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Abstract SU (2)L -invariance links charged dilepton and
dineutrino couplings. Phenomenological implications are
worked out for flavor changing neutral currents involving
strange, charm, beauty and top quark transitions in a model-
independent way. We put forward novel tests of lepton uni-
versality and lepton flavor conservation in |Δc| = |Δu| = 1
and |Δb| = |Δq| = 1, q = d, s, transitions suitable for
the experiments Belle II and BES III. Single top production
plus dileptons uniquely probes semileptonic four-fermion
|Δt | = |Δq ′| = 1, q ′ = u, c, couplings and further study
at the LHC is encouraged. Tests with single top production
associated with dileptons and missing energy are suitable for
study at future e+e− or muon colliders.

1 Introduction

Gauge and approximate flavor symmetries of the standard
model (SM) provide powerful means to probe new physics
(NP). In this work we exploit the SU (2)L -link between left-
handed charged lepton and neutrino couplings, to put quan-
titatively lepton universality (LU) and charged lepton flavor
conservation (cLFC) to the test with dineutrino observables.
Schematically,

O(νν̄) =
∑

i, j

O(νi ν̄ j ) =
∑

i, j

O(�−
i �+

j )

= O(e−e+) + O(μ−μ+) + O(τ−τ+)

+ O(e−τ+) + . . .

where we used that the neutrino flavors i, j are not recon-
structed and the ellipses stand for the remaining charged lep-
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ton flavor violating (cLFV) terms. Apparently observables
O(νν̄) can be bounded by a sum of lepton-flavor specific
data. Assuming cLFC, only same-flavor charged dilepton
observables contribute. Assuming in addition universality,
the strongest limit among the dielectron, dimuon and ditau
observables dictates the bound. Confronting data on dineu-
trino observables to charged dilepton ones hence probes lep-
ton flavor.

Somewhat paradoxically, the method works despite the
fact that in dineutrino observables lepton flavor is not deter-
mined. The method is independent of the neutrino mixing
matrix and holds for NP contributions from above the weak
scale. The relation works of course also the other way around:
dineutrino limits bounding charged dilepton couplings [1]. In
the end it is a matter of available data which direction is infor-
mative on BSM physics. Given the huge improvements over
the past years this analysis is timely. With the flavor anoma-
lies challenging LU [2,3] such quantitative data-driven tests
of lepton flavor are important and of recent interest.

We consider observables involving quark flavor changing
neutral currents (FCNCs) and dineutrinos, but note that the
method works analogously for flavor conserving quark tran-
sitions. We furthermore employ the standard model effec-
tive theory (SMEFT), which provides a model-independent
parametrization of NP in terms of higher dimensional oper-
ators composed out of SM degrees of freedom and which
respect SM gauge and Lorentz invariance. SM gauge symme-
try also dictates a relation between the weak isospin partners
of the left-handed SU (2)L doublet quarks. The situation is
very different for FCNC processes involving up-type quarks
and down-type quarks due to a strong Glashow-Iliopoulos-
Maiani (GIM)-suppression of SM amplitudes in the former
[4,5], together with weaker experimental constraints, com-
pared to the latter. As such, rare kaon and b-decay data
constrain charm and top FCNCs, respectively, and not the
other way around. The other important consequence of the
GIM-mechanism is that signals of up-type dineutrino FCNCs
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are automatically signals of NP. It is a central point of this
work that, once observed, the rate at which these missing
energy processes occur is informative on the violation of LU
and cLFC, complementing tests with lepton-specific ratio-
O(μ+μ−)/O(e+e−) a la RK [2].

The aim of this work is twofold: firstly, to present a global
perspective of LU and cLFC tests using dineutrino couplings
in quark FCNCs, by discussing jointly different flavor sec-
tors, strange, charm, beauty and top. Secondly, we work out
implications from rare kaon decays and investigate opportu-
nities with top FCNCs to probe for universality violation and
beyond.

While the connection between lepton flavor violation and
dineutrino branching ratios has been discussed for kaons [6]
and B-decays, e.g. [7] and references therein, the actual rela-
tion we obtain, (2), and its use in concrete tests of lepton
flavor universality is new.

The paper is organized as follows: in Sect. 2 we give the
effective theory framework and general relations between
neutrino and charged lepton couplings. We analyze NP impli-
cations for first and second generation quarks, strangeness
and charm, in Sect. 3, and for processes involving third gen-
eration quarks in Sect. 4. In Sect. 5 we summarize.

2 Model-independent relation and lepton flavor

Consider the SU (3)C × SU (2)L ×U (1)Y -invariant effective
theory with semileptonic (axial-) vector four-fermion opera-
tors induced by NP at a scale sufficiently separated from the
weak scale v = (

√
2 GF )−1/2 � 246 GeV at lowest order

[8], with Wilson coefficients C (1)
�q , C (3)

�q , C�u , C�d ,

Leff ⊃ C (1)
�q

v2 Q̄γμQ L̄γ μL + C (3)
�q

v2 Q̄γμτ aQ L̄γ μτ a L

+ C�u

v2 ŪγμU L̄γ μL + C�d

v2 D̄γμD L̄γ μL .

(1)

Here, τ a are Pauli-matrices, Q and L denote left-
handed quark and lepton SU (2)L -doublets and U, D stand
for right-handed up-singlet, down-singlet quarks, respec-
tively, with flavor indices suppressed for brevity. No fur-
ther dimension six four-fermion operators exist that con-
tribute at lowest order to dineutrino modes assuming only
SM-like light neutrinos. Operators with dimension larger
than six contribute at least with relative suppression by two
orders of the ratio of weak to NP scales. Operators with
quarks or leptons with two Higgs fields Φ and a covari-
ant derivative Dμ, Q̄γμQ Φ†DμΦ, Q̄γμτ aQ Φ†Dμτ aΦ,
ŪγμU Φ†DμΦ, D̄γμD Φ†DμΦ and L̄γμL Φ†DμΦ,
L̄γμτ a L Φ†Dμτ aΦ induce Z -penguins at tree level, see
Fig. 1, – the lepton ones conserve quark flavor, the quark
ones obey LU, mixed ones are of higher order in Leff . These

operators are constrained by electroweak and top observ-
ables, or mixing [9,10] and are negligible for the purpose
of this work. Therefore, the (axial-)vector operators (1),
which are invariant under QCD-evolution [11], provide a
model-independent basis for the description of dineutrino
modes. Effects from electroweak renormalization group run-
ning [12] can be neglected for the precision aimed at with this
study, since they represent a correction of less than 5% for
ΛNP ∼ 10 TeV [13].

Writing the operators contained in (1) into SU (2)L -
components one can read off couplings to dineutrinos (CM

A )

and to charged dileptons (KM
A ), where M = U (M = D)

refers to the up-quark sector (down-quark sector) and A =
L(R) denotes left- (right-) handed quark currents

CU
L = K D

L = 2π

αe

(
C (1)

�q + C (3)
�q

)
,CU

R = KU
R = 2π

αe
C�u ,

CD
L = KU

L = 2π

αe

(
C (1)

�q − C (3)
�q

)
,CD

R = K D
R = 2π

αe
C�d ,

where αe denotes the fine-structure constant. The loop fac-
tor in the implicit definitions of CM

A , KM
A is included to

qα

νi νj

qβ

qβqα

νi νi

Z

qαqα

νi νj

Z

Fig. 1 Contributions of four-fermion operators (1), left-most diagram,
and subleading ones involving Z -exchange, see text, to quark q pro-
cesses into neutrinos, contained in the left-handed lepton doublet, with
flavor indices α, β, i, j . Operators are denoted by a blob

uLα

νi νj

uLβ dLα

�Li �Lj

dLβ

CUαβij
L = KDαβij

L

uRα

νi νj

uRβ uRα

�Li �Lj

uRβ

CUαβij
R = KUαβij

R

Fig. 2 NP contributions to up and down quark transitions with dineu-
trinos CU

L ,R and dileptons K D
L and KU

R , from the operators (1) in the
fermions’ flavor basis, with flavor indices α, β, i, j . The SU (2)L -based
relation between neutrino and charged lepton operators is exploited in
(2) in the mass eigenstate basis
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facilitate matching onto the weak effective theory, L =
4GF/

√
2 (αe/4π)

∑
Ci Oi . One observes that CM

R = KM
R .

While CM
L is not fixed in general by KM

L due to the different

relative signs between C (1)
�q and C (3)

�q , CU
L is related to K D

L

and CD
L to KU

L . This link is visualized in Fig. 2.
Going to mass eigenstates Qα = (uLα, VαβdLβ), Li =

(νLi ,W ∗
ki�Lk) with the Cabibbo-Kobayashi-Maskawa

(CKM) and Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrices V and W , respectively, and summing lepton flavors
i, j incoherently, we obtain the trace identity

∑

ν=i, j

(
|CMi j

L

∣∣2 + |CMi j
R

∣∣2
)

= Tr
[
CM
L CM†

L + CM
R CM†

R

]

= Tr
[
KN

L KN†
L + KM

R KM†
R

]
+ O(λ)

=
∑

�=i, j

(
|KNi j

L

∣∣2 + |KMi j
R

∣∣2
)

+ O(λ) , (2)

between charged lepton couplings KL ,R and neutrino ones
CL ,R , with Wolfenstein parameter λ � 0.2. In (2), M = U
and N = D if the link is exploited for neutrino cou-
plings in the up-quark sector, as illustrated in Fig. 2, while
M = D and N = U for dineutrinos coupling to down-
type quarks. Wilson coefficients in calligraphic style denote
those for mass eigenstates. Relation (2) follows from CM

L =
W † KN

L W + O(λ), CM
R = W † KM

R W using unitarity. The
traces in (2) are over the leptonic flavor indices of the Wil-
son coefficients. In the limit V = 1, or for CL = KL = 0,
(2) becomes an identity. The lepton flavor indices i, j are
spelled out explicitly in (2), while those for the quarks are
kept fixed, e.g., α = u, β = c for c → u νν̄, and are not
given to avoid clutter. The correction from CKM-rotation for

processes involving third and second, (third and first) gener-
ations arise atO(λ2) (atO(λ3)) if first and second generation
mixing can be neglected.

The relation (2) allows to predict dineutrino rates for dif-
ferent leptonic flavor structures KM i j

L ,R that can be probed
with lepton-specific measurements. We identify the follow-
ing possibilities:

i) KM i j
L ,R ∝ δi j , that is, lepton-universality (LU).

ii) KM i j
L ,R are diagonal, that is, charged lepton flavor conser-

vation (cLFC).
iii) KM i j

L ,R general, including charged lepton flavor violation
(cLFV).

Note, ii) relies on the charged lepton mass basis. In the
following we discuss implications for different quark sectors.
We therefore reinstall quark flavor indices and employ the
notation Ktci j

L ,R = KU23i j
L ,R , Kbsi j

L ,R = KD23i j
L ,R , Cbsi jL ,R = CD23i j

L ,R ,
and so on.

Limits on the couplings of semileptonic four-fermion
operators KM i j

L ,R arise from rare decays, and Drell–Yan pro-
duction. They are compiled in Tables 1 and 2 (strange and
charm), and Tables 4, 5, 6 and 7 (bottom and top), with details
given in the next sections.

3 First and second generation quarks

We exploit the SU (2)L -link between strange and charm.
Constraints on rare K decays are much stronger than those on
charm hadrons such that the former provides input –obtained

Table 1 Upper limits on charged dilepton couplings Ksd��′
A from high–

pT [14,15] (top row), charged dilepton K -decays (mid) and derived
ones from K decays to dineutrinos (bottom). Numbers correspond to

a limit on the modulus. LFV-bounds are quoted as flavor-summed,√
|K�+�′− |2 + |K�−�′+ |2. aObtained assuming no large cancellations

between Ksd
R and Kcu

L

sd��′ ee μμ ττ eμ eτ μτ

|Ksd��′
L ,R |DY 3.5 1.9 6.7 2.0 6.1 6.6

|Ksd��′
L ,R | 5 · 10−2 1.6 · 10−2 – 6.6 · 10−4 – –

|Ksd��′
R |aνν̄ [−1.9, 0.7] · 10−2 [−1.9, 0.7] · 10−2 [−1.9, 0.7] · 10−2 1.1 · 10−2 1.1 · 10−2 1.1 · 10−2

Table 2 Upper limits on charged dilepton couplings Kcu��′
A from high–

pT [14,15] (top row), charged dilepton D-decays [19,20] (mid) and
derived ones from kaon decays to dineutrinos (bottom). Numbers cor-

respond to a limit on the modulus. LFV-bounds are quoted as flavor-
summed,

√
|K�+�′− |2 + |K�−�′+ |2. † No limit on D0 → e±τ∓ available.

aObtained assuming no large cancellations between Ksd
R and Kcu

L

cu��′ ee μμ ττ eμ eτ μτ

|Kcu��′
L ,R |DY 2.9 1.6 5.6 1.6 4.7 5.1

|Kcu��′
L ,R | 4.0 0.9 – 2.2 n.a.† –

|Kcu��′
L |aνν̄ [−1.9, 0.7] · 10−2 [−1.9, 0.7] · 10−2 [−1.9, 0.7] · 10−2 1.1 · 10−2 1.1 · 10−2 1.1 · 10−2

123



164 Page 4 of 11 Eur. Phys. J. C (2022) 82 :164

in Sec. 3.1 – for universality and cLFC tests with c → uνν̄

processes, discussed in Sec. 3.2.

3.1 Kaon constraints

SU (2)L connects s → d νν̄ branching ratios with charged
dilepton couplings Kcu��′

L and Ksd��′
R . Using Ref. [16] and

Eq. (2), we obtain

B(K+ → π+ νν̄) = AK+π+
+ · x+

sd , (3)

where AK+π+
+ = (68.0 ± 1.9) · 10−8 [17], and

x+
sd =

∑

i, j

∣∣CsdSMδi j + Kcui j
L + Ksdi j

R

∣∣2
, (4)

Table 3 Coefficients Ahc F± , as defined in (15), and model-independent
upper limits onBmax

LU ,Bmax
cLFC,Bmax from (11), (12) and (13), respectively,

corresponding to the lepton flavor symmetry benchmarks i)-iii). The first
two columns are taken from Ref. [22]

hc → F Ahc F+ Ahc F− Bmax
LU Bmax

cLFC Bmax

[10−8] [10−8] [10−7] [10−6] [10−6]
D0 → π0 0.9 – 0.5 2.8 12

D+ → π+ 3.6 – 1.9 11 47

D+
s → K+ 0.7 – 0.3 2.1 8.8

D0 → π0π0 O(10−3) 0.21 0.1 0.7 2.8

D0 → π+π− O(10−3) 0.41 0.2 1.3 5.4

D0 → K+K− O(10−6) 0.004 0.002 0.01 0.06

Λ+
c → p+ 1.0 1.7 1.4 8.4 35

Ξ+
c → Σ+ 1.8 3.5 2.7 17 70

D0 → X 2.2 2.2 1.1 6.9 29

D+ → X 5.6 5.6 2.9 17 74

D+
s → X 2.7 2.7 1.4 8.3 35

Table 4 Upper limits on charged dilepton couplings Kbs��′
A from high–

pT [14,15] (top row), charged dilepton B-decays (middle rows) and
derived ones from three-body rare B-decays to dineutrinos (bottom).
Numbers without ranges correspond to a limit on the modulus. the μμ

ranges are obtained from a global fit, with the departures from zero in
Kbsμμ

L corresponding to the flavor anomaly. LFV-bounds are quoted as

flavor-summed,
√

|K�+�′− |2 + |K�−�′+ |2, whereas the other bounds are
for a single coupling

bs��′ ee μμ ττ eμ eτ μτ

|Kbs��′
L ,R |DY 13 7.1 25 8.0 27 30

Kbs��′
R 0.04 [−0.03; −0.01] 32 0.1 2.8 3.4

Kbs��′
L 0.04 [−0.06; −0.04] 32 0.1 2.8 3.4

Kbs��′
R |νν̄ 1.4 1.4 1.4 1.8 1.8 1.8

Table 5 Upper limits on charged dilepton couplings Kbd��′
A from high–

pT [14,15] (top row), charged dilepton B-decays (middle rows) and
derived ones from three-body rare B-decays to dineutrinos (bottom).
Numbers without ranges correspond to a limit on the modulus. The μμ

ranges are obtained from a global fit. LFV-bounds are quoted as flavor-
summed,

√
|K�+�′− |2 + |K�−�′+ |2, whereas the other bounds are for a

single coupling

bd��′ ee μμ ττ eμ eτ μτ

|Kbd��′
L ,R |DY 5.0 2.7 9.6 3.1 9.6 11

Kbd��′
R 0.09 [−0.03, 0.03] 21 0.2 3.4 2.4

Kbd��′
L 0.09 [−0.07, 0.02] 21 0.2 3.4 2.4

Kbd��′
R |νν̄ 1.8 1.8 1.8 2.5 2.5 2.5

with [17]

CsdSM = 0.0059 − 0.0017 i . (5)

Translating the current measurement B(K+ → π+νν̄)exp =(
8+6
−4

)
· 10−11 [18] into the 90% CL upper limit B(K+ →

π+νν̄)exp � 1.7 · 10−10 yields

x+
sd � 2.5 · 10−4 . (6)

Employing Eqs. (5) and (6), we can extract limits on the
couplings Kcu

L and Ksd
R . Since there is only sensitivity to the

sum of these couplings, we assume that there are no large
cancellations and derive bounds only on one coupling at a
time. In the LU limit, we obtain the following limit

−0.015 � Kcu��
L ,Ksd��

R � 0.003 , � = e, μ, τ . (7)

Assuming only a single non-vanishing, flavor-conserving
contribution, assumed here for concreteness to be for ditaus,
the strongest limits corresponding to cLFC read

−0.019 � Kcuττ
L ,Ksdττ

R � 0.007 . (8)

Finally, we also consider the case where only one non-
diagonal (LFV) coupling is switched on, e.g.Kτe

L ,R = Keτ
L ,R ,

which yields

|Kcu��′
L |, |Ksd��′

R | � 0.008 , for � �= �′ . (9)

Comparing these bounds with the corresponding limits from
high-pT in Tables 1 and 2, we observe that dineutrino data
provides stronger constraints, by several orders of magnitude
on left-handed c → u and right-handed s → d dilepton
couplings. Limits from charged dilepton data (mid rows in
Tables 1, 2) are worked out as well using Refs. [16,19,20].

The strongest limits on the real part of s d e+ e− and
s d μ+ μ− couplings are set by K 0

L → e+e− and K 0
L →
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μ+μ− decays, while the strongest limit on the imaginary
part is provided by K 0

L → π0e+e− and K 0
L → π0μ+μ−

decays. The numbers in Table 1 are quoted as the absolute
values. We also provide limits on s d μ e couplings which
result from K 0

L → e±μ∓. In s → d transitions, dineutrino
modes provide the strongest constraints on modes with taus,
τ+τ−, τμ, and τe which again are kinematically not acces-
sible from kaon decays to charged dileptons.

3.2 Predictions for charm

Here we discuss the ramifications of (2) for c → u νν̄ pro-
cesses, which constitute clean null tests of the SM. We show
that branching ratios of rare charm hadron decays to dineu-
trinos cannot exceed upper limits for a given lepton flavor
benchmark i)-iii). The situation for c → u νν̄ dineutrino
transitions is quite unique as the SM amplitude is entirely
negligible due to an efficient GIM-cancellation [5] and the
current lack of experimental constraints.1 Further details can
be found in Ref. [22].

Since the neutrino flavors are not tagged, as common to
generic particle physics experiments, a dineutrino branching
ratio is an incoherent sum of flavor-specific ones

B (c → u νν̄) =
∑

i, j

B (
c → u νi ν̄ j

) ∝ xcu ,

xcu =
∑

i, j

|CUi j
L |2 + |CUi j

R |2 . (10)

Using (2) with M = U and N = D and the constraints on
|Δs| = |Δd| = 1 and |Δc| = |Δu| = 1 couplings given
in Tables 1 and 2 we obtain upper limits in the lepton flavor
benchmarks i)-iii):

xcu = 3 xμμ
cu � 2.6 , (LU) (11)

xcu = xeecu+ xμμ
cu + xττ

cu � 156 , (cLFC) (12)

xcu = xee+ xμμ
cu + xττ

cu+ 2(xeμcu + xeτcu + xμτ
cu ) � 655 . (13)

Here, the flavor-specific contributions x��′
cu = |Ksd��′

L |2 +
|Kcu��′

R |2 + O(λ) , where xcu = ∑
�,�′ x��′

cu , to each upper
limit have been spelled out. Since dimuon bounds are the
most stringent ones they govern the LU-limit (11). Note also
that subleading CKM-corrections are included in (11)–(13)
[22].

In contrast to Ref. [22] we use low energy constraints on

the couplings Kqq ′��′
A in addition to the high-pT ones, i.e.

we use the strongest available limits on Ksd��′
L , R and Kcu��′

L , R

1 The D0 → νν̄ branching ratio induced by (axial-)vector operators is
helicity suppressed by two powers of neutrino mass, and negligible. The
Belle result B(D0 → νν̄) < 9.4 · 10−5 at 90% CL [21] can therefore
be safely avoided.

from Tables 1 and 2. The inclusion of rare kaon data implies
improved bounds in Eqs. (11), (12), (13) and Table 3 with
respect to the results in Ref. [22].

Various exclusive dineutrino branching ratios depend on
combinations of left and right quark chiralities,

x±
cu =

∑

i, j

|Ccui jL ± Ccui jR |2 (14)

with x+
cu + x−

cu = 2xcu , hence both x±
cu are bounded by xcu .

Specifically, x+
cu arises in the D → P νν̄ branching ratio,

whereas D → P P ′ νν̄, P, P ′ = π, K , branching ratios are
dominated by x−

cu . Inclusive decays and, approximately, the
baryonic ones are dominated by xcu . All branching ratios of
a charmed hadron hc into a final hadron F and dineutrinos
can be written as

B(hc → F νν̄) = AhcF+ x+
cu + AhcF− x−

cu , (15)

with AhcF± coefficients [22] compiled in Table 3. Experimen-
tal extraction of xcu or x±

cu ≤ 2 xcu above the upper limit
in (11) would indicate a breakdown of LU, whereas values
above (12) would imply cLFV. We also obtain achievable,
total upper limits in (13). Corresponding upper limits on
branching ratios of rare charm dineutrino modes are given
in Table 3.

We recall that c → u dineutrino FCNCs require the pres-
ence of NP to be observable. Due to their strong ties with the
charged dilepton modes, dineutrino modes are not only clean
probes of BSM physics, their rate is informative on lepton
flavor.

4 Third generation quarks

We summarize predictions (Sect. 4.1) and tests (Sect. 4.2) for
beauty decays and work out predictions and opportunities for
the top sector in Sects. 4.3 and 4.4.

4.1 Predictions for beauty

In this section we study b → q νν̄ transitions and their inter-
play with b → q �+�− transitions routed by (2). First, we use
SM effective theory to improve the limits on charged ditau
couplings from dineutrino data. Finally, we exploit Eq. (2)
using the complementarity between B → V and B → P
dineutrino branching ratios, which offers novel tests of lep-
ton universality. Further details can be found in Ref. [13].

Using the current experimental 90 % CL upper limits [18]

B(B0 → K ∗0νν̄)exp < 18 · 10−6 ,

B(B+ → K+νν̄)exp < 16 · 10−6 , (16)

123
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B(B+ → ρ+νν̄)exp < 30 · 10−6 ,

B(B+ → π+νν̄)exp < 14 · 10−6 , (17)

one can extract the following bounds on x±
bq [13]

x+
bs � 2.9, x−

bs + 0.2 x+
bs � 2.0 , (18)

x+
bd � 4.2, x−

bd + 0.1 x+
bd � 2.4 , (19)

where

x±
bs =

∑

i, j

∣∣CbsSM δi j + Ktci j
L ± Kbsi j

R

∣∣2
,

x±
bd =

∑

i, j

∣∣CbdSM δi j + Ktui j
L ± Kbdi j

R

∣∣2
.

(20)

These are the analogues of (14) for beauty and include the
finite SM contribution CbsSM = 0.50 − 0.01 i and CbdSM =
−0.10 − 0.04 i.

The limits (18) and (19) allow one to set bounds on
Ktc(u)i j

L , Kbs(d)i j
R via Eq. (20), depending on the lepton fla-

vor assumptions. We observe that limits from charged lepton
data are stronger or similar than the dineutrino bounds with
the exception of ττ and eτ for b → d, [13]

|Kbdττ
R | � 1.8 , |Kbdeτ

R | � 2.5 , (21)

and eτ , μτ , ττ for b → s

|Kbsτ�
R | � 1.4 , |Kbsττ

R | � 1.8 . (22)

Notice that dineutrino limits are stronger than those from
Drell–Yan data, cf. Tables 4 and 5. The constraints on the
top FCNCs following from the same analysis are given in
Tables 6 and 7.

4.2 Testing universality with b → q νν̄

The branching ratios for B → V νν̄ and B → P νν̄ decays
in the lepton universality limit are given by

B(B → V νν̄)LU = ABV+ x+
bq,LU + ABV− x−

bq,LU , (23)

B(B → P νν̄)LU = ABP+ x+
bq,LU , (24)

respectively, with x±
bq,LU = 3

∣∣∣Cbq��
SM + Ktq ′��

L ± Kbq��
R

∣∣∣
2

,

with q ′ = u, (c) for q = d, (s), respectively, and � fixed to
the flavor with strongest constraints. Since present rare top
data are not able to put useful constraints on the coupling

Ktq ′��
L , we instead solve B(B → P νν̄)LU in Eq. (24) for

Ktq ′��
L and plug the two solutions into Eq. (23). This yields

a correlation between the branching ratios,

B(B → V νν̄)LU = ABV+
ABP+

B(B → P νν̄)LU

+ 3 ABV−

∣∣∣∣∣

√
B(B → P νν̄)LU

3 ABP+
∓ 2Kbq��

R

∣∣∣∣∣

2

. (25)

The most stringent limits on Kbq��
R are given for muons. By

performing a six-dimensional global fit of the semi-leptonic
Wilson coefficients C(′)

(7,9,10),μ to current experimental infor-
mation on b → s μ+μ− data (excluding RK (∗) which can be
polluted by NP effects in electron couplings), we obtain the
following 1σ fit values [13,23]

Kbsμμ
R = VtbV

∗
ts (0.46 ± 0.26) , (26)

Kbdμμ
R = VtbV

∗
td (0 ± 4) . (27)

Figure 3 displays the correlation between B(B0 → K ∗0νν̄)

and B(B0 → K 0νν̄) using Eq. (25), with Kbsμμ
R from

Eq. (26). Scanning Kbsμμ
R , and the form factors [13]

AB0K ∗0

+ = (200 ± 29) · 10−8, AB0K ∗0

− = (888 ± 108) · 10−8,

AB0K 0

+ = (516 ± 68) · 10−8, within their 1 σ (2 σ ) regions,
one obtains

B(B0 → K ∗0νν̄)LU

B(B0 → K 0νν̄)LU
= 1.7 . . . 2.6 (1.3 . . . 2.9) , (28)

displayed by the red region. Measurements outside this
region would signal a breakdown of LU. Note, however, that
a measurement inside this region does not necessarily imply
LU. The SM predictions

Fig. 3 B(B0 → K ∗0 νν̄) versus B(B0 → K 0 νν̄). SM predictions
with uncertainties (black) from (29). The red region represents the LU
region (25) at 1 σ , and it is mainly dominated from form factor uncer-
tainties. The green region represents the validity of the EFT framework,
given by Eq. (18). Cyan region represents cLFC region for a single
species, in particular � = τ , assuming a bound on B(B0

s → τ+τ−) �
10−6. Dashed cyan lines represent the cLFC region for � = μ, see main
text
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B(B0 → K ∗0νν̄)SM = (8.2 ± 1.0) · 10−6 ,

B(B0 → K 0νν̄)SM = (3.9 ± 0.5) · 10−6 ,
(29)

are depicted with their uncertainties (black). The green region
represents the validity of our effective field theory (EFT)
framework, given by Eq. (18). The hatched bands corre-
spond to current experimental 90 % CL upper limits (16).
The gray bands represent the derived EFT limits, B(B0 →
K 0νν̄)derived < 1.5 · 10−5 [13]. A measurement between
gray and hatched area would imply BSM physics not cov-
ered by the EFT framework. Belle II is expected to observe
these modes with 50 ab−1 and 10% accuracy. Similar con-
clusions are found in b → d νν̄ decay, a detailed analysis
can be found in Ref. [13].

The possibility of testing cLFC mainly depends on Kbsττ
R

constraints. Currently, the bounds provided by dineutrino
modes are a factor 23 stronger than direct limits from
B(B0

s → τ+τ−), see Table 4. Working out the projections
from Belle II with 5 ab−1, B(B0

s → τ+τ−)proj ≤ 8.1 · 10−5

[24], we observe that dineutrino limits would still be a factor 3
stronger. In contrast if the direct experimental limit would be
two orders of magnitude stronger B(B0

s → τ+τ−) � 10−6,
testing cLFC would be possible. Figure 3 displays pre-
cisely the cLFC limit for single species (� fixed), that is
x±
bs = 2

∣∣CbsSM

∣∣2 + ∣∣CbsSM +Ktc��
L ±Kbs��

R

∣∣2. For � = τ (filled
cyan region), we assume B(B0

s → τ+τ−) � 10−6, which
implies a constraint on Kbsττ

R , while Ktcττ
L remains uncon-

strained. The filled cyan region is then obtained by vary-
ing Kbsττ

R and Ktcττ
L . A measurement outside of this region

implies a violation of cLFC in the limit of large ττ cou-
plings. We have also studied � = μ indicated by the dashed
cyan lines, where the corresponding region lies inside the LU
region, because Kbsμμ

R is strongly bounded from b → sμμ

global fits. Note that assuming cLFC for a single species, the
region is bounded from below as x±

bs ≥ 2 |CbsSM|2 (cyan solid
line), implying a lower limit on the branching ratios of 2/3
of the SM one.

4.3 Predictions for top

The SU (2)L–link connects left-handed quark couplings in
b → s��(′) and b → d��(′) observables to left-handed tc–
and tu–dineutrino couplings, respectively. Constraints on the
former, Kbsi j

L and Kbdi j
L , are available for all lepton flavors

i, j , see Tables 4 and 5. Constraints on right-handed con-
tributions Ktqi j

R are much weaker. The most stringent ones
available are on cLFV couplings. CMS [25] provides upper
limits on eμ final states, corresponding to rare top branching
ratios

B(t → u e+μ− + u e−μ+)exp < 0.135 · 10−6 ,

B(t → c e+μ− + c e−μ+)exp < 1.31 · 10−6 . (30)

ATLAS [26] also provides bounds on cLFV modes involving
taus (at 95 % CL)

B(t → q τ (e, μ))exp < 1.86 · 10−5 , q = u, c , (31)

which we scaled to arrive at the constraints on the Wilson
coefficients in Tables 6 and 7. We also employ limits on an
admixture of t tee and t tμμ couplings [27] as upper limits on
the FCNC ones tq��, |Ktq��

L ,R | � |Kt t��
L ,R | � 200 for � = e, μ.

This is consistent with the rare mode being considered as a
signal in the search. Projected limits for 140 fb−1 of LHC
data in single top production in association with dimuons
[28] would yield |Ktcμμ

L ,R | � 40 and |Ktuμμ
L ,R | � 4.8. These

are stronger than the t t̄μμ constraints, and those from LFV
t → u decays (30), (31), but slightly weaker than the ones
from LFV t → c decays. The constraints on the left-handed
coefficients from rare B-decays to dineutrinos, denoted in

Tables 6 and 7 by |Ktq��′
L |νν̄ , are the strongest. Note that all

chiralities contribute decoherently in the high energy limit
where masses are neglected. We are not aware of any data
with ditaus.

Table 6 Upper limits on charged dilepton couplings Ktc��′
A from col-

lider studies [25–27] of top plus charged dilepton processes (top row),
see text, and on charged dilepton couplings Ktc��′

L derived from three-

body rare B-decays to dineutrinos (bottom row) except when a range is
given. Numbers correspond to a limit on the modulus. LFV-bounds are
quoted as flavor-summed,

√
|K�+�′− |2 + |K�−�′+ |2

tc��′ ee μμ ττ eμ eτ μτ

|Ktc��′
L ,R | ∼ 200 ∼ 200 n.a. 36 136 136

|Ktc��′
L |νν̄ [−1.9, 0.9] [−1.9, 0.9] [−1.9, 0.9] 1.8 1.8 1.8

Table 7 Upper limits on charged dilepton couplings Ktu��′
A from col-

lider studies [25–27] of top plus charged dilepton processes (top row),
see text, and on charged dilepton couplings Ktu��′

L derived from three-

body rare B-decays to dineutrinos (bottom row). Numbers correspond
to a limit on the modulus except when a range is given. LFV-bounds
are quoted as flavor-summed,

√
|K�+�′− |2 + |K�−�′+ |2

tu��′ ee μμ ττ eμ eτ μτ

|Ktu��′
L ,R | ∼ 200 ∼ 200 n.a. 12 136 136

|Ktu��′
L |νν̄ [−1.6, 1.8] [−1.6, 1.8] [−1.6, 1.8] 2.4 2.4 2.4

123



164 Page 8 of 11 Eur. Phys. J. C (2022) 82 :164

By means of (2), Kbqi j
L and Ktqi j

R enter dineutrino observ-
ables in the top-sector

xtc =
∑

i, j

|Kbsi j
L |2 + |Ktci j

R |2 + O(λ) , (32)

xtu =
∑

i, j

|Kbdi j
L |2 + |Ktui j

R |2 + O(λ) , (33)

where xtc and xtu are defined as in charm (10). The absence
of a limit on Ktqττ

R allows only to test LU. We obtain

xtq � 1.2 · 105 (LU) , q = u, c . (34)

Significantly stronger limits, and further predictions are
obtained when assuming contributions from left-handed cou-
plings only. We find for tcνν

x Ltc � 0.011 (LU) ,

x Ltc � 630 (cLFC) ,

x Ltc � 650 (general) ,

(35)

and for tuνν

x Ltu � 0.015 (LU) ,

x Ltu � 90 (cLFC) ,

x Ltu � 120 (general) .

(36)

These are the first bounds of this type constraining tc– and
tu–dineutrino couplings.

The bounds (34), (35) and (36) imply upper limits on
dineutrino branching ratios of FCNC top decays

B(t → qνν̄) = G2
Fm

5
t

Γt192π3

( αe

4π

)2
xtq � xtq · 10−9 , (37)

which provide novel tests of LU and cLFC. Γt = 1.35 GeV
denotes the top width [18]. LU (34) predicts hence

B(t → qνν̄)LU � 10−4 . (38)

The bound is driven by the poorly known Ktq��
R couplings,

and much stronger ones are obtained assuming left-handed
couplings only

B(t → cνν̄)L
LU � 1 · 10−11 , (39)

B(t → uνν̄)L
LU � 2 · 10−11 , (40)

SU (2)L connects also b → sνν̄ and b → dνν̄ observ-
ables to left-handed tc– and tu–couplings with charged lep-
tons, respectively. Corresponding limits are given in Tables 6
and 7.

4.4 Collider tests with single tops

While the tests of LU and cLFC can be performed at the level
of top branching ratios (37), we propose tests with single
top production at the LHC, at least for the charged lepton
couplings as in [25–27], or a future electron [29] or muon [30,
31] collider. Semileptonic four-fermion operators involving
qt��′ or qtνν̄, q = u, c contribute to single top and single
top plus jet signatures, shown in Fig. 4.

To begin let us recall that in the high energy limit all chiral-
ities contribute without interference. In this limit, constraints
in top plus dilepton measurements appear in the following
combination of Wilson coefficients

|Ktq��′
L |2 + |Ktq��′

R |2 + |Gtq��′
L |2 + |Gtq��′

R |2 . (41)

Here the couplings GL ,R correspond to additional terms
in the SMEFT Lagrangian [8], with SU (2)L -singlet lep-
tons E as Cqe

v2 Q̄γμQĒγ μE and Cue
v2 ŪγμU Ēγ μE , where

t̄

q

� (ν)

� (ν)

q̄

t

� (ν)

� (ν)

t

� (ν)

� (ν)
t

� (ν)

� (ν)

q̄

t

� (ν)

� (ν)

t

� (ν)

� (ν)

�+

�− q̄

t

t q

t

q
q

q

q

t̄

q

q

t̄

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 4 Diagrams with semileptonic four-fermion operators involving
qt��′ or qtνν̄, q = u, c (red blobs) that contribute to (a)+(b): single
top plus dileptons, or single top plus missing energy, wiggly line are
gluons, (c)-(f): single top plus jet plus opposite sign dileptons, or single
top plus jet plus missing energy. Wiggly lines are gluons, suitable to
hadron collider study, or electroweak gauge bosons γ, Z , which can
also contribute at a lepton collider (c)+(d). Contribution g) matters only
for lepton colliders, with �+�− annihilating into t q̄
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GU,D
L = (2π/αe)Cqe and GU

R = (2π/αe)Cue. The couplings

to SU (2)L -doublet quarks Gtq��′
L are subjected to bounds

on right-handed leptons from B-decay via the weak effec-
tive theory coefficients ∼ C��′

9 + C��′
10 , resulting in Gtcμμ

L =
VtbV ∗

ts(−0.02 ± 0.49) ∼ 0.02, Gtuμμ
L = VtbV ∗

td (−2 ± 6) ∼
0.1 [23].

We illustrate the strategy for a test of LU in the top sec-
tor but note that the ingredients are analogous to the ones
in charm, Sect. 3.2. Let us assume, for concreteness, that
dimuons provide the best measurement of the cross section
σμμ in single top plus opposite sign same flavor leptons.
It is induced by both left-handed and right-handed tops,

σμμ = κ
∑

q

(
|Ktqμμ

L |2 + |Ktqμμ
R |2

)
+ σ̄μμ, with propor-

tonality constant κ . We can use this expression to obtain
from a measurement of σμμ an upper limit on |Ktqμμ

R |; a
stronger one would arise if the cross section induced by right-

handed lepton contributions, σ̄μμ ∝ |Gtq��′
L |2 + |Gtq��′

R |2,
could be determined and subtracted, or B-physics constraints
on |Ktqμμ

L | are imposed (see Tables 6, 7). However, the most
conservative bound is obtained for |Ktqμμ

R | saturating σμμ.
Assuming LU, the single top plus dineutrinos cross section
reads, using (2),

σLU
νν = 3κ

⎛

⎝
∑

q=d,s

|Kbqμμ
L |2 +

∑

q=u,c

|Ktqμμ
R |2

⎞

⎠ , (42)

hence

σLU
νν ≤ 3

⎛

⎝σμμ + κ
∑

q=d,s

|Kbqμμ
L |2

⎞

⎠ , (43)

and Kbqμμ
L is bounded by the global b → s and b → d fits,

with results given in Tables 4 and 5. To arrive at the sim-
ple expression (43) we assumed kinematic cuts for dileptons
and dineutrinos to be identical. A violation of (43) indicates
breakdown of lepton universality. Correspondingly, tests of
cLFV are obtained as

σ cLFC
νν = κ

∑

�=e,μ,τ

⎛

⎝
∑

q=d,s

|Kbq��
L |2 +

∑

q=u,c

|Ktq��
R |2

⎞

⎠ , (44)

hence

σ cLFC
νν ≤

∑

�=e,μ,τ

⎛

⎝σ�� + κ
∑

q=d,s

|Kbq��
L |2

⎞

⎠ . (45)

The expressions (43), (45) are schematic only as SM con-
tributions have not been taken into account. A full collider
analysis is beyond the scope of this paper. Note also that SM

contributions from Z → �+�− could be controlled by cuts
on the dilepon invariant mass, a feature that is not possible
in Z → νν̄, hampering dineutrino searches at the LHC.

A bound on lepton-flavor specific qt�� operators from
�+�− annihilating into t q̄ at a future lepton collider can be
obtained. The diagram for this process is shown in Fig. 4.

σ(�+�− → t q̄) = G2
F α2

e

(4π)3 s f (ξ)
(
|Ktq��

L |2 + |Ktq��
R |2

)
+ σ̄

(46)

where f (ξ) = ξ2
(
1 − 1

3ξ
)

with ξ = 1 − m2
t
s , and σ̄

denotes contributions from SU (2)L -singlet leptons. In polar-
ized �+�− collisions, the latter could be extracted.

We summarize strategies with single tops: Single top data
in association with charged, opposite sign dileptons can be
used to obtain quantitative predictions for single tops with
dineutrinos assuming LU, or cLFC. Comparison to requi-
site, actual measurements of single tops with dineutrinos,
as in (43), (45), allows to test the lepton flavor structure.
The cLFC test requires data on dielectron, dimuon and
ditau spectra, whereas the LU test can be performed using
dimuons, or more general, a single species’ cross section,
alone. Irrespective of concrete studies with single tops asso-
ciated with charged dileptons, the tests can be performed
using input on the SMEFT coefficients from elsewhere, as
in (42), (44). Presently, the right-hand sides are dominated
by the poorly constrained couplings with right-handed tops,
Ktq��

R . LHC sensitivities in single top production with dilep-
tons [28] are encouraging and suggest that the 3000 fb−1

HL-LHC can probe couplings at the level of |Ktcμμ
R | � 22

and |Ktuμμ
R | � 2.2. A dedicated analysis of missing energy

collider distributions, i.e, computing κ as a function of kine-
matic cuts and efficiencies, would be desirable but is beyond
the scope of this study.

5 Summary

Thanks to the flavor-inclusiveness of missing energy mea-
surements at particle physics experiments, SU (2)L -links of
neutrinos with the charged leptons (2) allow to probe lep-
ton flavor structure in dineutrino observables in three bench-
marks: charged lepton flavor violation, charged lepton flavor
conservation and lepton universality. We put forward con-
crete, novel tests in charm, beauty and top, exploiting the
connection between the up- and the down-sector. Tests invoke
experimental findings from the charged lepton sector and will
evolve with them in the future.

Key predictions for rare charm decays are upper limits on
the dineutrino branching ratios corresponding to the bench-
marks universality, lepton flavor conservation and including
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charged LFV, compiled in Table 3. The missing energy modes
are well-suited for the experiments Belle II [24], BES III
[32], and future e+e−-colliders, such as an FCC-ee running
at the Z [29] or the super-tau-charm factory (STCF) [33],
with sizable charm rates. Since any observation of c → u νν̄

transitions heralds NP, experimental analysis is encouraged.
Interestingly, despite the lack of constraints from top

FCNCs, the beauty sector allows to test lepton universality
using dineutrino decays, thanks to correlations between B-
decay modes involving different final state hadrons, notably
B → Kνν̄ versus B → K ∗νν̄, and B → πνν̄ versus
B → ρνν̄, see Sect. 4.1. Corresponding tests are suitable
for Belle II and a Z -factory.

Analyses testing lepton flavor structure with rare top
decays, discussed in Sect. 4.3, are similar to rare charm
decays: a negligible SM background together with con-
straints on NP from the down-sector. In addition to FCNC top
decays, rare top couplings from semileptonic four-fermion
operators can be probed in single top plus dileptons – to be
compared to single top plus missing energy, see Sect. 4.4.
While a dedicated sensitivity study is beyond the scope of
this work we note that studies with ditops and dileptons
including tq�� in the signal simulation are already avail-
able from the LHC [27]. Improving limits on such couplings
is key to improve lepton flavor-symmetry predictions for
|Δt | = |Δ(u, c)| = 1 dineutrino channels (38).

We conclude that processes with dineutrinos offer new and
model-independent ways to test the SM and its approximate
flavor symmetries, and to shed light on the persistent hints
for universality violation in B-decays, e.g., [34].

We close by commenting on the effects of light, right-
handed neutrinos, not covered by the SMEFT framework, on
the tests of lepton flavor structure [13,22]. The presence of
both SM-like and right-handed neutrinos allows for pseudo (-
scalar) four-fermion operators, that induce decays of mesons
annihilating to dineutrinos. Quantitatively, improving the
bound B(D0 → νν̄) < 9.4 · 10−5 at 90 % CL [21] by about
2 orders of magnitude would suppress theses effects to be
within the theoretical uncertainty in the |Δc| = |Δu| = 1
studies reported here. Improving B(B0

d → νν̄) < 2.4 · 10−5

at 90 % CL [18] down to 5·10−7 would suffice for the pseudo
(-scalar) contribution to be at most percent level in semilep-
tonic |Δb| = |Δd| = 1 decays. Presently no bound on
B0
s → invisibles exists but one at the level of Belle II projec-

tions, B(B0
s → νν̄) < 1.1 · 10−5 with 0.5 ab−1 [24],would

allow for similar control of the impact of right-handed neu-
trinos in |Δb| = |Δs| = 1 decays.

Note added: A very recent search by BES III reports
B(D0 → π0νν̄) < 2.1 · 10−4 at 90% CL [35], which is
about one order of magnitude away from being constraining,
see Table 3.
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