 dq’q*h g AT,

@ Springer

2 3/2 2
Imax A «
0 q

2,1/2

2
Gmax
PK* 12 = 32m%m%(*/(; dg*a A%, (B5)

where now g2, = (mp — mg+)* and we again used the
abbreviation Agg* = )LBK*\/F' Ajpp isrelated to Ay and Ap

as
(mp +mg+)(m% —m%. —q%)
An(g®) = bt Ai(g?)
16mpmi«
ABK*
Ax(g?). (B6)

16m3m%(* (mp +mg~=)
Additionally, for the scalar form factor contribution we have

3/2

2
Imax A «

(mp, +mj)? B0

and finally for the tensor form factors we can write

2
Dmax
1
PK*,T :/(; d Z)LB/K*{)\'BK*TE

2.2 2
8mpmy-q~ 5

2 2 \2p2

With these definitions, we finally arrive at

v 4 PK*1+ PK* 12

Ngr =
K PK*1+ Pk*12 + PK*V
s PK*,0
Ngs = s
PKk* 1+ Pk*12 + Pk* Vv
PK*T
Nks = (BY)

Pk*1 + Pk 12 + pr* v

whose numerical values can be found in Eq. (16).

Appendix C: Differential decay rates

We devote this appendix to summarizing the results on the
differential branching fractions for B — K ®vv as well as
the fraction of longitudinally polarized K* in the final state,
for any neutrino mass. These are based in Ref. [56] and we
find they agree with those from Refs. [20,47].

1.B— Knin;

We can write the differential branching fraction for the B —
Kn;n; decay as

dZB B
_ BBl 50,2
dg?dcos6, 4 |: @)

G?(g?)

—i—G(l)(qz) cos6, + >

(3 cos2 6, — 1) ] (1)
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where 73 is the total B-meson lifetime. The ¢>-dependent
functions (G = N'G®) are given in terms of the helicity
amplitudes as

i Ay _ oy
GO = (4a) +3 2)|hV|2 <4a)ij 3 2>|hA|2
+<4a) + >|hS| ~|—(4a) + >|hP|
)‘ Tt)2 )‘ T2
+ 6( i 2>|h | —|—8< Tk 2>|h |

+16(mn, Ej + my; E)Im[h" h"™]

+8v2(mp, Ej — my, EIm[h*h"*], (C2)

where a) = EE; £ My, My . The normalization factor is
/25172

defined as./\/— (T AVIL 710 / / ~/(12875m%,q?). Note

also that to ease the notation we have used Ayx = A P

g ninj
For the other functions, which do not affect the differential
branching fraction once we integrate over the di-neutrino

angle, we have

GO = —ar)f? <R [thhs*

q2
+m”i _;nnj hAhP*} —Im I:ZhTthS* +\/§hThP*]>,
V4
~ 4A
GO = =220 (1Y P+ AP 21" =4l ). (C3)

The helicity amplitudes, in terms of the form factors from
Appendix B and the relevant WCs from the LEFT lagrangian
in Eq. (7) are given by

)Ll/2

Z\F V(4) vy ) S+
sy _ e —mi (Csen Csiry
2 mp — my
My, + Mpy;
o ( bou + CV(A)> >fo,
A172
hT — . BK (C* C,*> fTa
\/_(mB +mg) N !
Nz
W= i X (cf 1 CF) fr. 4
2(mp +mg) r r)JT €4

Note that in Eq. (C1) we need to take into account the pos-
sibility to have identical final state particles by dividing the
results by a factor of 2.

2. B — K*n;n;
In the case of the decay into the vector meson, which sub-

sequently decays as K* — K, we have instead, after inte-
grating over the solid angle in the di-neutrino system, that

the differential branching fraction depends solely on two ¢2-
dependent functions, namely

d*B
dg?d cos g
3‘L’B (2),0(q2) 2
5 [Go (¢7) + 0 <3cos eK—l) . (C5)

While the differential branching fraction depends solely
on Gg 0, the fraction of longitudinally polarized K* mesons
isgivenby F;, = (G0 —i—GO )/(3G0 ) Forthese functions,

factorizing them again into G0 =N G0 , with the overall

normalization N = G%lk,|2a§mkg/12(* l/2/(12871 myq?),
one finds
%00 V2 A2
Gy _9<3EE i+ 2) 3 (|H,7| +|H,7|)
n==.,0
dmp,my,;
eI A

n—:l: 0

4 g 4
+3a)+4—2|H|+ 0)+_|H|

16
3+ Tt2
+9< >Z| |
n==,0
8 _
9(3 i) T
n==£,0

(mn,E + my, E;)Im( Z H) HI'™)

n==,0
8v2
=3 O, B — ma EDIm( Y 0 HLH™), (C6)
n==.,0
and
Gro - 2 3EE; Ay HY 2+ |HAP?
0’ =5 +422i|n|+|n|
=

dmp,my,;
—2Hy|* - 2|H5‘|2} - T[ > (1= 1P

n==
IHAR) = 21HY P + 2|H5‘|2}
8 Ay 8
+§(w+42)|HS| + 2 < o+ )|HP|
16 + V Tt 2 Tt2
—5 305 = 37 )| 2 1H 7 = 21HG
9*/L =
8( — ’\y*>|: T2 T2
— | 3w, — 4 Z|H |© —2|Hy |
2 n
9 Yo 4q =
16
_?(mn,Ej +mnjEi)
Im() " H) HI'"™ —2H) H]"™)
n==+
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8v2
_T(mnlE] _mnjEi)
Im() " HMH* — 2Hg Hy ). (C7)
n==+

The necessary helicity amplitudes are given now by

HV(A) _ 4iMBmK*
0 - /q2
gV _ i
T 2mp+mi)

(CT/(A) - C\;k(A))Alz,
4 1/2
[j: (Cyoay + Cra)rgiV

—(mp + mK*)z(C;k/(A) - C&(A))Al]

172 e
HS(P) — Ak (CS(P) CS(P)
2 (mp + my)
Mp; My /
a2 ~(Cya) — CV*<A>)>A0’

T ZﬁmBmK*

H = Ci + C7) T,
0 mp + mgs ( T T) 23
2mpm g+ ,

Hy' = (CT — C)Ta,

mp + mgx
1 ,
HI = —(:I: (€ — Cnle.m

V242
—(Ch 4+ CF)(m% — m%(*)T2>,

( + (Ch + CHMSR T

1
Hi' = —=
2Vq

—(C5 — CF)(m%y — m%(*)T2>. (C8)
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