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According to the Particle Data Group, the measurements of BðWþ → τþντÞ and BðWþ → lþνlÞ
(l ¼ e, μ) disagree with one another at the 2.3σ level. In this paper, we search for a new-physics (NP)
explanation of this W → τν puzzle. We consider two NP scenarios: (i) the W mixes with a W0 boson that
couples preferentially to the third generation, (ii) τL;R and ντL mix with isospin-triplet leptons.
Unfortunately, once other experimental constraints are taken into account, neither scenario can explain
the above experimental result. Our conclusion is that theW → τν puzzle is almost certainly just a statistical
fluctuation.
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I. INTRODUCTION

At present, there are a few measurements that are in
potential disagreement with the predictions of the standard
model (SM) of particle physics. One hint of lepton
nonuniversality involves the leptonic decays of the W.
According to the Particle Data Group [1], we have

BðWþ → eþνeÞ ¼ ð10.71� 0.16Þ%;

BðWþ → μþνμÞ ¼ ð10.63� 0.15Þ%;

BðWþ → τþντÞ ¼ ð11.38� 0.21Þ%; ð1Þ

yielding

2BðWþ → τþντÞ
BðWþ → eþνeÞ þ BðWþ → μþνμÞ

¼ 1.067� 0.029: ð2Þ

The SM prediction for this ratio is 0.999 to a very good
approximation, so there is a difference at the level of 2.3σ.
We refer to this as the “W → τν puzzle.” Of course, this
could simply be a statistical fluctuation. But could it in fact
be due to the presence of new physics (NP)?
In the past, the only theoretical studies that attempted to

directly address the W → τν puzzle involved models with
two-Higgs doublets. Specifically, it was suggested that the
excess in W → τν events is due to contamination by a light
charged Higgs, with mass mW , decaying via Hþ → τþντ
[2]. However, recently the data of the four LEP collabo-
rations was combined and a search for pair-produced

charged Higgs bosons was performed [3]. No significant
excess of τþντ final states was observed compared to the
SM background, so that a lower limit can be set on the mass
of the charged Higgs as a function of the Hþ → τþντ
branching ratio. While the LEP study does not completely
rule out two-Higgs-doublet models with the most general
couplings, it does severely restrict the available parameter
space [4].
An alternative explanation of the puzzle is that the

W-τ-ντ coupling is itself increased. This possibility was
considered in Ref. [5] using an effective field theory (EFT)
approach. Here the NP effects are encapsulated by includ-
ing higher-dimensional operators, each with its own arbi-
trary Wilson coefficient. The authors study the effect of
different flavor symmetries; they conclude that it is difficult
to resolve theW-τ-ντ puzzle in this framework, mainly due
to the constraints arising from Z and τ decays. However, we
note that this analysis is not the most general—the question
of neutrino masses has not been considered. In the EFT,
neutrino mass operators arise at dimension 5. The authors
of Ref. [5] write, “The only gauge-invariant operator of
dimension five violates lepton number, and thus it can be
safely neglected under the assumption that the violation of
that symmetry occurs at scales much higher than
Λ ∼ 1 TeV.” But this assumption is not necessarily true.
Indeed, in the present paper we consider several models
giving rise to lepton-number violation at a scale of
Oð1Þ TeV (see Sec. III), and generating nonzero neutrino
masses. These are correlated with the contribution to the
W-τ-ντ coupling. The connection between neutrino masses
and the W-τ-ντ coupling is ignored in the EFT approach,
but is taken into account here.
A larger W-τ-ντ coupling can also improve some other

discrepancies with the SM. Below we discuss several other
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measurements that are sensitive to the W-τ-ντ coupling. It
should be noted that, while Eq. (1) is a direct measurement
of the W-τ-ντ coupling, these other measurements are
indirect probes of this coupling, and there may be other
new-physics contributions to these decays [6].
Consider first the decay Bþ → τþντ. Its branching ratio

is [1]

BðBþ → τþντÞ ¼ ð1.14� 0.27Þ × 10−4; ð3Þ

while the SM prediction is [7]

BðBþ → τþντÞ ¼ τBþG2
Fm

2
τf2BjVubj2

mB

8π

�
1 −

m2
τ

m2
B

�
2

¼ ð0.81� 0.08Þ × 10−4: ð4Þ

Here the FLAG average fB ¼ ð190.5� 4.2Þ MeV [8] and
the CKMfitter result jVubj ¼ ð3.55� 0.16Þ × 10−3 [9]
have been used. From the above numbers, we see that
there is a small (1.5σ) disagreement between the measure-
ment and the SM prediction. It is stressed in Ref. [7] that
the size of the disagreement depends on the value taken for
jVubj, and there is a long-standing discrepancy between the
determinations of jVubj from inclusive B → Xulþν and
exclusive B̄ → Mlν̄ decays [1]. Indeed, if the inclusive
value for jVubj is used, the disagreement disappears. Still, if
the SM prediction of Eq. (4) holds, the agreement with
experiments can be improved if the W-τ-ντ coupling is
increased.
Another example, similar to the above process, involves

Dþ
s → τþντ and Dþ

s → lþνl (l ¼ e, μ) decays.
Experimentally, it is found that [1]

RDs
≡ BðDþ

s → τþντÞ
BðDþ

s → lþνlÞ
¼ 10.0� 0.6: ð5Þ

In the SM, this ratio is predicted to be

RDs
¼ m2

τ

m2
μ

ð1 −m2
τ=m2

Dþ
s
Þ2

ð1 −m2
μ=m2

Dþ
s
Þ2 ¼ 9.742� 0.013: ð6Þ

Due to the large experimental error on RDs
, there is no

discrepancy with the SM, but, at the 3σ level, a 10%
increase in the W-τ-ντ coupling is allowed. This measure-
ment is thus consistent with that of Eq. (1).
τ decays would obviously be affected by a change in the

W-τ-ντ coupling. Consider first τ− → e−ντν̄e. Here the SM
predicts [1]

Rτ ≡ Bðτ− → e−ντν̄eÞ
Bðμ− → e−νμν̄eÞ

¼ ττ
τμ

�
mτ

mμ

�
5

¼ ð17.77� 0.03Þ%;

ð7Þ

where τi represents the mean lifetime of particle i. The
experimental value for the above ratio is

Rτ ≈ ð17.83� 0.04Þ%; ð8Þ

assuming the branching ratio for the μ decay is ≈100% [1].
This τ decay channel therefore allows very little (less than a
percent) change in the W-τ-ντ coupling.
A second decay is τ− → π−ντ. In the SM, the branching

ratio for this decay can be expressed as [10]

Bðτ− → π−ντÞ ¼
G2

FjVudj2
16π

f2πττm3
τ

�
1 −

m2
π

m2
τ

�
2

δτ=π

¼ ð10.67� 0.23Þ%: ð9Þ

Here δτ=π represents the small radiative corrections to the
decay rate; it is known very well: δτ=π ¼ 1.0016� 0.0014
[11]. Above we have used the FLAG average fπ ¼
ð130.2� 1.4Þ MeV [8] and the CKMfitter result jVudj ¼
ð0.97425� 0.00022Þ [9]. (The biggest source of the ∼2%
error in the predicted branching ratio is the lattice value for
fπ which has a ∼1% error.) The prediction in Eq. (9) should
be compared with the measured value [1]

Bðτ− → π−ντÞ ¼ ð10.91� 0.07Þ%: ð10Þ

In this case the predicted value has a larger error than the
measured value and they are consistent with each other.
Still, if we allow for a 3σ (upward) deviation from the
measured value and trust the predicted central value, we
find that a 2% increase in the W-τ-ντ coupling is allowed.
Also, it must be remembered that this decay can be affected
by other new-physics contributions [12].
Finally, there are the charged-current decays B̄ →

Dð�Þþl−ν̄l, which have been measured by the BABAR
[13], Belle [14], and LHCb [15] collaborations. It is
found that the values of the ratios BðB̄ → Dð�Þþτ−ν̄τÞ=
BðB̄ → Dð�Þþl−ν̄lÞ (l ¼ e, μ) considerably exceed their
SM predictions. The experimental results and theoretical
predictions can be combined to yield [16]

RD ≡ BðB̄ → Dþτ−ν̄τÞexp=BðB̄ → Dþτ−ν̄τÞSM
BðB̄ → Dþl−ν̄lÞexp=BðB̄ → Dþl−ν̄lÞSM

¼ 1.37� 0.18;

RD� ≡ BðB̄ → D�þτ−ν̄τÞexp=BðB̄ → D�þτ−ν̄τÞSM
BðB̄ → D�þl−ν̄lÞexp=BðB̄ → D�þl−ν̄lÞSM

¼ 1.28� 0.08: ð11Þ

The measured values of RD and RD� represent deviations
from the SM of 2.0σ and 3.8σ, respectively. This is the RDð�Þ

puzzle. In this case, the discrepancies with the SM are too
large to be explained entirely by an increase in the W-τ-ντ
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coupling. Even so, such an increase would lead to larger
theoretical predictions for BðB̄ → Dð�Þþτ−ν̄τÞ, which
would reduce the disagreement with experiments.
We therefore see that an increased W-τ-ντ coupling can

explain the W → τν puzzle, and can also improve other
discrepancies with the SM. (It must also be conceded that
not all measurements support the idea of an increased
coupling.) The purpose of this paper is to attempt to find a
NPmodel in which theW-τ-ντ coupling can be made larger.
To this end we consider two NP possibilities. In the first,

we assume that aW0 boson exists that couples preferentially
to the third generation. The mixing of this W0 with the SM
W could then lead to an increased W-τ-ντ coupling. In the
second, we allow the τL;R and ντL to mix with isospin-
triplet leptons. Once again, this mixing could generate a
largerW-τ-ντ coupling. Unfortunately, as we will see, once
constraints from other measurements are taken into
account, neither NP scenario can reproduce the measured
W-τ-ντ coupling. Because of the difficulty in finding a
reasonably simple NP explanation, we are forced to
conclude that the W → τν puzzle is probably just a
statistical fluctuation.
We begin in Sec. II with an evaluation of the potential for

W-W0 mixing to lead to an increasedW-τ-ντ coupling once
all experimental constraints are taken into account. This
analysis is repeated in Sec. III for the mixing of the τL;R and
ντL with isospin-triplet leptons. (The details of the formal-
ism of this mixing are given in the Appendix.) We conclude
in Sec. IV.

II. W-W 0 Mixing

There has been another recent hint of lepton nonun-
iversality. The LHCb Collaboration measured the ratio of
decay rates for Bþ → Kþlþl− (l ¼ e, μ) in the dilepton
invariant mass-squared range 1 GeV2 ≤ q2 ≤ 6 GeV2 [17],
and found

RK ≡ BðBþ → Kþμþμ−Þ
BðBþ → Kþeþe−Þ

¼ 0.745þ0.090
−0.074 ðstatÞ � 0.036 ðsystÞ: ð12Þ

This differs from the SM prediction of RK ¼ 1�Oð10−4Þ
[18] by 2.6σ. A NP explanation of this RK puzzle was
offered in Ref. [19]. Here the NP is assumed to couple
preferentially to the third generation, giving rise to the
operator1

Gðb̄0Lγμb0LÞðτ̄0Lγμτ0LÞ; ð13Þ

where G ¼ Oð1Þ=Λ2
NP ≪ GF, and the primed fields are the

fermion eigenstates in the gauge basis. When one trans-
forms to the mass basis, this generates the operator
ðb̄LγμsLÞðμ̄LγμμLÞ that contributes to b̄ → s̄μþμ−. (There
is also a contribution to b̄ → s̄eþe−, but it is much smaller.)
In Ref. [22], it was pointed out that, assuming the scale

of NP is much larger than the weak scale, the operator of
Eq. (13) should be made invariant under the full SUð3ÞC ×
SUð2ÞL ×Uð1ÞY gauge group. One way to do this is to
write the NP operator as

ONP ¼ G2ðQ̄0
Lγμσ

IQ0
LÞðL̄0

Lγ
μσIL0

LÞ
¼ G2½2ðQ̄0i

LγμQ
0j
LÞðL̄0j

Lγ
μL0i

LÞ
− ðQ̄0

LγμQ
0
LÞðL̄0

Lγ
μL0

LÞ�; ð14Þ

where G2 is Oð1Þ=Λ2
NP. Here Q0 ≡ ðt0; b0ÞT and L0≡

ðν0τ; τ0ÞT . The key point is that ONP contains both
neutral-current (NC) and charged-current (CC) inter-
actions. The NC and CC pieces can be used to respectively
explain the RK and RDð�Þ puzzles. One NP model that
contains the above operator involves vector leptoquarks
[23]. Another assumes the addition of a set of massive
vector bosons that transform as an SUð2ÞL triplet, and that
are coupled to both quark and lepton currents [16]. It is this
second NP model that is of interest for the W → τν puzzle.
In Ref. [24], a formalism was presented for adding to the

SM a real spin-1 isospin-triplet Va
μ (a ¼ 1, 2, 3) with

vanishing hypercharge. It describes heavy vector particles,
one charged (W0) and one neutral (Z0), that couple to the
SM left-handed fermionic currents. This was adapted in
Ref. [16] to the specific case where the V couples
principally to the third-generation fermions. The simplified
Lagrangian is given by

LV ¼ −
1

4
D½μVa

ν�D
½μVν�a þ 1

2
m2

VV
a
μVμa

þ igHVa
μðH†TaD

↔μ
HÞ þ Va

μJμa;

where Ta ¼ σa=2, D½μVa
ν� ≡DμVa

ν −DνVa
μ with DμVa

ν ¼
∂μVa

ν þ gϵabcWb
μVc

ν, and

Jμa ¼ gqλ
q
ijðQ̄0i

Lγ
μTaQ0j

LÞ þ glλlijðL̄0i
Lγ

μTaL0j
LÞ: ð15Þ

Here λq;lij are Hermitian flavor matrices and λq33 ¼ λl33 ¼ 1.
In Ref. [16] it was shown that tree-level Z0 andW0 exchange
can respectively explain the RK and RDð�Þ puzzles.
It is emphasized in Ref. [24] that the Va

μ fields in Eq. (15)
are not the mass eigenstates as they mix with the Wa

μ after
electroweak symmetry breaking. In particular, the physical
W mass eigenstate is

1The ðV − AÞ × ðV − AÞ form of this operator follows the
analysis of Ref. [20]. There it is found that the only NP operator
that can reproduce the experimental value of RK is
ðs̄γμPLbÞðl̄γμPLlÞ. This is consistent with the NP explanations
for the B → Kð�Þμþμ− angular distributions measured by LHCb
[21].
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ðW�Þphys ¼ W� cos θC þ V� sin θC; ð16Þ

where θC is the charged-current mixing angle. Naively, this
angle could be as large as OðmW=mVÞ, which equals 0.08
for mV ¼ 1 TeV. In the presence of such a mixing, the
W-τ-ντ coupling is given by

gðcos θC þ ðgl=gÞλl33 sin θCÞ: ð17Þ

The experimental measurement of the W-τ-ντ coupling
could therefore be reproduced if the expression in paren-
theses equals 1.033. Given that λl33 ¼ 1, this could happen
if, for example,

gl ¼ g; θC ¼ 0.034: ð18Þ

On the face of things, this appears to be possible.
However, constraints from the neutral-current sector must
be taken into account. In the presence of mixing, the
physical Z mass eigenstate is given by

ðZ0Þphys ¼ Z0 cos θN þ V0 sin θN: ð19Þ

The key point [24] is that, for small mixing angles,

θC ≃MW

MZ
θN: ð20Þ

Thus, constraints on θN lead directly to constraints on θC.
And θN can be bounded by the data on Z decays. For
example, consider Z → τþτ−. The Z → lþl− data are [1]

BðZ → eþe−Þ ¼ ð3.363� 0.004Þ%;

BðZ → μþμ−Þ ¼ ð3.366� 0.007Þ%;

BðZ → τþτ−Þ ¼ ð3.370� 0.008Þ%; ð21Þ

leading to

2BðZ → τþτ−Þ
BðZ → eþe−Þ þ BðZ → μþμ−Þ ¼ 1.0016� 0.0027: ð22Þ

Theoretically, we have

2BðZ → τþτ−Þ
BðZ → eþe−Þ þ BðZ → μþμ−Þ ¼

ðaZτLÞ2 þ ðaZτRÞ2
ðaZlLÞ2 þ ðaZlRÞ2

; ð23Þ

where aZf ¼ I3L −Qem sin2 θW is the Zff̄ coupling. In the
SM, the Zlþl− couplings are given by

aZlL ¼ −
1

2
þ sin2θW; aZlR

¼ sin2θW: ð24Þ

In the presence of a Z0-V0 mixing, the coupling of the Z0 to
left-handed τ’s is modified:

aZτL ¼
�
−
1

2
þ sin2θW

�
cos θN þ ðgl=gÞ cos θWλl33 sin θN:

ð25Þ

(aZτR is unchanged from the SM.) Taking λl33 ¼ 1,
sin2 θW ¼ 0.231, and gl ¼ g, this yields

−0.0026 ≤ θN ≤ 0.0017ð3σÞ: ð26Þ

This corresponds to the constraint θC < 0.0015, which
rules out the solution of Eq. (18).
We note in passing that a similar result can be found by

considering Z → ντν̄τ decays. In the SM,

BðZ → νeν̄eÞ
BðZ → eþe−Þ ¼

ð1
2
Þ2

ð− 1
2
þ sin2θWÞ2 þ ðsin2θWÞ2

; ð27Þ

so that, using Eq. (21),

BðZ → νeν̄eÞ ¼ ð6.687� 0.008Þ%: ð28Þ

The SM therefore predicts that

BðZ → invisibleÞ ¼ 3BðZ → νeν̄eÞ ¼ ð20.062� 0.024Þ%:

ð29Þ

Experimentally, we have [1]

BðZ → invisibleÞ ¼ ð20.0� 0.06Þ%: ð30Þ

As above, BðZ → ff̄Þ is proportional to ðaZfLÞ2 þ ðaZfRÞ2.
In the SM, the Zνlν̄l couplings are given by

aZνlL ¼ 1

2
; aZνlR ¼ 0: ð31Þ

In the presence of Z0-V0 mixing, we have

aZντL ¼ 1

2
cos θN þ ðgl=gÞ cos θWλl33 sin θN; aZνlR ¼ 0;

ð32Þ

with

BðZ → invisibleÞNP
BðZ → invisibleÞSM

¼ ðaZντLÞ2 þ 2ð1
2
Þ2

3ð1
2
Þ2

¼ 20.0� 0.06
20.061� 0.014

¼ 0.997� .003:

ð33Þ

Taking λl33 ¼ 1, sin2 θW ¼ 0.231, and gl ¼ g, we obtain
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−0.0093 ≤ θN ≤ 0.0046ð3σÞ: ð34Þ

This corresponds to the constraint θC < 0.004. This is
weaker than that from Z → τþτ−, but it still rules out the
solution of Eq. (18).
We therefore conclude that theW → τν puzzle cannot be

explained by W-W0 mixing.

III. MIXING WITH ISOSPIN-TRIPLET LEPTONS

In this section we consider the mixing of τL;R and ντL
with isospin-triplet leptons. Such exotic leptons were
examined in Ref. [25], and were allowed to mix with all
three flavors of SM leptons. This then generates flavor-
changing neutral-current processes (FCNCs) such as
μ → eγ, τ → μμμ, etc. Reference [25] focused specifically
on FCNCs, as well as on the phenomenology of the exotic
leptons.
In the present paper, the isospin-triplet leptons are

allowed to mix with only one flavor of SM leptons, τ
and ντ, so that FCNCs are not generated. Thus, only flavor-
conserving processes (such as W → τν) are affected. Now,
if the new leptons with which τL and ντL mix were singlets
under SUð2ÞL, the W-τ-ν coupling would be reduced (by
the cosine of the mixing angle) [26]. However, as we show
below, if the exotic leptons are isospin triplets, this coupling
can be increased.
We consider two types of isospin triplets:

LL;R ≡
0
B@

Lþ

L0

L−

1
CA

L;R

; L0
L;R ≡

0
B@

L00

L0−

L0−−

1
CA

L;R

: ð35Þ

L has hypercharge Y ¼ 0 and is Majorana; L0 has hyper-
charge Y ¼ −2 and is Dirac. Both are vector fermions, i.e.,
their L and R chiralities are both isospin triplets. As shown
in the Appendix [Eq. (A4)], since Lð0Þ is an isotriplet, the
charged-current interactions between Lð0Þ0 and Lð0Þ− take
the form

g½L̄ð0Þ0γμWþ
μ Lð0Þ− þ L̄ð0Þ−γμW−

μLð0Þ0�: ð36Þ

Compare this to the SM charged-current interaction terms:

1ffiffiffi
2

p g½ν̄τγμWþ
μ γLτ

− þ τ̄−γμW−
μ γLντ�: ð37Þ

It is the different coefficients—1=
ffiffiffi
2

p
for isospin doublets,

1 for isospin triplets—that has the potential to produce an
increased W-τ-ν coupling.
The basic idea is as follows. The SM fermions are

EL ≡
�
ντ

τ−

�
L

; τ−R: ð38Þ

Both LL and L0
L have components with Qem ¼ −1 (Lð0Þ−

L )

and Qem ¼ 0 (Lð0Þ0
L ). Suppose the τ−L and ντL mix with

these. We then have

ðτ−LÞphys ¼ τ−L cos θ
τ
L þ Lð0Þ−

L sin θτL; ð39Þ

ðντLÞphys ¼ ντL cos θνL þ Lð0Þ0
L sin θνL: ð40Þ

In the presence of mixing, the charged current between the
physical τ−L and ντL has two pieces: τ−L-ντL (isospin doublet)

and Lð0Þ−
L -Lð0Þ0

L (isospin triplet). The strength of the W-τ-ν
coupling therefore changes:

1ffiffiffi
2

p
����
SM

→
1ffiffiffi
2

p ðcos θτL cos θνL þ
ffiffiffi
2

p
sin θτL sin θ

ν
LÞ: ð41Þ

As was the case with W-W0 mixing, the experimental
measurement of theW-τ-ντ coupling could be reproduced if
the expression in parentheses equals 1.033. This could
happen if, for example,

θτL ¼ θνL; sin θτL ¼ 0.28: ð42Þ

One immediate question is: theoretically, can such large
mixing be obtained? In the case of mixing with isotriplet
leptons, the answer is yes. Because both EL and the
SM Higgs are doublets under SUð2ÞL, and because
2 ⊗ 2 ¼ 1 ⊕ 3, one can write dimension-4 operators that
involveEL,H, and Lð0Þ. When the Higgs acquires a vacuum
expectation value (VEV) v=

ffiffiffi
2

p
, it generates a mass term

mixing EL and Lð0Þ. This mass term m is naturally of OðvÞ.
Assuming the exotic leptons have masses M ≃Oð1 TeVÞ,
the mixing angle will be Oðm=MÞ. This is in the right
ballpark of the above angle.
On the other hand, this would not work if τL;R and ντL

mix with exotic leptons of higher isospin. In this case,
higher-dimension operators involving more than one Higgs
field are required. These are suppressed by powers of the
NP mass scale, and so the mixing angles will be corre-
spondingly reduced.
We therefore see that the mixing of τL;R and ντL with

exotic isotriplet leptons has the potential to explain the
W → τν puzzle. But this raises further questions. Is such a
mixing consistent with other experimental constraints? If
not, are there any mixing scenarios, even fine-tuned, in
which this can be made to work? To investigate these
questions, we consider four different models involving the
mixing of τL;R and ντL with isotriplet leptons:

(i) mixing with L0 alone,
(ii) mixing with L alone,
(iii) mixing with L and L0,
(iv) mixing with L, L0 and ντR.
For a given model to pass all the experimental tests, it

must (1) give the correct value of mν, (2) reproduce the
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measured value of the W-τ-ντ coupling, and (3) satisfy the
constraints from Z → τþτ− and Z → ντν̄τ. Regarding test
(1), we know that ντ has a tiny mass, and there are neutrino
oscillations. However, as can be seen in the Appendix, the
nonzero entries in the neutrino mass matrices are all OðvÞ
or Oð1 TeVÞ. As such, there is no way of implementing a
seesaw mechanism, which requires a mass term of
Oð1015 GeVÞ. For this reason we require only that a model
contain a massless neutrino in order to pass test (1). If a
possible solution to the W → τν puzzle is found, we can
then try to explain neutrino masses and oscillations by
allowing all three neutrinos to mix and incorporating some
sort of seesaw mechanism.2 However, for now we are
content to focus on massless neutrinos.
Models (i)–(iv) are analyzed in detail in the Appendix. In

all cases, we first examine the mass matrix of the neutral
leptons, to see if the model passes test (1), i.e., if it predicts
a tiny mass or m ¼ 0 for ντ. We find that models (ii) and
(iii) fail this test. However, models (i) and (iv) do contain ντ
with m ¼ 0. For these models, we express ðντLÞphys and
ðτ−L;RÞphys in terms of the gauge eigenstates. This allows us
to move on to tests (2) and (3).
Consider the first model (i). Here the τ−L mixes with L0−

L
and the ντL mixes with L00

L as in Eqs. (39) and (40).
However, according to Eqs. (A11) and (A12) in the
Appendix, the mixing angles obey

sin θτL ≃ m0
2ffiffiffi

2
p

M0 ; sin θνL ≃ −
m0

2

M0 : ð43Þ

That is, they are of opposite sign.3 Since the correction to
theW-τ-ντ coupling is proportional to sin θτL sin θ

ν
L, mixing

actually has the effect of decreasing the coupling. Model (i)
thus fails test (2).
For completeness, how does model (i) fare with test (3)?

First, consider Z → τþτ− [see Eqs. (21)–(24)]. In the
presence of mixing, the I3L of the physical τ−L is

hðτ−LÞphysjT3jðτ−LÞphysi ¼ −
1

2
cos2θτL þ 0 · sin2θτL

¼ −
1

2
ð1 − sin2θτLÞ: ð44Þ

[Even with mixing, ðτ−RÞphys still has I3L ¼ 0, as in the SM.]
This implies [see Eqs. (22)–(24)]

2BðZ → τþτ−Þ
BðZ → eþe−Þ þ BðZ → μþμ−Þ

¼ ð− 1
2
ð1 − sin2θτLÞ þ sin2θWÞ2 þ ðsin2θWÞ2
ð− 1

2
þ sin2θWÞ2 þ ðsin2θWÞ2

¼ 1.0016� 0.0027; ð45Þ

leading to

j sin θτLj ≤ 0.055ð3σÞ: ð46Þ

Second, consider Z → ντν̄τ [see Eqs. (27)–(33)]. In the
presence of mixing, the I3L of the physical ντL is

hðντLÞphysjT3jðντLÞphysi

¼ 1

2
cos2θνL þ 1 · sin2θνL ¼ 1

2
ð1þ sin2θνLÞ: ð47Þ

This modified I3L will affect the Zντν̄τ coupling, so that
[see Eq. (33)]

BðZ → invisibleÞNP
BðZ → invisibleÞSM

¼ ð1
2
ð1þ sin2θνLÞÞ2 þ 2ð1

2
Þ2

3ð1
2
Þ2

¼ 0.997� .003: ð48Þ

This implies that

j sin θνLj ≤ 0.099ð3σÞ: ð49Þ

Combining Eqs. (46) and (49), we have

cos θτL cos θ
ν
L þ

ffiffiffi
2

p
sin θτL sin θ

ν
L < 1.002: ð50Þ

Following Eq. (41), it was noted that this quantity should
equal 1.033 to explain the W → τν puzzle. This is clearly
not satisfied by the above equation. Thus, even if the sign
difference of Eq. (43) had not been present, model (i) could
not have passed test (2). Conversely, taking values for the
mixing angles large enough to explain the W → τν puzzle
would have resulted in failing test (3). The bottom line is
that model (i) does not pass the experimental tests.
We now turn to model (iv). Here the mixing is much

more complicated. The expressions for ðντLÞphys and
ðτ−L;RÞphys are given in Eqs. (A16) and (A19), and are
repeated for convenience below:

2In principle, the W-τ-ντ puzzle could be connected to the
induced nonunitarity of the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix that describes the mixing between massive
neutrino species. In Ref. [27], a global fit to precision data from
varying energy ranges was performed in the minimal unitarity
violation scheme. It was shown that the data do indeed prefer a
small amount of nonunitarity in leptonic mixing. However, the
best-fit point was found to slightly worsen the W-τ-ντ puzzle. In
the present work, we ignore neutrino mixing, and hence do not
consider the complications arising from a nonunitary PMNS
matrix.

3This sign difference is due to the opposite signs of the m0
2

entries in the neutral- and charged-lepton mass matrices
[Eqs. (A9) and (A10)]. And this is in turn due to the fact that
the 12 and 22 elements of the 2 × 2 representation of L0
[Eq. (A8)], which contribute to the mass matrices, are of opposite
sign.
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ðτ−LÞphys¼aLττ−LþcLτL−
LþdLτL0−

L ;

ðντLÞphys¼aνντLþbννcτRþcνL0
R
cþdνL00

L þeνL00
R
c: ð51Þ

Expressions for the coefficients are given in Eqs. (A17) and
(A21), in terms of the various mass parameters that appear
in the relevant mixing matrices. In order to obtain a
massless ντ, we require

m2
D

m2
S
¼ η

m2
2

2M2
; ð52Þ

where η ¼ −M=mS.
We begin by considering effects of this mixing on the

neutral-current sector. In the presence of mixing, the I3L of
the physical τ−L is

hðτ−LÞphysjT3jðτ−LÞphysi ¼ −
1

2
þ 1

2
ð1 − ðaτLÞ2Þ − ðcτLÞ2;

¼ −
1

2

�
1þ m2

2

M2
−

m0
2
2

2M02

�
; ð53Þ

while that of the physical ντL is

hðντLÞphysjT3jðντLÞphysi ¼
1

2
½ðaνLÞ2 þ 2ððdνLÞ2 − ðeνLÞ2Þ�

≈
1

2

�
1 − ð1þ ηÞ m2

2

2M2
þm0

2
2

M02

�
:

ð54Þ

In both cases above, we have expanded the expressions for
the coefficients, neglectingmτ and keeping terms to leading
order in the mixing parameters m2

2=M
2 and m02

2=M
02. Now,

we saw in the study of model (i) that the constraints from
the decays Z → τþτ− and Z → ντν̄τ are quite severe. To
evade these constraints, the mass parameters in model (iv)
must be such that the values of I3L of both ðτ−LÞphys and
ðντLÞphys are unchanged from their SM values, i.e., I3L ¼
−1=2 (ðτ−LÞphys) and I3L ¼ 1=2 (ðντLÞphys). Equations (53)
and (54) then imply that 2m2

2=M
2 ¼ m02

2=M
02 and η ¼ 3.

Now, the W-τ-ντ coupling in this model is proportional
to

K ¼ aLτaν þ
ffiffiffi
2

p
ðcLτcν þ dLτdνÞ

¼
1þ m2

2

M2−m2
τ
− m0

2
2

M02−m2
τffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

1þ m2
D

m2
S
þ m2

2

2M2 þ m0
2
2

M02

	�
1þ m2

2
M2

ðM2−m2
τ Þ2 þ

m0
2
2M02

2ðM02−m2
τ Þ2
	r ;

ð55Þ

≈ 1 −
7m0

2
2

4M02 þ
ð1 − ηÞ

4

m2
2

M2
; ð56Þ

where we have once again neglected mτ and kept only the
leading-order terms inm2

2=M
2 andm02

2=M
02 in the expansion.

Above, it was noted that η ¼ 3 is required to evade the
constraints fromZ → τþτ− andZ → ντν̄τ. However, if η ≥ 1,
we haveK < 1, so that, aswas the casewithmodel (i),mixing
has the effect of reducing theW-τ-ντ coupling. Thus, although
the model passes test (3), it now fails test (2). We therefore
conclude that the W → τν puzzle cannot be explained by
allowing τL;R and ντL to mix with isospin-triplet leptons.

IV. CONCLUSIONS

At present, there are several measurements of B decays
that exhibit discrepancies with the predictions of the SM at
the level of 2σ or greater. These hints of new physics have
been taken very seriously—there has been a flurry of
theoretical activity looking for NP explanations of the
various B-decay results. Another decay that has a similar
disagreement with the SM is W → τν. According to the
Particle Data Group, there is a 2.3σ disagreement between
BðWþ → τþντÞ and BðWþ → lþνlÞ (l ¼ e, μ). However,
for some reason—perhaps because τ− → e−ντν̄e does not
exhibit a similar discrepancy with the SM—little attention
has been paid to this result. In the present paper, we search
for a NP explanation of the W → τν puzzle.
The obvious conclusion to be drawn from the exper-

imental measurement is that the W-τ-ντ coupling has been
increased due to the presence of NP. Because the process is
rather simple—an on-shell W decaying to τν—there are
only two possible ways NP can enter. Either the W mixes
with aW0, or the τL and the ντL mix with exotic leptons. We
consider both possibilities.
First, we assume that a W0 boson exists that couples

preferentially to the third generation. W-W0 mixing could
then lead to an increasedW-τ-ντ coupling.The problem is that
such aW0 also comes with a neutral partner, a Z0, that mixes
with the SMZ. Now, the amounts ofW-W0 andZ-Z0 mixings
are related. And Z-Z0 mixing is strongly constrained by the
experimental measurements ofZ → τþτ− andZ → ντν̄τ. The
upshot is that, when the constraints from Z decays are taken
into account, the allowed W-W0 mixing is too small to
produce the necessary increase in the W-τ-ντ coupling.
Second, we allow τL;R and ντL to mix with isospin-triplet

leptons. Such a mixing can potentially lead to an increased
W-τ-ντ coupling. We take two isospin-triplet leptons, one
with hypercharge Y ¼ 0, the other with Y ¼ −2, and
consider a variety of mixing scenarios. For a given scenario
to succeed, it must (1) give the correct value of mντ (m ¼ 0

is allowed), (2) reproduce the measured value of theW-τ-ντ
coupling, and (3) satisfy the constraints from Z → τþτ−
and Z → ντν̄τ. Unfortunately, all the mixing scenarios fail
at least one of these tests.
Because we are unable to find a NP explanation of the

W → τν puzzle, we are forced to conclude that it is almost
certainly just a statistical fluctuation.
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APPENDIX

We consider two types of isospin triplets:

LL;R ≡
0
B@

Lþ

L0

L−

1
CA

L;R

; L0
L;R ≡

0
B@

L00

L0−

L0−−

1
CA

L;R

: ðA1Þ

L and L0 have hypercharge Y ¼ 0 and Y ¼ −2, respec-
tively. Both are vector fermions, i.e., their L and R
chiralities are both isospin triplets. For this reason, they
may have direct mass terms. However, L is Majorana, while
L0 is Dirac, which means that the forms of the mass terms
and mass matrices are different. The kinetic and direct mass
terms for L and L0 are

Lkin ¼
1

2
L̄aiγμDab

μ Lb −
M
2
ðL̄c

aLa þ L̄aLc
aÞ;

L0
kin ¼ L̄0

aiγμDab
μ L0

b −M0L̄0
aL0

a; ðA2Þ
with

Dμ ¼ ∂μ − i
gffiffiffi
2

p ðWþ
μ Tþ þW−

μT−Þ

− i
g

cos θW
ZμðT3 −Qemsin2θWÞ − ieAμQem: ðA3Þ

In the above, a, b ¼ 1, 2, 3 are isospin indices. Although
the covariant derivative Dμ itself is representation inde-
pendent, the form of the SU(2) generators (T�, T3) depends
on whether the fermion is an isodoublet or an isotriplet. In
particular, the charged-current interactions between the
isotriplets Lð0Þ0 and Lð0Þ− are

g½L̄ð0Þ0γμWþ
μ Lð0Þ− þ L̄ð0Þ−γμW−

μLð0Þ0�: ðA4Þ
We examine models in which combinations of the follow-
ing particles mix:

EL ≡
�
ντ

τ−

�
L

; τ−R; ντR; LL;R; L0
L;R: ðA5Þ

The direct mass terms for L and L0 are shown above
[Eq. (A2)]; the mass terms for EL, τR, and ντR are given by

−λ1ĒLHτR − λDĒL
~H†ντR −

mS

2
¯νcτRντR þ H:c: ðA6Þ

HereH ¼ ðϕþϕ0 ÞT and ~H ¼ ðϕ0 − ϕþ Þ. When the Higgs
acquires a VEV v=

ffiffiffi
2

p
, the τ and ντ obtain Dirac masses

m1 ≡ λ1v=
ffiffiffi
2

p
and mD ≡ λDv=

ffiffiffi
2

p
, respectively. The ντR

also has a Majorana massmS=2.mD isOðvÞ, while the size
of mS is unspecified. Mixing between EL and Lð0Þ

R is
generated by the Yukawa terms

−λ2ĒLLR
~H† − λ02ĒLL0

RH þ H:c: ðA7Þ
The mixing terms m2 ≡ λ2v=2 and m0

2 ≡ λ02v=2 are both
OðvÞ. In the above equation, L and L0 are expressed as
2 × 2 matrices:

L ¼ 1

2

�
L0

ffiffiffi
2

p
Lþffiffiffi

2
p

L− −L0

�
;

L0 ¼ 1

2

�
L0− ffiffiffi

2
p

L00ffiffiffi
2

p
L0−− −L0−

�
: ðA8Þ

Below we examine four different models: τL;R and ντL
mixing with (i) L0 alone, (ii) L alone, (iii) L and L0, and
(iv) L, L0, and ντR. If a given model does not contain a
neutrinowith a tiny mass (m ¼ 0 is accepted), it is excluded
from further consideration. If it passes this test, we find the
eigenvectors corresponding to ðτL;RÞphys and ðντLÞphys.

1. τL;R and ντL mixing with L0 alone

For the neutral leptons the mass terms translate to

− ð ν̄τ L̄00 ÞLMνL0

�
νcτL
L00
R

�
þ H:c:; with

MνL0 ¼
�
0 m0

2

0 M0

�
; ðA9Þ

while for the charged leptons the mass terms take the form

− ð τ̄− L̄0− ÞLMτL0

�
τ−

L0−

�
R

þ H:c:; with

MτL0 ¼
�
m1 −m0

2=
ffiffiffi
2

p

0 M0

�
: ðA10Þ

Recall that m0
2 and M0 are, respectively, OðvÞ and

Oð1 TeVÞ. Note that, because of gauge invariance, there
is no mass term relating L0−

L and τ−R.
The states in Eqs. (A9) and (A10) are defined in the

gauge basis. To transform to the mass basis one applies the
unitary transformations UL and UR on the left-handed and
right-handed states, respectively. UL (UR) diagonalizes
MM† (M†M). In the present case, since the mass
matrices are real, the transformation matrices are orthogo-
nal, OL and OR. The diagonalization of the mass matrices
yields the mass eigenvalues and the decomposition of the
mass eigenstates in terms of gauge eigenstates.
For the neutral leptons, this procedure is rather simple.

The mass eigenvalues are m ¼ 0 and m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0

2
2 þM02p

.
The eigenstate that has m ¼ 0 is given by Eq. (40), with
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sin θνL ¼ −
m0

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0

2
2 þM02p : ðA11Þ

This is Oðv=M0Þ.
Turning to the charged-lepton mass matrix, we assume

that the lighter of the two eigenvalues is the physical
τ-lepton mass (mτ). We find that the eigenstates with
m ¼ mτ are given by Eq. (39) (and its analogue for τR),
with

sin θτL ¼ m0
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m0
2
2 þ 2M02ð1 −m2

τ=M02Þ2
p ;

sin θτR ¼
ffiffiffi
2

p
m1m0

2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2

1m
0
2
2 þ ðm0

2
2 þ 2M02 − 2m2

τÞ2
p : ðA12Þ

Note that, while sin θτL ¼ Oðv=M0Þ, sin θτR is much
smaller, Oðmτv=M02Þ.

2. τL;R and ντL mixing with L alone

For the neutral leptons, due to the Majorana nature of L,
the mass terms take the form

− ð ν̄τL L0
R
c ÞLMνL

�
νcτL
L0
R

�
þ H:c:; with

MνL ¼
�

0 m2=2
ffiffiffi
2

p

m2=2
ffiffiffi
2

p
M=2

�
: ðA13Þ

The mass eigenvalues for the neutral leptons are obtained
by diagonalizing MνL. Approximately, these are m ¼
−m2

2=4M and m ¼ M=2. However, we see immediately
that this is problematic. Given that m2 is OðvÞ and M is
Oð1 TeVÞ, the light neutrino mass m2

2=4M is orders of
magnitude too large. We therefore conclude that the model
in which τL;R and ντL mix with L alone is not viable.

3. τL;R and ντL mixing with L and L0

The mass term for the neutral leptons takes the form

− ð ντL L0
R
c L00

L L00
R
c ÞMνLL0

0
BBB@

νcτL
L0
R

L00
L
c

L00
R

1
CCCAþ H:c:; with

MνLL0 ¼

0
BBBBB@

0 m2=2
ffiffiffi
2

p
0 m0

2=2

m2=2
ffiffiffi
2

p
M=2 0 0

0 0 0 M0=2

m0
2=2 0 M0=2 0

1
CCCCCA
: ðA14Þ

Now, the determinant of the diagonalized matrix—which is
just the product of the four mass eigenvalues—is equal to
the determinant of the above mass matrix. However,

DetðMνLL0 Þ ¼ m2
2M

02=32, which is nonzero. So this mass
matrix does not yield an m ¼ 0 eigenvalue. Furthermore,
since m2 and m0

2 are OðvÞ, while M and M0 are Oð1 TeVÞ,
there is no possibility of a seesawmechanism. It is therefore
not possible to generate a tiny mass for ντ, which rules out
the model in which τL;R and ντL mix with L and L0.

4. τL;R and ντL mixing with L, L0, and ντR
The mass terms for neutral leptons take the following

form:

−ðντL νcτR L0
R
c L00

L L00
R
c ÞMννLL0

0
BBBBBB@

νcτL
ντR

L0
R

L00
L
c

L00
R

1
CCCCCCA
þH:c:; with

MννLL0 ¼

0
BBBBBBBB@

0 mD=2 m2=2
ffiffiffi
2

p
0 m0

2=2

mD=2 mS=2 0 0 0

m2=2
ffiffiffi
2

p
0 M=2 0 0

0 0 0 0 M0=2

m0
2=2 0 0 M0=2 0

1
CCCCCCCCA
:

ðA15Þ

mD, m2, and m0
2 are OðvÞ, while M and M0 are Oð1 TeVÞ.

However, the size of mS is as yet undetermined.
If mS were Oð1015 GeVÞ, it might be possible to

generate a tiny mass of Oðv2=mSÞ for ντ via the seesaw
mechanism. In order to establish whether this is possible, it
is necessary to diagonalizeMννLL0 . However, this involves
solving a quintic equation, which cannot be done analyti-
cally. Still, we can get some information about the mass
eigenvalues as follows. First, we know thatmD,m2, andm0

2

are less than M and M0. In the limit where these entries are
neglected, the mass eigenvalues are 0, mS=2, M=2,
M0=2, and −M0=2, i.e., there are three intermediate mass
eigenvalues of Oð1 TeVÞ. When mD, m2, and m0

2 are
included, the values of these eigenvalues will be
modified. However, we do not expect them to change
enormously—perhaps a multiplicative factor of 10�1 is
possible. Second, the determinant of the diagonalized
matrix—which is just the product of the five mass
eigenvalues—is equal to DetðMννLL0 Þ ¼ M02ð2Mm2

Dþ
m2

2mSÞ=64. If mS is Oð1015 GeVÞ, this is
Oð1024 GeV5Þ. Given thatmντ ¼ Oðv2=mSÞ ∼ 10−11 GeV,
this implies that the product of the three intermediate mass
eigenvalues is Oð1020 GeV3Þ. However, as we argued
above, this is many orders of magnitude larger than what
is possible with MννLL0 . A seesaw mechanism can there-
fore not be implemented.
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It is still possible to generate a neutrino mass eigenvalue
m ¼ 0 if 2Mm2

D þm2
2mS ¼ 0. Keeping in mind the

expected sizes of mD, m2, and M, a simple choice that
satisfies this condition is m2

D=m
2
S ¼ ηm2

2=ð2M2Þ with
η ¼ −M=ms > 0. This is clearly a fine-tuned solution,
but we cannot overlook any possibilities. For this solution,
we have

ðντLÞphys ¼ aνντL þ bννcτR þ cνL0
R
c þ dνL00

L þ eνL00
R
c:

ðA16Þ

The coefficients are found as follows. Defining
Vν ≡ ðaν; bν; cν; dν; eνÞT , we haveMννLL0Vν ¼ 0, yielding

aν ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ m2
D

m2
S
þ m2

2

2M2 þ m0
2
2

M02

r ; bν ¼ −
mD

mS
aν;

cν ¼ −
m2ffiffiffi
2

p
M

aν; dν ¼ −
m0

2

M0 aν; eν ¼ 0: ðA17Þ

For the charged leptons, the mass terms take the
following form:

− ð τ̄− L̄− L̄0− ÞLMτLL0

0
B@

τ−

L−

L0−

1
CA

R

; with

MτLL0 ¼

0
B@

m1 m2 −m0
2=

ffiffiffi
2

p

0 M 0

0 0 M0

1
CA: ðA18Þ

The masses and mixings relevant for the physical left-
handed (right-handed) states are found by diagonalizing
MτLL0MT

τLL0 (MT
τLL0MτLL0). We have

ðτ−LÞphys ¼ aLττ−L þ cLτL−
L þ dLτL0−

L ;

ðτ−RÞphys ¼ aRττ−R þ cRτL−
R þ dRτL0−

R : ðA19Þ

Defining VLτ≡ðaLτ;cLτ;dLτÞT and VRτ ≡ ðaRτ; cRτ; dRτÞT ,
and assuming that the lightest eigenvalue for the lepton
mass matrix is mτ, the coefficients are found from

MτLL0MT
τLL0VLτ ¼ m2

τVLτ; MT
τLL0MτLL0VRτ ¼ m2

τVRτ:

ðA20Þ

This yields

aLτ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ m2
2
M2

ðM2−m2
τ Þ2 þ

m0
2
2M02

2ðM02−m2
τ Þ2

q ;

cLτ ¼ −
m2M

M2 −m2
τ
aLτ; dLτ ¼

m0
2M

0ffiffiffi
2

p ðM02 −m2
τÞ
aLτ;

aRτ ≃ 1; cRτ ¼ Oðmτv=M2Þ; dRτ ¼ Oðmτv=M2Þ:
ðA21Þ

cRτ and dRτ are both Oð10−4Þ. Thus, to a good approxi-
mation, there is no mixing in the right-handed sector.
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