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A low-mass right-handed neutrino could interact with electroweak bosons via mixing, a mediator
particle, or loop corrections. Using an effective field theory, we determine constraints on these interactions
from W-boson measurements at hadron colliders. Due to the difference in the initial states at the Tevatron
and the LHC, W-boson decays to a right-handed neutrino would artificially increase the mass measured at
the Tevatron while only affecting the difference between Wþ and W− mass measurements at the LHC.
Measurements from CDF and the LHC are used to infer the corresponding parameter values, which are
found to be inconsistent between the two. The LHC experiments can improve sensitivity to these
interactions by measuring the cosine of the helicity angle using W bosons produced with transverse
momentum above ≈50 GeV.
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I. INTRODUCTION

The discovery of the Higgs boson [1,2] completed the
observed particle content of the Standard Model (SM), and
subsequent measurements [3,4] are consistent with its
prediction that all electrically charged particles and the Z
boson receive their mass from the vacuum expectation value
(v) in the Higgs mechanism [5–7]. However, the source of
neutrinomass remains elusive, and there is no evidence that it
is due to a Dirac or Majorana term, or both. Introducing a
singlet right-handed neutrino νR would allow for a Dirac
mass term, in which case the new field would provide a new
spin state rather than a new particle. The SM neutrinos could
instead attain a Majorana mass via the sole dimension-5
operator [8] in the SM effective field theory (SMEFT) [9].
This operator could be generated in the renormalizable
seesaw mechanism [8,12–14] by the exchange of a heavy
neutrino (mN > v) or a heavy scalar triplet. The presence of a
singlet νR field can thus accommodate both Majorana and
Dirac masses for active neutrinos.
The introduction of νR fields need not be tied to active

neutrino masses. Thus, in this work, we consider the

existence of νR states leading to one or more low-mass
neutrinos (mN ≲ 1 GeV). Such neutrinos could be the
source of the observed dark matter in the Universe [15]
and could give a rich phenomenology at particle colliders
[16–20], particularly if they are associated with other new
states at the electroweak scale. We focus on possible new
effective interactions of the νR states withW bosons, which
could be generated by a small mixing of this state with
active neutrinos, the exchange of another mediator particle,
or loop corrections.
Regardless of its origin, this interaction will produce the

phenomenologically relevant decay W → lνR, where l is
an electron or muon. This decay would affect measure-
ments of the W boson mass at the Tevatron and LHC, and
could be further probed through measurements of angular
distributions in the W boson decay.
We determine constraints from existing and potential

measurements using a νR-augmented SM effective field
theory, the νSMEFT [21], which captures all the aforemen-
tioned possibilities for the generation of the interaction. The
relevant Lagrangian terms with dimension-6 operators are

ΔL ¼ ciLNH

Λ2
L̄iνRH̃H†H þ ciHNe

Λ2
ν̄Rγ

μeiRH̃†iDμH

þ ciNW

Λ2
L̄iσ

μννRσIH̃WI
μν þ H:c:; ð1Þ

where ciLNH, c
i
HNe, and c

i
NW are effective couplings, i ¼ e, μ,

τ, themass scale of the newparticles isΛ,L is the left-handed
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lepton doublet, H is the Higgs doublet, and H̃ ¼ iσ2H�.
Assuming real couplings, a nonzero ciHNe causes a parity-
violatingVþ A interaction,whereas the other two couplings
cause chirality-flipping interactions [22].
Focusing on the Vþ A interaction, a Dirac neutrino with

a mass larger than 1 MeV will decay into an electron,
positron, and a neutrino with a lifetime

Γ ¼ m5
NG

2
F

192π3
v4
P

ijciHNej2
4Λ4

: ð2Þ

while a Majorana neutrino has twice this decay rate due to
the CP-conjugate channel.
Perturbative unitarity provides an upper bound on the

coupling of order

cHNeE2

Λ2
≲ 4π; ð3Þ

which also gives an upper bound on the mass scale at which
new states should appear. For consistency, this scale should
begreater than v, so the perturbative bound is here taken to be

���� cHNe

Λ2

���� ≤ 4π

v2
: ð4Þ

For a value of ciHNe=Λ2 ¼ 1=v2 and a mass of 100 MeV,
the vast majority of neutrinos decay outside the fiducial
volume of a typical detector (γcτ ≈ 100 m). These decays
can thus be collected with a standardW boson selection at a
collider. We find that existing W boson measurements have
sensitivity to values of ciHNe as low as0.1=v2 and arevalid for
neutrino masses up to ≈1 GeV. Additional νSMEFT oper-
ators could affect these results by reducing the neutrino
lifetime, in particular by allowing νR → νγ decay [25]. Here,
we assume the associated Wilson coefficients are small
enough for νR to dominantly decay outside the detector.
Prior measurements and searches constrain W boson

couplings to low-mass right-handed neutrinos. The electron
angular distributions in nuclear beta decay constrain
couplings to electron neutrinos [26], and those in muon
decay additionally constrain couplings to muon neutrinos
[27]. The τ-lepton lifetime constrains couplings to all
neutrino flavors, and direct searches for GeV-scale neutrinos
at ATLAS [28] and CMS [29–32] constrain couplings to
electron and muon neutrinos. All constraints are at the few-
percent level relative to the coupling to left-handed neutrinos.
Upper bounds have also been placed on νL–νR mixing [23].
Our results rely on a potential Vþ A interaction in the decay
ofW bosons and are given in terms of the coupling ciHNe. We
consider scenarios where there is one nonzero coefficient
cHNe (i ¼ e) orcHNμ (i ¼ μ), orwhere the electron andmuon
coefficients are the same value, cHNl.
This paper is structured as follows: Sec. II quantifies the

impact of W → lνR decays on existing and potential

Tevatron and LHC W boson measurements in terms of
ciHNe; Sec. III discusses νL–νR mixing and presents the
competitive constraints on ciHNe from pion and muon
decay; and Sec. IV summarizes our conclusions.

II. W BOSON MEASUREMENTS

Measurements of the W boson at the Tevatron and LHC
[33–40] are performed assuming that its production and
decay follow the predictions of the Standard Model. Decays
to right-handed neutrinos would affect these measurements,
with a different impact at each collider due to differences
between up-quark, down-quark, and sea-quark momentum
distributions in the proton.We quantify the ciHNe dependence
of existing and potential measurements of theW boson mass
(mW), cross section, and cosine of the helicity angle in theW
boson decay [41].

A. CDF mW measurement

The CDF measurement of the W boson mass [38] was
performed using template fits to distributions of final-state
kinematic quantities projected transverse to the beamline.
The templates were produced at different values of mW ,
assuming SM production and decay. The measured mass is
76 MeV higher than the SM prediction, a difference that
cannot be explained currently [43–50].
W boson decays to right-handed neutrinos would arti-

ficially increase the measured value of mW at the Tevatron
due to the effects of parton momentum distributions, lepton
decay angles, and detector acceptance. On average, the
valence up quark in the proton has a higher momentum than
the valence down quark. This leads to an average momen-
tum along the proton direction for Wþ bosons, and vice
versa for W− bosons (see Fig. 1). For V − A (Vþ A)
decays, the direction of the charged lepton is along
(opposite to) that of the Wþ boson. Consequently, the
charged lepton has a lower average jpzj for the SM decay
than for the decay to νR.
The lepton pz distribution affects the measured mW

through detector acceptance. The CDF measurement used
charged leptons with absolute pseudorapidity (jηj) less than
1. Increasing pz increases the fraction of accepted leptons
that decay perpendicular to the beamline. These decays
correspond to the peak transverse momentum. The result-
ing pT and mT distributions, shown in Fig. 2, lead to a
larger measured mW if one assumes SM decay.
To determine the bias in mW as a function of cHNe=Λ2,

we separately generate leading-order W → eνL SM decays
and W → eνR decays with cHNe ¼ 1 and Λ ¼ v, for

ffiffiffi
s

p ¼
1.96 TeV pp̄ collisions using the MADGRAPH5_AMC@NLO

generator [51]. We apply the CDF event selection and
model the detector effects by approximately reproducing
the measured kinematic distributions. The inclusion of
higher orders and an improved detector modeling would
affect the details of these distributions, but would not
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significantly affect the difference between SM decays and
decays to lνR.
We estimate the measured mW bias from a nonzero cHNe

using a template fit to the mT distribution (Fig. 2), where
the simulated data contain the sum of SM decays and
decays to νR, and the template contains SM decays only.
The total yields of the simulated data and the templates are
normalized to the number of events observed by CDF. The
mW bias is determined as a function of the signal strength μ,
defined asNsig ¼ μNgen, whereNsig is the number of signal
events in the simulated data and Ngen is the number
of events for the generated parameter values cHNe ¼ 1
and Λ ¼ v. The measured mW value corresponds to
jcHNljv2=Λ2 ¼ 1.2� 0.1, near the perturbativity limit
for a new-physics scale equal to the vacuum expect-
ation value.
A caveat to our estimated bias on mW is the impact a

nonzero cHNl value would have on the charge asymmetry of
theW boson cross section as a function ofW boson rapidity.
Tevatron charge asymmetry measurements [52–54] are used

(a)

(b)

FIG. 1. The production and decay ofW� bosons at the Tevatron
for the final state containing either νL or νR. On average the W�
boson pz is in the direction of the interacting (anti)u quark, since
hpu

z i > hpd
z i. Due to the V − A interaction, the initial spin is

along the antiproton direction, so the left-handed neutrino is
produced in the direction of the W boson. In the case of νR, the
W-boson interaction with the charged lepton is Vþ A, so
the direction is reversed. (a) Wþ production and decay at the
Tevatron. (b) W− production and decay at the Tevatron.

(a)

(b)

FIG. 2. The lepton pT (a) and mT (b) distributions for SM
production and decay of theW boson (W → lνL) at CDF, and for
the W boson decaying to a right-handed neutrino (W → lνR)
with effective coupling cHNe=Λ2 ¼ 1=v2.
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in fits for parton distribution functions, and these fits would
be affected by a nonzero cHNl. To estimate the impact on the
mW bias, we reweight the u=d ratio in the generated events
such that the charge asymmetry is unchanged for the SM
distribution. The reweighting suppresses the mW bias by
about 30%, so onewould have to divide the estimatedμ value
by about 0.7 to account for this effect. In practice, the charge
asymmetrymeasurements are just one component of a global
PDF fit, and the obtained μ value is inconsistent with those
derived from ATLAS and CMS below, so we do not attempt
to refine our μ estimate.

B. ATLAS and CMS mW measurements

The mW measurements with the ATLAS [35,36] and
CMS [34] experiments are sensitive to theW → lνR decay
dominantly through the difference between theWþ andW−

boson mass measurements. W bosons tend to be produced
with pz in the direction of the interacting valence quark, so
W− bosons are generally produced at the LHC in the
direction of the d valence quark, rather than the ū quark at

(a)

(b)

FIG. 4. The lepton pT distribution for SM production and decay
of the Wþ and W− bosons to a given lepton (W� → lνL) at the
LHC with a center-of-mass energy of (a) 7 TeVor (b) 13 TeV, and
for the corresponding decays to a right-handed neutrino
(W� → lνR) with effective coupling cHNe=Λ2 ¼ 1=v2.

FIG. 3. The production and decay ofW� bosons at the LHC for
the final state containing either νL or νR. TheW� bosonmomentum
projected along the z-axis is in the direction of the proton
contributing a valence quark. The decay to νL is V-A, so the νL
direction is opposite to that of theWþ boson. In the case of νR, the
decay is Vþ A, and the direction is reversed. (a) Wþ production
and decay at the LHC. (b) W− production and decay at the LHC.
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the Tevatron. This is represented pictorially in Fig. 3, and
the impact on the pl

T distribution is shown in Fig. 4.
The measurement biases at ATLAS and CMS are

evaluated in the same way as for CDF, i.e., by applying
momentum resolution functions to generatedW → lνL and
W → lνR decays at the appropriate center-of-mass energy,
and performing a fit to the pl

T distribution for the Wþ and
W− boson masses as a function of cHNl=Λ2. The results are
compared to the measured mass differences,mWþ −mW− ¼
−29.2� 28.0 and 57.0� 30.3 MeV from ATLAS and
CMS, respectively. The corresponding best-fit values for
jcHNlj are 0þ0.13

−0 and 0.28� 0.09 for Λ ¼ v. The mass
differences at ATLAS and CMS have only a small
correlation through the subleading PDF uncertainty.
Neglecting this correlation gives a combined value of
jcHNljv2=Λ2 ¼ 0.12þ0.15

−0.12 , or a 95% confidence-level inter-
val of [0, 0.27]. ForΛ ¼ 1 TeV the value is jcHNlj ¼ 2þ2.5

−2 .
These values are incompatible with those obtained from the
CDF mW result, as shown in Fig. 5.
The CMS W boson mass measurement constrains PDF

uncertainties in situ using the total event yields of Wþ →
μþνL and W− → μ−ν̄L. These event yields would also be
affected by the presence of W → μ−νR decays due to the
different acceptances of these decays. To understand
the sensitivity of the event yield to cHNl=Λ2, we use the
ATLAS W boson cross section measurements at 7 TeV to
fit for cHNl=Λ2, and find an uncertainty of ≈0.2 on cHNl
for Λ ¼ v. This is approximately twice the uncertainty
obtained from mWþ −mW− , so we expect the in situ PDF
constraint to not significantly affect the extracted constraint
on c2HNlv

4=Λ4.

C. W boson angular measurement

The most directly sensitive observable to Vþ A decay is
the lepton decay angle in the W boson rest frame, θ�.

Because of the unobserved neutrino, this angle can only be
determined up to a two-fold ambiguity, and the resulting
distribution is symmetric for V − A and Vþ A decay.
However, the ambiguity can be partially resolved if one
considersW bosons boosted in the transverse plane [55,56].
At high pW

T , the projection of the lepton onto the W boson
in the transverse plane [55],

Lp ≡ p⃗l
T · p⃗W

T

jpW
T j2

; ð5Þ

allows θ� to be approximated by cos θ� ≈ 2Lp − 1.
Projection variables have been used to measure the helicity
fractions of the W-boson, and can alternatively be used to
constrain Vþ A interactions in its decay directly.
Figure 6 shows the 2Lp − 1 distribution for W− bosons

decaying to left-handed or right-handed neutrinos for
events with pW

T > 50 GeV, lepton pT > 25 GeV, and
mT > 50 GeV. Given the good discrimination between
the two cases, we estimate the expected νR sensitivity of a
2Lp − 1 measurement of W� decays in the Run 3 data
(300 fb−1 of integrated luminosity at

ffiffiffi
s

p ¼ 13.6 TeV). In
this dataset, the statistical uncertainty will be below the
percent level in the discriminating region of 2Lp − 1. We
thus expect systematic uncertainties to be relevant and do
not project to the larger HL-LHC dataset.
Assuming equal contributions of statistical and system-

atic uncertainties, the expected 95% CL constraint from

FIG. 5. The negative log likelihood as a function of jcHNej
inferred from the CDF mW measurement and the ATLAS and
CMS mWþ −mW− measurements. Also shown is the likelihood
from a combination of the LHC measurements, neglecting
correlations.

FIG. 6. The 2Lp − 1 distribution for SM production and decay
of theW− boson to a given lepton (W− → l−νL) at the LHC with
a center-of-mass energy of 13.6 TeV, and for the corresponding
decay to a right-handed neutrino (W− → l−νR). The Wþ dis-
tributions are the same when plotted as a function of −ð2Lp − 1Þ.
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Run 3 data is jcHNej < 0.08 (and the same for jcHNμj).
These constraints are tighter than those from existing
measurements ofmWþ −mW− , though future measurements
of the mass difference should give competitive sensitivity.

III. OTHER CONSTRAINTS

A nonzero cHNl would impact various other phenomena,
of which we explicitly consider pion decay, nuclear beta
decay, and muon decay [57]. To compare limits arising
from these measurements, we determine the effective
mixing caused by cHNl between the active neutrinos and
a fourth singlet neutrino. The leptonic W-boson couplings
are

Ll
CC ¼ −

gffiffiffi
2

p W−
μ

�
ν̄iLγμe

i
L þ ciHNev

2

2Λ2
ν̄RγμeiR

�
þ H:c:; ð6Þ

which when taken as the couplings of an array of four
neutrinos with three charged leptons gives a mixing of

Ui4 ¼
ciHNev

2

2Λ2
: ð7Þ

Using this relation, Ref. [24] translated various mixing
bounds to bounds on ciHNe. From their analysis, we
conclude that various other experimental constraints are
stronger than the bounds from W-boson measurements for
neutrino masses higher than a few MeV.
For the cHNe coupling, the strongest bound transitions

from π → νþ e searches [59] interpreted as constraints on
Ue4 [23] to nuclear β decays [26] near a neutrino mass of
0.2 MeV. In the notation of Ref. [26], ϵ̃L ¼ cHNev2=2Λ2

and the β decay constraints extend to masses up to typical
nuclear reaction energies of a few MeV.
Correspondingly, the strongest bound on the cHNμ

coupling transitions from the pion decay πþ → μþ þ νR
[60] to the muon decay μ− → νR þ ν̄þ e− [24] for neutrino
masses around 2 MeV.
These constraints are summarized in Fig. 7. Current

constraints from W-boson mass measurements are not
competitive due to the 2σ difference between mWþ and
mW− observed by CMS, for which a cHNμ coupling
interpretation is excluded by muon decay measurements.
Future measurements should become more competitive,

particularly if the mass difference is provided separately for
each decay channel. A measurement of the lepton decay
angle in Run 3 of the LHC would improve on the
constraints from muon decay by about a factor of two
for right-handed neutrino masses below a couple of MeV.

IV. CONCLUSIONS

We have investigated the collider phenomenology of a
right-handed neutrino that has a mass below a GeV and
interacts with the Standard Model through the dimension-
six operator c

i
HNe
Λ2 ν̄Rγ

μeRH̃†iDμH. This interaction induces a
parity-violating Vþ A component in W → lν decays,
modifying both the kinematic distributions and the pre-
cision observables associated with the W boson. Working
within the framework of the νSMEFT, we provided a
quantitative analysis of the impact of such interactions on
current and future collider measurements.
Revisiting the CDF Run II analysis showed that the

presence of a W → lνR decay would shift the fitted W-
boson mass upward by þ76 MeV for a Wilson coefficient
near the perturbative bound, cHNlv2=Λ2 ≃ 1.2. Such a
coefficient would also induce differences between mea-
surements of mWþ and mW− at ATLAS and CMS. No such
deviations are observed, and a 95% CL bound of

FIG. 7. 95% CL bounds on the probed Wilson coefficient from
low-energy probes and from present and possible collider
measurements. (a) Constraint on jcHNej from nuclear β decay
(orange) and π → eν (blue). (b) Constraint on jcHNμj from muon
(orange) and pion (blue) decays, and from the CMS measurement
of ΔmW ≡mWþ −mW− (green). In both panels, the projected
LHC Run 3 constraints from lepton angular measurements are
shown as red dashed lines.
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jcHNljv2=Λ2 < 0.27 is inferred, thereby excluding this
interpretation of the CDF measurement.
We have proposed a probe of the νSMEFT using an

angular observable based on the projection variable
2Lp − 1 ≈ cos θ�, evaluated in the boosted regime where
pW
T > 50 GeV. The reversed angular correlation induced

by the Vþ A interaction relative to the Standard Model
provides strong sensitivity to the model. With the Run 3
dataset at

ffiffiffi
s

p ¼ 13.6 TeV and an integrated luminosity of
300 fb−1, we find an expected limit of ciHNev

2=Λ2 < 0.08.
These bounds are competitive with those derived from

low-energy probes such as nuclear β decay, Michel
parameters in muon decay, and pion decay. Importantly,
for right-handed neutrino masses below a few MeV, future
W-boson measurements can have dominant sensitivity.
We have also assessed the potential impact on parton

distribution functions, in particular through modifications
to the W-charge asymmetry data used in PDF extractions.
Our analysis indicates that the inclusion of the Vþ A
component introduces only a modest shift in the relevant
charge asymmetries relative to the shift in mW .
Looking forward, extending the angular analysis to the

full HL-LHC dataset with 3 ab−1 could further improve
sensitivity. Additional gains could be achieved by moving

to a higher pW
T regime and by constraining systematic

uncertainties with a profile likelihood fit.
In summary, the right-handed neutrino interpretation of

the CDF W-mass measurement is ruled out by existing
LHC measurements. Measurements of the lepton decay
angle could sharpen the constraints significantly in the near
future. Together, our results outline a strategy for testing
Vþ A interactions arising from light sterile neutrinos
through W-boson measurements at current and future
hadron colliders.
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